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1 Motivation 

Every living thing, including humans, needs energy to live. We need energy mainly for 

heating and cooling homes, powering appliances and home electronics, moving vehicles, and 

production of food and other goods. The common energy source, which has taken billions of 

years to form, is oil and coal. It is consumed worldwide and causes serious environmental dam-

age such as rising greenhouse gas concentrations that lead to global climate change. Better un-

derstanding coupled with research and development of creating more environmentally benign 

energy sources are needed in order to develop a sustainable energy system for the next genera-

tions.  

Thus, energy produced by renewable sources for instance solar, wind and others will be 

favored in future. Because it is not continuously available it must be combined with efficient 

storage systems in such a way that it can be transferred to or used for the end consumer's prod-

ucts at the time needed. It is mandatory to have efficient energy storage systems that can be con-

veniently charged and discharged with electrical energy such as pumped storage hydro power 

stations, compressed air energy storage, and hydrogen storage. Electrochemical energy storage 

systems such as batteries, capacitors and supercapacitors are widely used in electronic based ap-

pliances and most recently in electric vehicles [1, 2]. Each of these storage systems has its own 

advantages and disadvantages and they differ in capacity, storage density and peak power. Bat-

teries and fuel cells are similar in the sense that both convert electrical and chemical energy and 

consist of two electrodes, an electrolyte and a separator, whereas capacitors store electrical ener-

gy as surface charges[1]. Analogous to battery and fuel cell systems, supercapacitors are com-

posed of two electrodes, separator and electrolyte, and are able to produce higher power density 

as compared to the previous systems. Supercapacitors are known to withstand charge and dis-

charge at high current within minutes of time whilst it takes several minutes to half an hour for 

batteries (especially Li-ion batteries) to charge. Though supercapacitors are able to provide high 

power density (~10,000 W kg
-1

) in comparison to batteries (1,000–3,000 W kg
-1

), batteries and in 

particular Lithium-ion batteries have claimed most of the electronic consumer market as they are 

able to provide a high energy density and higher working voltage compared to supercapacitors. 

Further development must be taken into account for batteries to meet the criteria of both, high 
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power and high energy density. Fabricating electrode materials with better performance is crucial 

for both, anode and cathode.  

In this thesis, work on fabrication of cathode material is conducted with the aim to im-

prove the readily available materials used in commercial Li-ion batteries. Among conventional 

cathode materials, LiFePO4 has won researchers’ attention due to its advantages of high intrinsic 

safety, low costs and being environmentally friendly. So far, however, LiFePO4 suffers from low 

intrinsic electronic and ionic conductivity that lead to poor performance rates. A known method 

to overcome these problems is to apply nanosized LiFePO4 that is coated with conductive car-

bon. Additionally, doping with metal ions helps to increase the conductivity of LiFePO4. Moreo-

ver, doping/substitution of iron with elements of higher redox potential such as manganese or 

vanadium may increase the energy density. Thus, the motivation of this study is to produce high 

performance cathode materials for Li-ion batteries based on nanosized and highly conductive 

materials using that are generated in a combination of spray-flame synthesis of nanoparticles and 

subsequent solid-state reactions. Spray-flame synthesis of nanoparticles is used to produce 

FePO4 and also FePO4 doped with manganese (Fe(1–x )MnxPO4). It offers advantages compared to 

other methods such as wet-phase synthesis including the capability to produce nanosized FePO4 

and Fe(1–x)MnxPO4, which will be further processed with a Lithium source and glucose to yield 

nanocomposite LiFePO4/C and LiFe(1–x)MnxPO4/C. Using the gas phase technique, nanosized 

FePO4 is expected to be simply available in large amounts and can be further processed via solid-

state reactions to produce LiFePO4/C nanocomposites. Doping with metal ion is also known to 

enhance the electrochemical properties of LiFePO4.  

This thesis is divided into the following sections: 

 Background and basic principles of lithium ion batteries and common cathode 

materials are briefly explained in the first part (Chapter 2). More particular detail 

into why LiFePO4 is a good choice of lithium-ion battery electrode material is 

provided via clarification of its structure and electrochemical properties. Various 

synthesis routes for producing LiFePO4 are presented.  

