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Effects of Li4Ti5O12 coating on the performance of 

LiNi0.5Mn1.5O4 cathode in Li-ion batteries 

 

Abstract  

 

Lithium ion batteries have attracted a lot of attentions due to the high power density and specific 

density that can potentially meet the requirements of new applications in the future. In recent years, 

one of the most promising cathode layer applied in lithium-ion batteries is called spinel 

LiNi0.5 Mn1.5O4 (LNMO), which has advantages of high electrochemical performance and low cost. 

However, the main disadvantage is the capacity fading during cycle test. Surface coating is 

recognized as an effective approach to reduce those negative influences. Theoretically, lithium 

titanate (Li4Ti5O12, LTO), which has a similar lattice parameter with LNMO, could be a good 

choice. 

 

In this project, spinel LiNi0.5Mn1.5O4 layer was made on various substrate materials. Then, 

Li4Ti5O12 is applied as an epitaxial coating on LiNi0.5Mn1.5O4 layer. Both layers are made through 

electrostatic spray pyrolysis process. The samples with stainless steel substrate were made into 

coin cells, while the samples with aluminium substrate were made into Swagelok cells. XRD was 

used to identify the crystal structure. AFM and SEM were applied to observe the morphology of 

layers. In addition, the electrochemical properties information were obtained by charge-discharge 

cyclic test. 

  

Key words: LiNi0.5Mn1.5O4, Li4Ti5O12 coating, electrostatic spray pyrolysis, spinel, 

electrochemical properties. 
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Chapter 1 Introduction 

 

Increasingly people realized that our society is facing a challenge of material scarcity and energy 

crisis. As estimated, traditional fossil fuels will run out in a few decades. For instance, oil as the 

most important conventional fossil fuel can only last for around 30 years
[1]

. Gradually, it will 

cause more and more serious problems as the year goes on if no strategies to be done. The reason 

can be attributed to two aspects. On the one hand, the increasing of the world population and the 

rapidly developing of economy lead our industrial society to a more resources dependent style, 

making the global consumption of materials increasing annually, while the resources in our planet 

are not infinite. On the other hand, the sound of protecting environment gets louder due to the high 

emission of green house gases during the process of manufacturing. Both aspects are driving not 

only the policy makers but also the researchers to find efficient methods to deal with those 

relevant problems. 

 

Following this trend, it becomes important to think about renewable energy. As it is defined, 

renewable energy refers to the energy that comes from sources which are naturally replenished on 

a human timescale
[2]

. Some of these energies, such as wind, hydropower and solar energy, have 

been already used for a couple of years. However, these renewable energies have their own 

disadvantages. One problem related to renewable energy is that they usually fluctuate with day or 

season and can be influenced by weather and other factors, while the energy demand is always 

present. Another problem is that these kind of energies are heterogeneously distributed along the 

globe
[3]

. These problems indicate that it is necessary to find an convenient way to store and deliver  

these kind of energies. For these reasons, developing new batteries have been taken as a potential 

effective strategy by researchers and government officers from many counties, hence, to store 

electricity when it is available and deliver it when the demand is high. 

 

1.1 Lithium-ion batteries 

 

Over the past decades, many new electric products had been invented. New devices like electric 

vehicles (EV), hybrid electric vehicles (HEV), Mobile phones, MP3 players, digital cameras, 

laptop computers, etc., have greatly increased the happiness index of people’ lives and continually 

promoted the development of technology to a new stage. Undoubtedly, the success of these 

inventions can not be achieved without the innovation of rechargeable batteries. While in the other 

aspect, along with the development of battery technologies, the world’s population had been 

almost doubled in the recent half century. Consequently, there was an accelerating demand on 

these new products which in turn caused the dramatic increases of batteries. Figure 1.1 shows the 

exponential growth of lithium, nickel and cobalt batteries during the last 40 years
[4]

.  

 

Compared to other rechargeable batteries, such as nickel and cobalt batteries, lithium-ion batteries 

are seen as one of the most suitable candidates for power electronic portable devices. It was 

reported that the rechargeable batteries shared 70% of the global battery market size of $60 billion 

at 2010
[5]

. Figure 1.2 clearly shows the occupation rate of each battery in the market by a pie chart. 
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It can be found that Lithium-ion batteries occupied nearly 14% of the total market size, which 

equals approximately $9 billion. Although it still occupied a relatively small share of the global 

battery market at the beginning of this decennium, lithium-ion battery has already attracted a lot of 

attentions due to its special properties. It can be predicted that lithium-ion batteries will play a 

more important role in industry and academia in the future. 

 

 
Figure 1. 1 Battery consumption in the nearest half century [4] 

 

 

Figure 1. 2 market occupation of different batteries
[4]
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1.1.1 A brief history of lithium-ion batteries 

 

Batteries as one of the most common energy storage devices have a history of more than 200 years. 

Starting from 19
th

 century, both primary and secondary (rechargeable) batteries have experienced 

great development s ince the first battery was invented by Alessandro Volta at 1800
[6]

. However, it 

was improved slowly for more than a century because the conventional batteries met the 

requirements of technology at that period of time. This situation changed dramatically in the 

1960s due to the explosive innovations in military and electronics. Soon after that, it was realized 

that it would be the time for conventional batteries to step off the stage of history because they 

could no longer meet the new requirements of the fast-developing technologies
[7]

. 

 

Lithium-ion battery as one type of the secondary batteries was first proposed by M.S. 

Whittingham in the 1970s
[8-9]

. Compared to conventional batteries, i.e., alkaline–manganese, 

nickel–cadmium, or lead–acid, this kind of battery has a higher energy density and specific density 

that can meet the requests of new applications at that period of time. Figure 1.3 shows the 

difference of energy density and specific density between lithium battery and some typical other 

conventional batteries. Table 1.1 gives more details about the differences in energy density and 

cyclic lifetime of some typical batteries
[10]

. In order to produce this rechargeable lithium-ion 

battery, a compound that can allow lithium ions reversibly passing through their open structure 

was needed. Based on this idea, it was soon found that transition metals can meet the requirements 

by changing a charge from IV to III in the valence state. Then, at the beginning of 1980s, a couple 

of early commercial rechargeable lithium-ion batteries were invented by some companies in North 

America
[11]

. 

 

 
Figure 1. 3 Electrochemical properties of several batteries  

 

http://en.wikipedia.org/wiki/M_Stanley_Whittingham
http://en.wikipedia.org/wiki/M_Stanley_Whittingham
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Table 1. 1 Energy density and lifetime of several batteries
[10] 

Battery type Energy density (Wh/kg) Lifetime (cycles) 

Nickel-cadmium 45-80 1500 

Ni-MH 60-120 300-500 

Lead-acid 30-50 200-300 

Lithium-ion 110-160 300-500 

Lithium-ion-polymer 100-130 300-500 

Reusable alkaline 80 50 

 

However, these lithium batteries also have some disadvantages. A common problem related to 

safety issues due to the active anode and a so called solid electrolyte interface(SEI) formed during 

the charge-discharge process
[12]

. These disadvantages act as a driving force for researchers to 

improve the properties of batteries. Then, some years later when an efficient lithium polymer 

battery was invented, a new system called lithium rocking chair battery was introduced to the 

public
[13]

.  

 

Basically, this new concept consists of an anode that can accept lithium ions and a cathode that 

acts as a lithium ion source. It was in 1991 that the first application was made by the Japanese 

company Sony
[14]

. Besides graphite was used as anode, the cathode material was replaced by 

lithium cobalt oxide(LiCoO2), which still can be found in many commercial products today. A 

typical structure of the LiCoO2 battery is shown in Figure 1.4
[15]

. 