 General aspects of the gas-phase synthesis of nanoparticles along with solid-state 

reactions are given in Chapter 3. Also, important analytical methods that are 
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needed for understanding of the materials synthesized are presented in this chap-

ter. 

 The focal point of this study is reported and explained in detail within Chapter 4. 

A comprehensive study on synthesis and physical, chemical and electrochemical 

characterization of the bare and doped LiFePO4 are presented and discussed. The 

electrochemical performance of bare and doped LiFePO4 is compared and dis-

cussed. 

 Some general conclusions and suggested future recommendation for studies con-

cerning LiFePO4 are presented in Chapter 5.  
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2 Introduction 

Batteries are attractive systems for storing electrical energy. They are located almost eve-

rywhere, have no maintenance cost and are readily scalable. Since the first invention of batteries 

by Alessandro Volta in 1800, the self-contained system which converts chemical energy into 

electrical energy via a redox reaction, has gone through various enhancements and developments 

until today. Being classified according to their principle of operation and usage, batteries are 

mainly categorized as primary (non-rechargeable) and secondary (rechargeable) batteries. Prima-

ry batteries normally discharge once and are discarded afterwards due to limitations of their 

chemical composition. Secondary batteries are able to discharge and recharge back to their origi-

nal condition by applying a current through the cell [3]. Despite the fact that primary batteries 

can only be used once, this type is light in weight and easy to dispose of, as it contains no or in-

significant amounts of toxic substances [3]. Their high internal resistance, however, makes these 

batteries unsuitable for use in high power appliances such as notebooks, digital cameras, etc. 

Thus, secondary batteries are more appealing to be used widely in portable and electronic devic-

es as well as in new era of electric car. In addition to that, high availability and sustainability of 

the materials used to fabricate secondary batteries will consequently lower their costs as com-

pared to the primary battery. Amongst secondary batteries, Li-ion batteries had tremendously 

gone through various improvements in order to provide high capacity with lower cost. Nonethe-

less, a deeper understanding of safer and more reliable materials for the electrode of Li-ion bat-

teries is required. Therefore, in order to fabricate high capacity and reduce cost of Li-ion batter-

ies, it is important to enhance the performance of readily available rechargeable batteries for high 

power applications by applying the knowledge of nanotechnology during synthesizing the cath-

ode material particularly. 
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2.1 What is a lithium-ion battery 

Important features that determine the range of rechargeable batteries include specific en-

ergy (measured in Wh), which is defined as the total amount of energy that a battery can store, 

the specific and volumetric energy density (Wh kg
–1

 and Wh l
-1

 respectively), which depict how 

much energy a battery can hold in proportion to its mass and volume, as well as the power densi-

ty (W kg
–1

), which describes how much energy the battery is able to supply to a device. Manu-

facturing this kind of batteries using LiCoO2 cathodes and carbon anodes grew spectacularly 

since its first commercialization by Sony in the early 1990s [4]. Figure 1 demonstrates that Li-

ion batteries possess the highest specific energy density and volumetric energy density compared 

to other available rechargeable batteries in instance Ni-MH, Ni-Cd and lead acid. Credited to 

these advantageous properties, Li-ion batteries are used in a wide range of application from 

mobile phones to power tools. In addition, the substantially lighter weight (approximately 35% 

less than Ni-MH) and smaller size of Li-ion rechargeable batteries granted them to replace Ni-

MH for use in portable applications.  

 

Figure 1: Comparison of different battery systems in terms of volumetric and gravimet-

ric energy density [5] 
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Typically, a Li-ion battery consists of a number of cells connected either in series or in 

parallel to provide the desired voltage and power for certain appliances. Each cell is basically 

composed of an electropositive electrode (anode), an electronegative electrode (cathode), an 

electrolyte and a separator.  

 

Figure 2: Schematic diagram of a typical commercial lithium ion battery mechanism 

during charge and discharge [5] 

Figure 2 illustrates a schematic diagram of a standard Li-ion cell with a graphite anode, 

lithium metal oxide as the cathode, an electrolyte and separator. Cathode (transition metal ox-

ides) and anode (graphite) materials commonly exhibit a readily unchangeable host for intercala-

tion of Li
+
 ions in. Generally, lithium ions operate based on a redox reaction at positive and neg-

ative electrodes. Upon charging, Li
+
 ions deintercalate from the positive electrode, travel through 

the electrolyte and intercalate in the negative electrode and remain there. During this time, the 

battery will store the chemical energy. As lithium ion batteries discharge, Li
+
 ions deintercalate 

from the anode and move back to the positive electrode across the electrolyte. During discharg-

ing, electrons flow in the same direction as the ions around the outer circuit producing the energy 

for the loaded devices. Since Li
+
 ions migrate back and forth between the anode (negative elec-

trode) and cathode (positive electrode) upon charging and discharging, this type of batteries are 

sometimes referred to as 'rocking chair' batteries. Particularly, Li-ion batteries are assembled in 
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'discharged' state where the Li
+
 ions are available in cathode sites. Therefore, as the source of Li

+
 

ions relies heavily on the positive electrode, their performance is habitually related to the nature 

of the positive electrode used. For this reason, altering the properties of readily known cathode 

materials would consequently enhance the specific capacity of Li-ion batteries.  
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2.2 Cathode materials 

The cathode electrode is where the reduction process occurs during the discharging pro-

cess. During this process, Li
+
 ions will be intercalated into the cathode material along with re-

duction in valence state of redox-active species such as cobalt or iron from 3
+
 to 2

+
 while the 

current flows in different direction powering the load applied. Li
+
 ions intercalating into FePO4 

during discharge process yield LiFePO4 as shown in Eq 1. 

 4

III

4

II

4

III POFe )1( + POLiFe   e  + Li  + POFe xxxx 
 Eq 1 

It is shown from this reaction that the material used as cathode electrode should consist of 

a transition metal for allowing reduction and oxidation processes. According to that, discharging 

involved with the insertion of Li
+
 ions into the metal oxide structure should alter its crystal struc-

ture insignificantly. If the crystal structure changes significantly, instabilities of the material 

could occur that are capable to cause hazard conditions especially when the batteries are exposed 

to extreme condition. As a prerequisite it is of importance for the material to be used as cathode 

material to withstand structure changes during intercalation/deintercalation of Li
+
 ions. Based on 

this criteria, Whittingham [6] suggested that any materials must possess the following require-

ments in order to be eligible as intercalation/deintercalation host for Li-ion batteries: 

 comprise a readily reducible/oxidizable ion, for instance a transition metal 

 allow to intercalate/deintercalate with lithium while maintaining its structure 

 be capable to provide high voltage by reacting with lithium with a high free ener-

gy (referring to Gibbs free energy which is the higher the free energy will conse-

quently rose the cell voltage) according to the equation as, 

  e  + Li +Me   LiMe 23
  

 provide high reaction rates with lithium during insertion and removal to provide 

high power 

 good electrical conductivity  

 must be low-cost and environmentally benign and be available in abundance 

Whittingham [7] was one of the first  introducing rechargeable Li-ion batteries. In his 

first attempt, TiS2 was used as the cathode material followed by a layer of oxides. This was the 

LiCoO2 in the first range of commercial lithium ion batteries by Sony Energytech Inc. Since 
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then, various numbers of cathodes were found which are classified according to their structure. 

Figure 3 depicts various materials that may be potentially used for cathodes in Li-ion batteries. 

The most widely used cathode materials in current Li-ion batteries are the layered lithium transi-

tion-metal oxides (Figure 3), especially LiCoO2 and LiNiO2. While LiNiO2 produces a slightly 

higher capacity compared to LiCoO2, it is chemically and electrochemically unsteady, which 

causes greater problems during synthesis and commissioning. Capacity resembles how much 

electric charge a material can store and it is known to be strongly related to the material open 

circuit voltage and applied current.  

 

Figure 3: Comparison of the performance of various anode and cathode materials in 

terms of voltage and capacity [5] 

LixCoO2 is superior to LiNiO2 in terms of its chemical and electrochemical characteristics 

and ability to provide a capacity of 140 mAh g
–1 

for x = 0.5. Nonetheless, its usage has been lim-

ited due to reasons such as its reversible capacity normally being restricted to x = 0.5. The re-

versible delithiation beyond this value is related to its safety issue which in turn is related to its 

structure. When the batteries are overcharged, oxygen will lose its bond to Co and is released. 