 

 

Figure 1. 4 A typical structure of LiCoO2 battery
[15]

 

 

1.1.2 New challenges 
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As it was mentioned at the beginning of this chapter, material scarcity and environment 

deterioration are attracting more and more attentions of our society, making new requirements to 

the next generation of products. Consequently, energy saving and cost reducing becomes the hot 

topics in many fields, resulting in a revolution of technologies. Under such circumstances, a 

number of new applications, such as microelectronic devices, hybrid vehicles and electric vehicles 

as well as renewable energy plants, were invented. Meanwhile, plenty of new chances for business 

competitors were created. However, new chances always accompany with new challenges. Power 

sources with high energy density are needed for electronic devices and environmental friendly 

vehicles, and so do the energy storage systems for wind and solar energy. Fortunately, lithium-ion 

batteries have the potential to be the ideal choice for these purposes due to the good performance 

on energy density
[16]

. But on the other side, it should be realized that the limitations, which can 

bring negative influences on the development of lithium-ion batteries, also exist at present. For 

instance, liquid electrolyte has safety problems, cobalt is expensive, energy density is not high 

enough, etc,.. Therefore, increase safety, reduce cost and further enhance energy density are in turn 

to be the main challenges that need to be taken into account in the future
[17-19]

. 

 

Recently, a number of researches have proposed new ideas in order to minimize these negative 

influences. Using ionic liquids to replace LiPF6 electrolyte which was widely used at present 

could be an efficient method to solve safety problems. Similarly, another replacement which is 

called solid electrolyte was studied by some research groups. Meanwhile, some other scientists 

focus on reducing the cost of batteries. Instead of using rare earth element, new cathode materials, 

such as LiMn2O4 and LiFePO4, were developed in recent years. Compared to the conventional 

lithium batteries, super-batteries, e.g. lithium-sulfur and lithium-air batteries, with even higher 

theoretical energy density had been already taken into experimental stage. 

 

Michel Armand
[20]

 explained that ionic liquids have possibilities to solve the safety problem s ince 

they are non-flammable. Us ing Ionic liquid to replace liquid electrolyte can reduce the risk of 

thermal runaway. However, some new phenomenon were observed and need to be studied. For 

instance,  the formation of passive layer on electrode and the structure of the interfaces between 

electrode and electrolyte. 

 

Another method to enhance the safety standard of lithium-ion battery is to use polymer electrolyte. 

Normally, the limitation of polymer electrolyte is the low ionic conductivity at room temperature. 

It was 11 years ago that Joon-Ho Shin
[21]

 prepared a “PYR13TFSI + P(EO)20LiTFSI” polymer 

electrolyte film with the ionic conductivity reached 10
-4

 S/cm at room temperature. In the research, 

Shin also studied the influence of different molar fraction of PYR13
+
/Li

+
.  

 

Since the first lithium rocking chair battery was invented in 1991, it dominated the market for 

more than 15 years and still can be found in many commercial products today. Basically, the 

cathode material of this kind of battery was replaced by lithium cobalt oxide(LiCoO2), which 

increased the price. In order to reduce the cost, D.Singh
[22]

 prepared a spinel-structured LiMn2O4 

film on various substrate materials by using an ultraviolet assisted pulsed laser deposition process. 

According to testing results, it also gave an enhancement in electrochemical properties, such as 

larger capacity, longer cycle life and higher discharge rate capacity. However, this new cathode 
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material still has the problem of forming solid electrolyte interface during cycle process. Thus, 

further improvements are needed. 

 

A.K.Padhi’s research
[23]

 on Phosphor olivines indicated that LiFePO4/FePO4 can be a good 

candidate as the cathode of lithium rechargeable batteries for low power applications. It also 

pointed out that capacity fade which might be caused by the movement of LiFePO4/FePO4 

interface is one of the limitations. 

 

Although lithium batteries have a high theoretical energy density, it still can not submit the 

requirement of some high-power-demanded devices, such as electric vehicles. In recent years, Yan 

Zhao
[24]

 introduced the new development of the combination between lithium/sulfur battery and  

polymer electrolyte, which gives an possibility to prepare super batteries with even higher energy 

density compared to conventional lithium batteries. In addition, Yan also mentioned the main 

problem is the poor cyclic ability which is mainly due to poly-sulfides dissolving into the 

electrolyte.  

 

All these researches demonstrate the initial efforts that had been done in order to enhance the 

properties of lithium-ion batteries. However, those improvements are in an early stage and still can 

not meet the requirements of new generation products. Therefore, more efforts need to be made. 

Further researches focused on new materials or their derivatives could be a way to achieve the 

goals.  

 

1.2 LiNi0.5Mn1.5O4 as cathode material 

 

As it was mentioned above, a number of new compounds were applied into lithium battery in 

recent years in order to improve the properties. Among those compounds, LiNi0.5Mn1.5O4(LNMO) 

is one of the most promising materials used as cathode due to its high voltage, high-energy density,  

high-rate capability and low cost. 

 

1.2.1 Crystal structure of LiNi0.5Mn1.5O4 and properties 

 

LiNi0.5 Mn1.5O4 can be taken as a derivative of LiMn2O4 with 1/4 Mn ions substrate by Ni ions. A 

LNMO has two typical crystal structures, which are called face-centered spinel (Fd3m) and 

primitive simple cubic crystal (P4332), respectively. For LNMO with the spinel structure, all the 

Mn ions and Ni ions are randomly distributed at octahedral sites of the face-centered cubic, 

forming a disordered structure. While in the primitive simple cubic structure, Mn ions and Ni ions 

can only occupy 12d sites and 4a sites, respectively, forming an ordered structure. A schematic 

drawing of the spinel LNMO crystal structure can be seen in Figure 1.5. Previous studies indicate 

that spinel disordered structured LNMO shows a better performance on cycling and rate capability  

than that of ordered structure due to a small amount of Mn
3+

 exist
[25-26]

.  

 

Different from that in layered LiCoO2 structure and olivine LiFeO4 structure, the diffusion path of 

lithium ion in spinel structure is a three-dimensional network (Figure 1.6). In order to diffuse from 

one tetrahedral site to another though interstitials in the crystal structure, lithium ions need to 
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overcome the activation barrier of migration which can be largely influenced by the electrostatic 

repulsion from the nearest atoms
[27]

. While a small amount of Mn
3+

 in spinel structure will cause 

expansion of lattice due to its larger ionic radius compared to that of Mn
4+

. Lithium ions can move 

more freely in a expanded lattice. Thus, the diffusion rate of lithium ions increase
[28]

.  

 

 

Figure 1. 5 Crystal structure of spinel LNMO
 [25]

 

 

 
Figure 1. 6 Dimensionality of the lithium ions transport

[27]
 

 

Not only do the presence of nickel and manganese ions allow a contribution in forming the spinel 

structure, but also they play an important role in giving LNMO excellent electrochemical 

properties. Spinel LNMO has a theoretical capacity of 147mAhg
-1

 and high discharge voltage 

plateaus at around -4.1V and -4.7V, which gives a 20% higher energy density relative to 

LiCoO2
[29]

. Plenty of previous researches pointed out that the presence of high voltage plateaus are 

related to the redox behavior of nickel and manganese ions
[30-32]

.  
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1.2.2 Synthesis of LNMO 

 

Attracted by the high performances of LNMO, researchers have developed a number of methods 

for preparing face-centered spinel LNMO thin layer. Among those methods, the most frequently 

applied are solid-state reaction and wet chemical method
[33]

. Solid-state reaction is a simple 

method that usually contains the process of heating precursor mixtures to high temperatures in 

order to get the reaction products. Wet chemical method is a common name for a group of 

methods used for making products from solutions, including sol-gel method, spray drying and post 

annealing, polymer-assisted synthesis, etc,. Usually, wet chemical methods require lower 

temperature and less time for making final products compared to that of solid-state reaction. In 

addition, it should be clear that the parameters applied in these synthesis methods can strongly 

influence the structure and properties of LNMO. Researches were investigated that a lattice 

structure transformation will happen under a certain annealing temperature and duration
[34]

. Also, 

some other researches found that the detrimental impurities formed when synthesized at a high 

temperature
[35]

.  

 

In recent years, several new wet chemical methods for synthesizing nano-sized LNMO spinels 

have been developed. For instance electrospray deposition pyrolys is
[36-37]

, ultrasonic spray 

pyrolysis
[38]

, pulsed laser deposition
[39]

 and composite carbonate process
[40]

. In these methods, Li, 

Ni and Mn salts are usually dissolved into a solvent and mixed homogenously at atomic scale. By 

further drying processes, nano-sized LNMO particles can be formed at low temperatures. Due to 

nano-size effects, several advantages can be achieved. The transport path length for lithium ions 

and electrons can be shorter. Also, the contact area between electrode and electrolyte can get larger, 

resulting in higher cycling rates. However, according to the mechanism of thermodynamics and 

kinetics, these LNMO particles could grow to larger sizes and then lose nano-size advantages if  

the temperature goes too high or the annealing process lasts too long
[41]

.  

 

1.2.3 Disadvantages and improvements 

 

As it mentioned above, spinel LNMO has been recognized as an excellent candidate for making 

cathode material in Li- ion batteries due to its remarkable properties. However, the main 

disadvantage of this cathode layer is the fast capacity fading during the charge-discharge cyclic 

test
[42]

. Some researches indicated that such capacity degradation could be attributed to Mn and Ni 

dissolves into liquid electrolyte, causing decomposition of electrolyte on electrode surface
[43-44]

. In 

order to overcome this problem, several approaches have been selected. One of the ideas is to 

improve the interface between LNMO and liquid electrolyte
[45]

. Others are based on the idea of 

replacing one of the elements in this cathode system, including substitution Mn or Ni by Mg, Co, 

Cr, Zn, etc., to ease the phenomenon of metal losing, develop new electrolytes to replace 

HF-contained LiPF6-based electrolytes, partial replace the O in LNMO by F to increase the 

stability of the host structure
[46-49]

. Among these approaches, surface coating is recognized as an 

effective approach to avoid direct contacting between LNMO and electrolyte or replace the liquid 

electrolyte as a solid electrolyte. Several coating materials, such as ZnO, Al2O3, SiO2, etc., have 

been used as the interface stabilizers and proven to be effective in reducing the electrolyte 

decomposition
[50-52]

. On the other hand, these coating materials were taken as the inappropriate 
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choices for lithium-ion battery. First, it is easy to peel-off from the electrode surface during 

charge-discharge process attributed to the weak bonding between coating and substrate material. 

Second, large structure mismatch exists between coating and substrate material, leading to 

stacking faults which can block the diffusion path for lithium ions. Last, the ion conductivity of 

these coating materials are relatively low
[53]

. Therefore, new coating materials that can match the 

requirements for lithium-ion batteries, especially for LNMO cathode layer, need to be developed. 

 

1.3 Spinel Li4Ti5O12  

 

Similar to the crystal structure of spinel LNMO, lithium ions and oxygen ions in the spinel 

Li4Ti5O12(LTO) are occupied the 8a and 32e positions, respectively. All the titanium ions are 

occupied the 16d positions
[54]

. When lithium ions insert into spinel LTO structure, an insertion 

reaction                              takes place. Lithium ions will be stored in the 

octahedral sites in the new forming rock salt-type Li7Ti5O12
[55]

. Figure 1.7 shows the structure 

difference in these two crystals. 

 

 
Figure 1. 7 crystal structure of LTO before (a) and after (b ) the insertion of lith ium ions

[55]
 

 

1.3.1 Li4Ti5O12 as an anode material 

 

It is common to find that spinel lithium titanate (Li4Ti5O12, LTO) was used as an alternative anode 

material in lithium-ion batteries in many research works. LTO with a spinel structure allows 

lithium ions to insert and extract, giving it a possibility to become an anode part in lithium-ion 

batteries. According to the results of many previous electrochemical tests, LTO can provide a 

stable voltage of 1.55V against a lithium electrode. It usually needs to be coupled with a cathode, 

such as LiFePO4 with a voltage of 4V acts as a lithium ion source, to assemble to be a battery 

cell
[56]

. 

 

Coupling with LNMO cathode material, LNMO/LTO was considered as a new lithium-ion battery 

system. This battery system has a output voltage of more than 3V since the operating voltage of 

LNMO cathode can reach 4.7V and that of LTO is around 1.55V, respectively
[57]

. The spinel LTO 

anode had been considered as a “zero-strain” insertion material for accepting lithium ions due to 
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its reversibility and stability in the cycling process. Since the structure of LTO has a excellent 

stability in the liquid electrolyte, it was considered to be safer than graphite, which was used as 

anode in the old battery systems
[58]

. 

 

1.3.2 Li4Ti5O12 as a coating material 

 

Theoretically, spinel LTO also has the potential to be the coating material of LNMO cathode. The 

lattice parameter of LTO is close to that of LNMO, which makes it possible to form an epitaxial 

LTO coating on LNMO. At a same temperature of 800 , the lattice parameter of spinel LTO is 

8.248Å, while that of LNMO is 8.176Å, approximately
[59]

. The lattice mismatch is less than 1% 

which means almost no stacking faults will be formed. Thus, there will be little barrier on lithium 

ion diffusion. Further, the spinel structure of LTO create a three-dimensional network path which 

allows lithium ions pass through. Hence, it is reasonable to expect that the thin and homogenous 

spinel LTO coating layer of LNMO cathode can be a solid electrolyte applied in lithium-ion 

batteries, provided LTO will not electrochemically insert lithium ions.  Figure 1.8 and 1.9 show the 

idea of depositing a LTO coating on LNMO cathode layer.  

 

 

Figure 1. 8 The structure of the LTO-coated LNMO cathode layer 

 

 

Figure 1. 9 The lattice structure of LTO covered LNMO 
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Some relative researches have been already done to the Li4Ti5O12 coating layers and its derivatives. 

It was 20 years ago that Tsutomu Ohzuku’s research
[60]

 indicated that Li(Li1/3Ti5/3)O4 can be used 

as a zero-strain coating material applied in lithium-ion batteries. Some years later, Tingfeng Yi
[61] 

studied the crystal structure of Li4Ti5O12-coated LiMn1.4Cr0.2Ni0.4O4 layer by X-ray diffraction. He 

also indicated that the weight percentage of these cathode layer would influence the 

electrochemical property of batteries. Soon after that, Na Li
[62]

 mentioned the main disadvantage 

of LTO is the low electronic conductivity and moderate Li- ions diffusion coefficient. Recently, Jili 

Li
[63]

 studied the interface between the spinel epitaxial Li4Ti5O12 coating layer and LiMn2O4 

cathode layer by high resolution transmission electron microscopy (HR-TEM) and high angle 

annular dark field scanning transmission electron microscopy (HAADF-STEM) with atomic 

resolution images. It was proven that Li4Ti5O12-coated cathode exhibited better cyclability, 

thermal and rate capability for lithium-ion batteries compared to that of un-coated LiMn2O4 

cathode. At the same year, Haifu Deng
[64]

 prepared a Li2TiO3-coated LiNi0.5Mn1.5O4 cathode and  

proved that the capacity was still high after 50 discharge/charge cycles. All these researches 

indicated that Li4Ti5O12 and its derivatives have the potential to be the coating materials of LNMO 

cathode layer and at the same time act as a solid lithium ion conducting electrolyte. 

 

1.3.3 Synthesis methods 

 

Several synthesis methods of LTO coating layer were also mentioned in literatures. Hydrolysis
[65]

, 

solid-state reaction
[66]

, sol-gel
[67]

, electrochemical deposition
[68]

, and chemical spray pyrolysis
[69]

 

are the most frequently mentioned methods used by researches. These methods can lead to 

different microstructures of coating layers, which in turn cause differences in properties. 

 

1.4 Electrostatic spray deposition applied in lithium-ion batteries 

 

Electrostatic spray deposition(ESD), which is also called electrospray deposition or 

electrohydrodynamic atomization, is a process of depositing thin film layers onto various 

substrates
[70]

. The charged liquid precursor will be sprayed out from a capillary nozzle into a 

build-in electric field where it will be dispersed into tiny droplets. These dispersed droplets will 

eventually reach the substrate and then form a coating layer after the liquid evaporates. This 

technique can be both used in industry and scientific research. In recent years, it has been 

developed and applied into nano-technologies. Coupled with other assisted methods, ESD can be 

designed to make functional layers used in different advanced products. For instance, lithium 

batteries, solar cells, functional ceramics, etc.
[71]

. 

 

As it is mentioned in section 1.2.2 and 1.3.3, ESD is a feasible method for making a cathode layer 

as well as its coating layer in lithium-ion batteries. Usually, it is coupled with a heating source 

which is connected to the substrate. Since the liquid precursor was evaporated soon after it 

reached the substrate, a solid thin film can be deposited. It can be found that this process is also 

called electrostatic spray pyrolysis(ESP) in number of literatures
[72-73]

.  

 

The equipment of electrostatic spray pyrolysis consists of two systems, including the spray system 
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and the control system. Figure 1.10 shows a schematic drawing of the ESP equipment
[74]

. The 

former system is designed for spraying the liquid precursor onto the surface of the target 

automatically, while the latter system is used for controlling the voltage and temperature. The 

precursor is filled into a syringe fixed at the pump. The syringe is connected to a metal capillary 

nozzle by a rubber hose. A electric field is created between the nozzle and the substrate holder by 

applying a high voltage. A number of parameters are chosen and applied manually. The thickness 

and the surface morphology of the deposited layer can be greatly influenced by those parameters. 

For instance, the distance between the nozzle and the substrate holder, the temperature of the 

holder, the voltage, the spray volume and the flow rate. 

 

 
Figure 1. 10 A schematic drawing of the ESP setup

[74]
 

 

1.5 Research question and the structure of this thesis 

 

The research question of this project is to study the possibility of using LTO as a potential solid 

lithium ion conducting electrolyte. As a direct derivative, LTO coatings on cathode materials, such 

as LNMO, may protect these cathode materials, so as to prevent solid electrolyte interphase 

growth and dissolution of manganese in a liquid electrolyte. In order to do so, a  

 

In this project, all the samples were made by electrostatic spray pyrolysis process. Spinel 

LiNi0.5 Mn1.5O4 layers were sprayed onto different substrate materials as the cathode layer. Then, 

spinel Li4Ti5O12 was applied as an epitaxial coating layer onto LiNi0.5Mn1.5O4 layer. The samples 

with stainless steel substrate were made into coin cells in a glove box. XRD tests were used to 

identify the spinel structure. AFM and SEM were applied to observe the morphology of layers. In 

addition, the electrochemical properties results were obtained from the charge-discharge cyclic 

test. 

 

This thesis consists of four chapters. Including this introduction, a brief outline of the other three 

chapters are shown below. 

 

Chapter 2 is a detailed introduction of experimental setups and testing methods. The materials and 

reagents, the initial parameters and the advanced testing instruments are all introduced 
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systematically. Additionally, all the samples that made through ESP are illustrated. 

 

Chapter 3 is a presentation of quantitative and qualitative data that were obtained from the tests. 

Based on these data, the results were analyzed and thus discussed.  

 

Chapter 4 is a conclusion of this thesis based on the discussions in chapter 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21 
 

 

Chapter 2 Experiments 

 

In this chapter, the experimental details will be introduced. At first, all the reagents and materials 

that were used in the experimental stage will be shown. Further, the sample preparation process 

will be introduced in details, including the substrate cleaning methods, LNMO layer spray process 

and LTO coating spray process. Last, the information of all the testing methods used in this project 

will be given.  

 

2.1 Reagents and materials 

 

In this project, the used reagents and materials can be divided into 3 parts, including reagents and 

materials used in the precursor preparation, in the substrate material cleaning process and in the 

cell assembly. The details of all the reagents and materials used in this project can be read in Table 

2.1. 

 

Table 2. 1 Informat ion of the used reagents and materials  

processes Reagents and materials  company 

Precursor preparation LiNO3 ReagentPlus 

Ni(NO3)2·6H2O Alfa Aesar GmbH 

Mn(NO3)2·4H2O Alfa Aesar GmbH 

C12H28O4Ti Aldrich 

2-Propanol Sigma-Aldrich 

Substrate material and the 

cleaning process 

Silicon wafer  

Stainless steel coin cell cap  

Acetone  VWR 

Methanol J.T.Baker 

Ethanol VWR 

Cell assembly Polyethylene Solupor 

LiPF6  Aldrich  

Metallic Lithium   

 

2.2 Sample preparation 

 

Before starting the electrostatic spray pyrolysis experiment, the precursor solutions need to be 

prepared with the appropriate precursor ratios, so as to respect the final LNMO stoichiometry. In 

addition, the surfaces of the substrate materials need to be cleaned following the procedures. After 

finishing all these steps, LNMO layer and LTO coating can be deposited onto the substrate 

materials through ESP. 

 

2.2.1 Precursor preparation 

 

The precursor used for making LNMO layer was prepared from lithium nitrate, LiNO3  
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(ReagentPlus), nickel nitrate hexahydrate, Ni(NO3)2·6H2O (Alfa Aesar GmbH) and manganese 

nitrate hydrate, Mn(NO3)2·4H2O (Alfa Aesar GmbH). These salts were weighted, and then 

dissolved in 2-propanol following the spinel stoichiometry. The Li:Ni:Mn molar ratio in the 

solution is 2:1:3, respectively. In order to form a thin LNMO layer, the concentration of the 

prepared solution was controlled to be 0.05mol/L based on 0.34g of LiNO3, 0.707g of  

Ni(NO3)2·6H2O and 1.63g of  Mn(NO3)2·4H2O dissolved into 100ml of 2-propanol. No 

polymeric binder or conductive additive was added to the precursor solution.  

 

Similarly, the precursor used for making LTO coating layer was prepared from LiNO3 

(ReagentPlus) and titanium (IV) isopropoxide 97% (C12H28O4Ti) by dissolving into 2-propanol 

following the spinel stoichiometry. The Li:Ti molar ratio in the solution is 4:5, respectively. Note 

that the LTO coating should be fully cover the LNMO layer. In order to achieve this goal, the 

concentration of the prepared solution was controlled to be 0.1mol/L based on g of LiNO3 and g of 

C12H28O4Ti dissolved into 100ml of 2-propanol. The prepared solutions are shown in Figure 2.1.  

 

 

Figure 2. 1 Precursor solutions of LNMO (a) and LTO (b) 

 

2.2.2 Substrate cleaning method 

 

In order to deposit thin and homogenous cathode layers on the substrate material, the surface of 

the substrate material should be flat. However, it can not be avoided that some inorganic and 

organic residues, such as dust and chemical particles, will adhere onto the surface when storing or 

moving those materials. These unwanted contaminates can decrease the surface condition and that 

in turn will influence the properties of the deposited layers. Moreover, these particle contaminates 

are not easy to be removed due to the strong electrostatic force between the particles and substrate. 

Therefore, it is necessary to clean the substrate material by following an efficient cleaning 

procedures. 

 

In this project, silicon wafers and stainless steel coin cell caps were cleaned by following a 

two-solvent cleaning procedure introduced by the University of California Irvine
[75]

. The cleaning 

steps can be found in Table 2.2. 
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Table 2. 2 Cleaning procedure
[75] 

Steps Process Effect 

1 Place the substrate into 

acetone bath for 10 minutes 

Dissolve the organic particles 

2 Place the substrate into 

methanol for 5 minutes 

Dissolve the acetone residues 

3 Place the substrate into ethanol 

for 5 minutes 

Further cleaning 

4 Dry the substrate by air Remove ethanol residues  

 

2.2.3 Gold sputtering of silicon wafer 

 

Silicon wafer is frequently used as the substrate material for deposition of various materials 

applied in microelectronic devices manufacture. The wafer was grown from crystals with regular 

crystal structure. Usually, the wafer surface is aligned in one of the specific crystal orientations. 

Thus, the cleaned surface of silicon wafer is flat which meets the requirement for depositing a 

uniform layer. However, when it is applied as cathode substrate, the electrochemical properties of 

the assembled battery could be limited due to the low electron conductivity as a result of the 

indirect bandgap of silicon (1.12eV at 300K)
[76]

.  

 

Gold sputtering is an efficient method to overcome this disadvantage. By forming a thin gold 

coating, the electron conductivity of the sample can be significantly improved. The sputtering 

process was done by using an auto fine coater (JEOL JFC-1300). The silicon wafer was placed in 

the chamber fulfilled with Ar gas. By applying a high voltage for 2-3mins, a homogenous gold 

coating was formed on the wafer surface. The samples were shown in Figure 2.2. 

 

 
Figure 2. 2 Silicon wafer before (a) and after (b) gold-coated 

 

2.2.4 LNMO cathode layer 

 

As it was described in section 1.4, electrostatic spray pyrolysis(ESP) was used to form LNMO 
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cathode layer on various substrates. The prepared precursor solution was fed to the electrified 

nozzle automatically from a controlled pump to the heated substrate holder where the chemical 

reactions took place at the certain temperatures. In this experiment, the reaction that took place 

during pyrolysis of the used precursors is simplified as follows: 

 

                                         

    
                            

                 

 

A number of parameters were chosen in order to form a stable electrospray in the so called 

cone-jet mode so as to form a homogenous thin layer.The temperature at which the film deposition 

was performed was chosen at 450 . The optimized voltage can vary from 6.5 to 9.5kV as a 

function of the liquid precursor used. A dispensing tip (EFD R Nordson) with inner diameter of 

0.1mm was applied during all the electrospray experiments. The distance between nozzle and 

substrate was set to be 2.5cm. The flow rate and the spray volume applied were 0.3ml/h and 

0.01ml, respectively. In addition, an annealing process was applied after the spray process in order 

to form dense layers. All the deposited substrates were annealed at 450  in air for one hour. All 

the parameters chosen in these experiments were following the previous research results in our 

research group
[77]

. Table 2.3 shows the values of all the parameters that were used in these 

experiments. By following these parameters, a couple of samples with LNMO cathode layer were 

made. Figure 2.3 shows the pictures of the samples with different substrates made through ESP by 

following the parameters mentioned above. 

 

Table 2. 3 Electrospray parameters for making LNMO layer  

Parameter  Value  

Precursor concentration 0.05mol/L 

Temperature  450  

Voltage  6.5-9.5kV 

Inner diameter of nozzle  0.1mm 

Distance between nozzle to substrate  2.5cm 

Flow rate  0.3ml/h 

Spray volume  0.01ml 

Spray time  2mins 

Annealing temperature  450  

Annealing time  1h 
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Figure 2. 3 Samples with made by ESP: CR2320 co in cell cap before (a) and after (b) deposited by 

LNMO layer; gold coated silicon wafer before (c) and after (d ) deposited by LNMO layer; aluminium 

foil before (e) and after (f) deposited by LNMO layer. 

 

2.2.5 LTO coating layer 

 

LTO coatings were also made through the ESP process. Similar to the process of making LNMO 

cathode layer, the prepared precursor solution was filled into a syringe placed on the syringe pump. 

Controlled by the parameters, such as flow rate and spray volume, it was automatically sprayed 

onto the heated substrate holder where the sample with a LNMO cathode layer fixed. The 

chemical reaction took place during pyrolysis of the used precursor solution was simplif ied as 
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follows: 

 

                      
        
                                              

 

As the precursor used for LTO coating deposition was different from that of LNMO layer, many 

chemical and physical properties were also different. For instance, viscosity, surface tension, 

conductivity, absolute permittivity, etc.. This led to a further difference in the parameters applied 

in ESP systems. In order to deposit a homogenous thin coating on LNMO layer, a group of 

effective parameters were found during the experiments. It should be noticed that the optimized 

temperature of the substrate was found to be 415 . A lower temperature could lead to porous 

morphology as the liquid can not evaporate immediately after it reached the host material. While a 

higher temperature always made it very easy to lose the cone-jet mode because solid particles 

were gathered at the nozzle tip due to the fast evaporation of the 2-propanol solvent. This 

phenomenon is illustrated in Figure 2.4. 

 

 
Figure 2. 4 Spray mode changes during LTO coating spraying process 

 

Other parameters, including concentration, voltage, flow rate and annealing temperature, were all 

different from that applied to deposit LNMO layer. All the detailed information is gathered in table 

2.4. The pictures of the samples with LTO-coated LNMO layer made through ESP were shown in 

Figure 2.5. 

 

Table 2. 4 Electrospray parameters for making LTO layer  

Parameter  Value  

Precursor concentration 0.1mol/L 

Temperature  415  

Voltage  8-10kV 

Inner diameter of nozzle  0.1mm 

Distance between nozzle to substrate  2.5cm 

Flow rate  0.4ml/h 

Spray volume  0.01ml 

Spray time  1min 

Annealing temperature  450  

Annealing time  1h 
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Figure 2. 5 CR2320 coin cell cap (a), gold-coated silicon wafer (b) and aluminium (c) with a LNMO 

layer and a LTO coating layer 

 

2.3 Characterization methods 

 

The charge-discharge cyclic test was done by a MACCOR multifunction Series 4000 automated 

test system with a charge/discharge rate of 0.1C and a upper voltage limit of 5V. 

 

The morphology, particle sizes and thickness of the films have been investigated using a JEOL 

JSM 6010LA scanning electron microscope (SEM) equipped with energy dispersive X-ray 

spectroscopy (EDS) detector. All the samples were kept in the oven overnight before testing.  

 

The Atomic force microscope (AFM) used in this research is an NT-MDT Ntegra platform P9, 

controlled by Nova px software. It was planned to do an in-situ electrochemical measurement by 

using a electrochemical cell setup. However, this hadn’t been done due to the limitation of the 

engineering conditions and the schedule arrangement of the project. Instead, it was only used to 

investigate the morphology of the LTO-coated LNMO films and LNMO films that directly 

deposited on the CR2320 cell caps and the gold-coated silicon wafers. 

 

An over view of all the testing instrument and equipment used in this project are listed in table 2.5. 
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Table 2. 5 Instruments used in this project 

Instrument/equipment Model  

Scanning electron microscope JEOL JSM 6010LA 

Atomic force microscope NT-MDT Ntegra platform P9 

Cycler MACCOR S4000 

Energy Dispersive X-ray Spectroscopy JEOL JSM 6010LA 

Auto fine coater JEOL JFC-1300 

 

2.3.1 X-ray diffraction 

 

In the test, X-ray diffraction (XRD) using a Bruker (AXS D8 Advance) X-ray diffractometer with 

a Cu-Kα radiation source (α=1.5418Å) in a Bragg-Brentano θ/2θ configuration. X-rays incidence 

from the source to the sample which is fixed in the sample stage. The diffraction angle (2 ) will 

vary from 0° to 90° by changing the positions of the source and the detector controlled by a 

computer. Then, a spectrum figure which contains the information of the planes in a certain crystal 

structure can be obtained. Comparing the peaks’ positions with standards, the crystal structure of 

the sample can be identif ied. A schematic drawing of the instrument is shown below
[78]

. 

 

 

Figure 2. 6 A schemat ic drawing of XRD test
[78]

 

 

2.3.2 Charge-discharge cyclic tests 

 

Before starting the cyclic test, the coin cells need to be assembled in an Ar filled glove box. The 

CR2320 can with a LTO-coated LNMO film was as the cathode assembled into the coin cell. No 

additives (i.e. binders or conductivity enhancers) were used for the electrode preparation. A 

polyethylene membrane was used as the separator between the cathode and electrolyte. It should 

be wetted by few drops of 1 M LiPF6 in ethylene carbonate/dimethyl carbonate (2:1) which was 

used as electrolyte. Other parts such as a plastic sealing ring, a lithium metal anode and a spring 

were stacked in the order as shown in Figure 2.7. The cell assembly process was finished after a 

cover was pressed properly. 
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Figure 2. 7 The structure of the assembled coin cell 

 

Samples with aluminium substrate were assembled into Swagelok cells. A photograph of the 

Swagelok cell is illustrated in Figure 2.8. 

 

 

Figure 2. 8 Swagelok cell 

 

2.3.3 Scanning electron microscopy 

 

In this project, a JEOL JSM 6010LA scanning electron microscope was used in order to 

investigate the surface topography, the thickness of the deposited layer and the element 

distribution of the samples. Secondary electron imaging (SEI) and back scattered electron imaging 

(BSEI) were used to achieve these goals. Pictures obtained with the detection of secondary 

electrons can represent the topography of the sample with a good resolution since these kind of  

electrons are emitted from the surface of the sample (at the depth of 50-500Å) and with very low 

energy (less than 50eV). Pictures given by back scattered electrons can simply show the element 

distribution because the intensity of the BSE signal is strongly related to the atomic weight.   

Based on BSE images, EDS test can be done to gain more detailed information. 
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In the measurement, secondary electron imaging was employed with accelerate voltage at 5kV, 

working distance at 10mm and electron beam spot size of 50nm at lower magnifications. When 

increase the magnification to higher value, the spot size was decreased in order to get a clear 

picture. By following these initial settings, pictures with magnification ranging 100× to 1000× 

were acquired. Back scattered electron imaging (BEC) was employed with accelerate voltage at 

20kV.  

 

2.3.4 Energy dispersive X-ray spectroscopy 

 

Coupled with SEM, energy dispersive X-ray spectroscopy was used to identify the elements 

distribution on the deposited f ilms. The working distance and the accelerate voltage were kept the 

same as they applied in BSEI process. While the electron beam spot size was increased in order to 

increase the value of counts per second to the range of 5000-10000. Following these parameters, 

all the elements existing in the sample can be identified by analyzing the spectrum image. Also, 

the distribution information and weight percentage of each element can be analyzed.  

 

2.3.5 Atomic force microscopy 

 

Atomic force microscopy(AFM) is a technique that is mainly applied to image and measure the 

sample surface at the nano-scale, and also can be used to measure ion transport in the electrolyte. 

Different from optical or electron microscope, AFM dose not need to form an image by focusing 

light or electron beam onto the surface, but measures a 3-D image of the sample surface with a 

sharp probe. One advantage of AFM is that it is very easy to see and measure the dimensions of 

any feature in the 3-D image by using the software
[79]

. 

 

In this project, AFM was only used to test the morphology of the samples in a semi-contact mode 

in the air. The AFM used in this research is an NT-MDT Ntegra platform P9, controlled by Nova 

px software. The AFM probes used were the type of HA_NC, which can be applied for 

topography and phase imaging. These probes are fabricated by NT-MDT meant for non contact. 

Each of them consists of a silicon body, a polysilicon lever and silicon high resolution tip. The 

chip sizes are 3.6 x 1.6 x 0.45 mm. The tips are 9-16μm high and have a typical curvature radius 

of 10 nm. Two probes with different resonant frequencies (235±10%kHz/140±10%kHz) were 

connected to the edges of a rectangular cantilever. The cantilever has different dimensions on each 

sides. For the side connected to the probe with higher resonant frequency is 80±5μm×32±5μm

×1.7-1.8μm and for the other side is 110±5μm×32±5μm×1.7-1.8μm. In atomic force 

microscopy process, this cantilever was fixed into a standard AFM head and controlled by the 

software in semi-contact mode to sweep samples in air. Detailed information of the HA_NC probe 

is shown in Table 2.6
[80]

. 
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Table 2. 6 Specification of HA_NC probe series
[80] 

Material  Polysilicon lever, monocrystal silicon tip 

Chip size 3.6 x 1.6 x 0.4 mm 

Reflective side Au 

Cantilever number 2 rectangular 

Tip shape  Octahedral at the base, conic on the last 200 nm 

Tip cone angle φ 30 degrees on the last 200nm 

Full tip height  ≥10 µm 

Pedestal/tip ratio 1:1 

Tip curvature radius less than 10nm 
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Chapter 3  Results and discussion 

 

Followed by the initial parameter settings introduced in the previous chapter, all the samples were 

made through electrostatic spray pyrolysis and then tested by the advanced instruments, including 

SEM, AFM, XRD and charge-discharge cyclic test. In this chapter, the results obtained from all 

these testing instruments were presented and the possible mechanisms were discussed. 

 

3.1 Film morphology 

 

The texture, morphology, thickness and uniformity of the samples (LNMO cathode layer with or 

without LTO coating) were investigated by SEM and AFM. All the samples were made through 

the ESP process following the fixed parameters mentioned in chapter 2. In this part, one sample 

with LNMO layer and one with LTO-coated LNMO layer that directly sprayed on stainless steel 

cap were selected for the tests. 

 

3.1.1 LNMO layer 

 

The LNMO cathode layer was deposited on the stainless steel cap through ESP. The precursor was 

sprayed onto substrate automatically controlled by the system and then followed by an annealing 

process. It can be seen from the AFM images (Figure 3.1a and b) that the surface texture was 

consisted of spherical particles with an average diameter of 100nm, approximately. These 

spherical particles were formed due to the characteristics of deposition technology. The charged 

droplets which contain the precursor solvent are dispersed in the electric field and sprayed to the 

heated substrate. The solvent will evaporate leaving the solute to crystalline soon after the droplets 

reach the heated substrate. The crystallization continues to take place when more droplets arrive 

on the surface of the substrate or the earlier formed particles forming a thin film with an amount of 

aggregates.  
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Figure 3. 1 AFM images of LNMO layer sprayed on stainless steel 

 

It can be indicated from the 3D AFM image (Figure 3.1c) that the average thickness of the LNMO 

layer is around 200nm. The thickness of the film can be influenced by the initial parameters, such 

as precursor concentration and flow rate. The spraying time still can make a difference on 

thickness at the early spray stage, although it was proven by Garcia-Tamoyo
[81]

 that the longer 

spraying time didn’t play a signif icant role in increasing the thickness when it grows to several 

micrometers. 

 

It also can be seen from the SEM images (Figure 3.2) that most areas of the sample surface are 

homogenous except few particles with the size of several micrometers exist. These big particles 

are probably the contaminants which might be introduced by the thickness measuring process in 

the laboratory. At a higher magnification, it clearly shows that those particles are not part of the 

homogenous layer and may come from outside. This was verified by the back scattered electron 

image and the followed EDS test. It can be seen from Figure 3.3a that a dark area with around 

3μm was observed. Further, from the spot analysis results (Figure 3.3a and Table 3.1 ), it can be 

found that the dark area (spot 002) has a small amount of K-α signals of Ca, which are not 

reasonable to be present in this sample. Also, the mass percentage of C in the dark area is higher 
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than that in the bright area (spot 003). Hence, it can be convinced that the dark spot is caused by a 

dust, which might be calcium carbonate. The EDS map images also proved that a thin layer was 

existed because both Mn and Ni elements are homogenously distributed throughout the sample 

surface (Figure 3.3b and c). 

 

The secondary electron images with higher magnifications (Figure 3.2c and d) also show that a 

number of dark spots distributed over the scanned area. However, these dark spots have never 

been observed when the thickness of the deposited LNMO layer grows to several micrometers. In 

order to find the reasons, an other SEM test for a blank stainless steel substrate had been done. 

Figure 3.4 shows that a number of holes distributed at the surface of the stainless steel substrate. 

This could be the reason for the appearance of the dark spots. Because the deposited cathode layer 

was nano-scale thin and it can follow the morphology of the substrate
[82]

. However, when the 

deposited film grows to several micrometers, those small holes will be filled with later arrived 

droplets so that the dark spots in SEM images will become vague or even disappear. Hence, it is 

clear that those dark spots observed are mainly due to the surface feature of the substrate material 

and the thickness of the deposited film.  
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Figure 3. 2 SEI images of LNMO layer with different magnifications  

 

 

 

Figure 3. 3 EDS test results of LNMO layer 
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Table 3. 1 Spot analysis results of LNMO layer  

Point 002 in Figure 3.3 a
Chemical formula   mass%   Atom%  Sigma       Net   K ratio Line

C*        15.12   41.96   0.04     10392 0.0085210 K  
O*         4.38    9.12   0.06     11238 0.0312930 K  
Si*        0.39    0.47   0.03      2940 0.0029415 K  
Ca*        0.67    0.56   0.03      6276 0.0098550 K
Cr*       15.92   10.20   0.09     84779 0.2255451 K  
Mn*        0.61    0.37   0.06      2500 0.0077072 K  
Fe*       55.56   33.15   0.15    196643 0.7012643 K  
Ni*        7.33    4.16   0.09     17412 0.0873256 K  
Total    100.00  100.00

Point 003 in Figure 3.3 a
Chemical formula   mass%   Atom%  Sigma       Net   K ratio Line

C*         6.48   22.33   0.03      4014 0.0032910 K  
O*         3.96   10.25   0.05     11682 0.0325290 K  
Si*        0.50    0.74   0.04      3428 0.0034293 K  
Cr*       17.50   13.93   0.09     88485 0.2354038 K  
Mn*        0.60    0.45   0.07      2315 0.0071372 K  
Fe*       62.72   46.49   0.17    209472 0.7470154 K  
Ni*        8.24    5.81   0.10     18345 0.0920017 K  
Total    100.00  100.00

 

 
Figure 3. 4 SEI images of stainless steel substrate 

 

3.1.2 LTO-coated LNMO layer 

 

The LTO coating was formed on the earlier deposited LNMO layer through ESP. The initial 

parameters of ESP process were shown in section 2.2.5. The morphology of the sample were 

investigated by SEM and AFM. The AFM results (Figure 3.5 a and b) showed that the numerous 

aggregates of the sprayed particles are distributed homogenously. The average size of the particles 

is around 100nm according to the measurements by the software. This size can be influenced by 

the annealing temperature and time in the sample preparation steps. The aggregates could be 
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formed by the overlapped precursor droplets during the spray process. The 3D AFM image 

(Figure 3.5c) showed the information on the height difference of the sample surface. It also 

revealed the rough morphology caused by the ESP process. It can be indicated that the thickness 

of the as-sprayed coating ranges from 200-600nm in an area of 5×5μm
2
.  

 

 

 

 

 

Figure 3. 5 AFM images of LTO-coated LNMO layer on stainless steel 
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As it can be seen in the SEM images (Figure 3.6), the typical surface texture caused by ESP was 

formed. The island-like partic les, which could be the aggregates observed in AFM images, were 

homogenously distributed over the sample surface. It can be indicated that the coating might not 

completely cover the LNMO layer by using the initial parameters in the ESP process or those 

island-like particles are formed by the later arrived precursor droplets due to the suddenly 

increased annealing temperature when it stopped spraying. Based on these hypothesis, the back 

scattered electron image and the followed EDS test had been done. In the BSE images(Figure 

3.7a), the dark area observed could be in result of the reflection signal of the island-like particles 

observed in the secondary electron images, while the bright area could be the substrate or the 

earlier formed layer. The results of spot analysis could be a reasonable evidence to support the 

deduction since the mass percentage of titanium and iron are different between these two areas. It 

can be seen form Table 3.2 that the mass percentage of titanium in the dark area(spot 002) is 

higher than that in the bright area (spot 003). On the other hand, that value of iron in the dark area 

is smaller than that in the bright area. Further more, it can be seen from the EDS map images 

(Figure 3.7b) that more Ti signals were generated at the place corresponding to the dark area in 

Figure 3.7a. Meanwhile, Ti, Mn and Ni elements are all homogenously distributed over the sample 

surface(Figure 3.7b, c and d). Above all, it can be concluded that a very thin coating was formed 

on the earlier sprayed LNMO layer. The average thickness of this coating is around 400nm. 

However, the crystal structures of the both layers remain unknown. They need to be investigated 

by XRD tests. 
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Figure 3. 6 SEI images of coated LNMO layer with different magnifications  

 

 

 

Figure 3. 7 EDS map information of coated LNMO layer 
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Table 3. 2 Spot analysis of coated LNMO layer 

Point 002 in Figure 3.6 a
Chemical formula   mass%   Atom%  Sigma       Net   K ratio Line

C*         8.80   24.03   0.03      6539 0.0053614 K  
O*        14.19   29.09   0.07     27684 0.0770869 K  
Ti*       12.48    8.55   0.06     79172 0.1631118 K  
Cr*       13.47    8.50   0.08     66746 0.1775699 K  
Mn*        1.47    0.88   0.06      5857 0.0180582 K  
Fe*       43.72   25.68   0.14    151557 0.5404804 K  
Ni*        5.88    3.28   0.09     13964 0.0700329 K  
Total    100.00  100.00

Point 003 in Figure 3.6 a
Chemical formula   mass%   Atom%  Sigma       Net   K ratio Line

C*         6.35   20.05   0.03      4454 0.0036523 K  
O*         9.07   21.50   0.05     25170 0.0700860 K  
Ti*        4.09    3.23   0.04     26727 0.0550641 K  
Cr*       16.22   11.82   0.09     86131 0.2291401 K  
Mn*        1.46    1.00   0.06      6054 0.0186646 K  
Fe*       55.54   37.70   0.15    198972 0.7095715 K  
Ni*        7.27    4.69   0.09     17524 0.0878864 K  
Total    100.00  100.00

 

3.2 Electrochemical behavior 

 

The LNMO cathode layer and the coating layer that directly deposited on various substrates were 

assembled into coin cells and Swagelok cells for the charge-discharge cyclic test. Figure 3.8b 

shows the galvanostatic charge-discharge curve of the coating layer. It can be found that this curve 

doesn’t give any information of LTO since the voltage linearly changing from 2.2V to 0.8V, 

approximately. A typical curve of LTO (Figure 3.8a) has a plateau at 1.55V, which is caused by the 

insertion or extraction process of lithium ions. However, according to the literature, this curve is 

very similar to the charge-discharge curve of nano-structured TiO2 anatase, which can be calcined 

at around 400  (Figure 3.8c)
[83-84]

. But this doesn’t make sense since the lithium also exist in the 

precursor solution. Based on the precursor stoichiometry, the coating is probably consisted of 

amorphous lithium-titanium oxides, which lead to the slope curve in Figure 3.8b. 
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Figure 3. 8 Galvanostatic charge-discharge curve of a typical LTO (a), the coating layer (b) and the 

nano-structured TiO2 anatase (c)
 [82-83]

. 

 

The reason is probably due to the relatively lower heating temperature and annealing temperature 

which were set to be 415  and 450 , respectively. According to Yu’s research, a spinel LTO was 

successfully deposited on platinum substrate by electrostatic spray deposition after annealed at a 

range of 650-850  for 2 hours
[85]

. Also, Li’s research suggested that an epitaxial LTO coating can 

be formed at around 700  by sol-gel reaction
[86]

. Hence, it is reasonable to increase the 

temperature and annealing time in order to form LTO. However, ESP might be not suitable for 

depositing LTO coating material since the deposition temperature is limited by the equipment. For 

instance, when the temperature is set to higher values, the morphology and the thickness of the 

coating will change a lot during the electrospray process. 

 

Till now, no ideal charge-discharge curves of LNMO or coated-LNMO were obtained. One 

possible reason for this might be the inappropriate cell assembly process which can result in 
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self-discharge in the cell. Another possible reason is that the spinel structure of cathode layer has 

not been formed during the ESP process. In order to verify these hypothesis, other characterization 

methods need to be applied.  

 

3.3 Structural characterization 

 

The crystal structures of LNMO cathode layer and the LTO coating layer were investigated by 

XRD. All the samples were made by ESP following the same initial parameters, including 

precursor concentration, spray volume, spray rate, distance between the nozzle and the substrate, 

voltage, temperature and annealing process. Therefore, it can be convinced that similar crystal 

structures were formed on different substrate materials. For this reason, samples with aluminium 

substrate were selected for XRD tests as they are easier to be fixed into the holder in the 

instruments. 

 

Till now, this test has not been done yet due to the time restrictions and the instrument 

maintenance. Hopefully, it will be done before the presentation. Then, the results will be shown 

during the final presentation.  
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Chapter 4 Conclusion and Recommendation 

 

In this project, a nano-scale thin and homogenous Lithium titanate-coated LNMO layer has been 

successfully deposited on various substrates by electrostatic spray pyrolysis process. The average 

thickness of LNMO and the coating layer are around 200nm and 400nm, respectively.   

 

Unfortunately, the analysis of the electrochemical properties of this coated LNMO was failed. No 

charge-discharge curves have been successfully measured. The possible reasons leading to this 

poor result can be attributed to different aspects. For instance, the spinel structure of cathode layer 

has not been formed during the ESP process, or the cell was not well assembled so that 

self-discharge happened. 

 

In addition, the cyclic test of the coating layer reveals that LTO was failed to be formed. The 

deposited coating is more likely to be an amorphous lithium-titanium oxide which gives a slope 

charge-discharge curve. In order to form a pure LTO spinel structure, the temperature may need to 

rise to above 600 . However, ESP might be not suitable for depositing LTO coating material 

since the deposition temperature is limited by the equipment. 

 

The crystal structures of both layers need to be identif ied by XRD. According to the former results, 

the cathode layer which were made from the same precursor by ESP but with thickness as several 

micrometers formed the spinel structure. Hence, it can be expected that the thinner cathode layer 

which were made through the same process will probably form the spinel structure as well. 

However, it might be difficult to see the Bragg peaks in XRD pattern since the deposited layers are 

nano-scale thin and the average crystallite s ize is small caused by the relatively lower annealing 

temperature. 

 

In future work, an effective method for depositing LTO needs to be found. After that, more 

characterization methods can be utilized to study other properties. For instance, AFM can be  

modified to measure the in-situ characterization of lithium ion transfer at/from the electrode 

surface.  
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Appendix  

 

Introduction of characterization methods mentioned in this thesis 

 

1. Atomic force microscopy (AFM)  

 

Atomic force microscopy(AFM) is a technique that mainly applied to image the surface of both 

insulating and conducting samples. Different from optical or electron microscope, AFM dose not 

need to form an image by focusing light or electron beam onto the surface, but measures a 3-D 

image of the sample surface with a sharp probe. The probe consists of a sharp tip with a curvature 

around 10nm connected to a cantilever. This cantilever is fixed to a relatively larger chip with  

different dimensions which vary with the probe series. Before scanning, the probe needs to be 

fixed into a holder which is then fixed into a head. Then, an appropriate position [(DFL(-2), LF(0)] 

needs to be adjusted in order to deliver the scanned signal to software system successfully. By 

doing this adjustment, the Laser beam is focused on the backside of the tip of the cantilever. 

Meanwhile, the reflected laser beam is just arrived at the favorable position on the photodiode. 

The topographic information of the sample can be obtained from different scanning modes, 

including non-contact mode, contact mode and semi-contact mode. In this project, all the AFM 

topographic images were illustrated in the semi-contact mode. 

 

In the semi-contact mode , the resonance frequency of the cantilever which will be used as the 

oscillating input signal shall be found at first. Then, the oscillating distance between the sample 

surface and the probe will be found automatically in soft approach process controlled by the 

computer. The actual movement of the probe will depend on its interaction with the sample 

surface. The resulting oscillation in the cantilever deflection is measured and compared to the 

input oscillation to determine the forces acting on the probe. the probe The quality of the 

topographic image can be improved by changing the value of set point, feed back gain and 

scanning rate. A schematic drawing of the semi-contact mode setup is shown below
[87]

. 

 

 

 

In order to get a good image, the sample used for AFM test should be fixed, keep clean and make 

sure small enough to be scanned. It should be noted that the quality of the images can also be 
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influenced by the artifacts. For instance, blunt probe, scanner bow, leveling, noises, etc,..  

 

2. Scanning electron microscopy (SEM)  

 

Scanning electron microscopy is a technique that used to produce high resolution images with 

focused electron beams. A Scanning Electron Microscope usually consists of  an electronic optic 

column built on the sample chamber,  a pumping circuit used to obtain a high vacuum, detectors to 

catch all the signals that the sample gives out, a video screen to examine the pictures and an 

Electronic device to handle all the functions.  

 

The electron beam will interact with the atoms of the target samples, creating a number of signals, 

including secondary electrons, back-scattered electrons, characteristic X-rays, auger electrons, 

etc,.. These signals are emitted at different depth of field and contain different information of the 

sample, such as surface features and composition, which can be used for characterization. The 

created electron signals, which are used to modulate the brightness of the screen, can be collected 

by the detectors and then converted into electric signals an then to be transferred into signal 

amplificator or energy spectrometer. Deflection coils are used to guide the electron beam to scan 

at a certain point on the sample surface and, at the same time, link the information to the screen. 

Then, the quantity of signal produced at a fixed point of the sample is linked to the brightness of 

the corresponding point on the video screen. A schematic drawing of the structure of SEM is 

shown below
[88]

. 
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The image results that obtained from this project are secondary electron images (SEI) and 

back-scattered electron images (BSEI). The secondary electrons are emitted by the inelastic 

collision between the electron beam and the electrons which move around the atom of the sample. 

Due to the low energy of secondary electrons (around 50eV), it is easily to be deflected and to be 

collected by a large amount on the detector, forming a picture with a good signal/noise ratio. They 

come from the area closed to the beam with only depth and this position gives pictures with good 

resolution. Therefore, pictures obtained with the detection of secondary electrons mostly represent 

the topography of the sample.  

 

Back-scattered electrons (BSE) are beam electrons that are reflected from the sample by elastic 

scattering. The position of BSE detector is set above the sample in the vacuum chamber. BSE are 

often used in analytical SEM along with the spectra made from the characteristic X-rays, because 

the intensity of the BSE signal is strongly related to the atomic number (Z) of the specimen. BSE 

images can provide information about the distribution of different elements in the sample
[89]

. 

 

3. Energy dispersive X-ray spectroscopy (EDS) 

 

Energy dispersive X-ray spectroscopy is applied to identify the type of elements and to investigate 

the distribution of those elements in the sample. It is usually coupled with back-scattered images 

in SEM by focusing a high energy electron beam on the specimen. The incident beam may excite 

an electron in an inner shell bound to a nucleus, ejecting it from the shell while creating 

an electron hole. An electron from an higher-energy shell then fills the hole at the lower energy 

orbit by losing energy. This energy may release as the form of X-ray. For different elements, the 

energy differences between the electron orbits are unique so that the energy of the released X-ray 

are all different. The number and energy of the X-rays emitted from a specimen can be measured 

by an energy-dispersive spectrometer and then illustrate a spectrum figure in the software 

automatically. Comparing the spectrum results with the standard value, the elemental composition 

of the specimen can be measured. In addition, EDS can also illustrate maps which directly show 

how the elements distribute in the specimen.  

 

In this project, before EDS measurements start, it needs to increase the electron beam spot size 

until the cps value falls in the region of 5000-10000 in order to get a more reliable spectrum result. 

A example figure is shown below. 

 

 

https://en.wikipedia.org/wiki/Elastic_scattering
https://en.wikipedia.org/wiki/Elastic_scattering
https://en.wikipedia.org/wiki/Electron_hole
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4. X-ray diffraction (XRD) 

 

According to crystal geometry, there are various of crystal structures exist in the nature. For 

instance, FCC, BCC, spinel, etc,.. Each structure is formed by atoms that occupy the specific 

positions. Consequently, those atoms can form a series of crystal planes which was signed by 

miller index, such as (111), (220), (311), etc,.. It should be noticed that different crystal structure 

can have different planes group. Therefore, crystal structures can be identified by investigating the 

crystal planes that exist in the specimen.  

 

In this project, X-ray diffraction is used to identify the crystal structure of the sample. The 

mechanism is based on the theory of elastic scattering of X-ray photons and the Bragg’s law. 

When X-ray photons are incident on a lattice, they will be scattered by the atoms. For the process 

of elastic scattering, some of these scattered photons will only change their momentum but 

without losing energy. Those photons can be used to identify the type of the crystal since they 

carry the information of the distribution of atoms in the lattice structure.  

 

For a crystalline solid, the X-rays are scattered from lattice planes separated by the interplanar 

distance d. Only when the path length of scattered X-ray is equal to an integer multiple of the 

wavelength, they can interfere constructively. Otherwise, they will interfere destructively. The 

path difference between two X-rays undergoing constructive interference is given by 2dsinθ, 

where θ is the scattering angle (see figure below). The effect of the constructive or destructive 

interference intensifies because of the cumulative effect of reflection in successive 

crystallographic planes of the crystalline lattice. The condition for a constructive interference 

occurs can be simply described as          , which is known as the Bragg’s law
[90]

.  

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Integer
https://en.wikipedia.org/wiki/Interference_(wave_propagation)
https://en.wikipedia.org/wiki/Crystallographic_planes
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