This exothermic reaction inside the cell can escalate in fast temperature rises leading to possible 

explosions [8]. Its high cost due to its low availability suppressed its usage for large-capacity 
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batteries, such as for automotive applications. Furthermore, Co is a toxic material and thus bat-

teries using Co as a cathode material would be unsafe for nature. Even though, cathode materials 

fabricated using layered oxides (LiCoO2) have proven to offer high energy and cycling stability 

up to a thousand times, several other LiMO2-type cathodes (where M = Co, Ni, Mn, or V) have 

been investigated due to safety and cost issue of layered oxide LiCoO2. Instead of using a lay-

ered oxide, works have been dedicated to produce different combinations of transition metals 

including LiNi0.8Co0.15Al0.05O2 and LiNi0.8Co0.15Al0.05O2 . Both of these possess good cycle char-

acteristics, but the latter has better safety characteristics [9]. 

 

Figure 4: Layered structure of LiMO (LiNiO2, LiTiS2, LiCoO2) type material with lith-

ium ions between the transition metal oxides [10] 

Another type of cathode being investigated is the spinel structure of LiMn2O4 which has 

117 mAh g
–1

, that is about 10% less than that of LiCoO2. This material is much cheaper and rela-

tively less toxic. Yet, LiMn2O4 is particularly unsuitable for high power and high energy Li-ion 

batteries applications since it offers moderate capacities and currents only at high temperatures 

[11]. 

The olivine structure of LiFePO4 which was first reported by Goodenough in 1997 [12] 

has gained attention as a candidate for cathode material. Hundreds of publications concern the 
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development and enhancement of this material as its appealing advantages including high theo-

retical capacities of 170 mAh g
–1

, safety, costs, and its effect on the environment is insignificant. 

However, low electronic and ionic conductivity of LiFePO4 that significantly caused bad rate 

retention has hindered its usage as cathode material for Li-ion batteries. In order to overcome this 

problem, three main solutions are known to aid the poor electronic and ionic conductivity of 

LiFePO4 which is by reducing the particle size from micrometer to nanometer, coating with con-

ductive carbon, and/or doping with metal ions (i.e., Mn, Cu, Ti, Zn, etc.).  

Therefore, this thesis focuses on developing LiFePO4/C and 

LiFe(1–x)MnxPO4/C by applying all three main solutions aforementioned to create even improved 

electrochemical properties that could meet the demand of Li-ion batteries for high power and 

energy applications. Further explanation about LiFePO4 is supplied in the following section.  

2.3 LiFePO4 

LiFePO4 has been used in Li-ion batteries as cathode electrodes since its first introduction 

as cathode material by Padhi et al. in 1997 [12]. Olivine (magnesium iron silicate) type LiFePO4 

with triphylite structure encompasses a high theoretical capacity of 170 mAh g
–1

, a 33% lower 

price than commercial LiCoO2 and high intrinsic safety. The two phases of electrochemical pro-

cesses which are oxidation and reduction evolve with a flat 3.4 V vs. Li voltage. Abundance of 

Fe component in LiFePO4 creates huge advantages towards material availability and sustainabil-

ity. LiFePO4 has a triphylite system during lithiation and a heterosite system during delithiation. 

This implies that LiFePO4 is chemically and thermally stable during charging as it exists in triph-

ylite system where the strong covalent bonding between oxygen and phosphorus atom rule out 

any explosion/fire possibilities in case of short-circuiting [13]. In the meantime, heterosite FePO4 

is also thermally stable in delithiation state. Driven by these two important merits of chemical 

and thermal stability, LiFePO4 has gained huge attention as it can promisingly be used as cathode 

material in various field including electric vehicles. 
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Figure 5: Schematic representation of the triphylite and heterosite structures of 

LiFePO4 (a) and FePO4 (b), respectively [11] 

Table 1: Lattice parameters and unit cell volume for triphylite and heterosite phases 

[14] 

Material LiFePO4 FePO4 

Space group Pnma Pnma 

a (Å) 10.33     9.81 

b (Å) 6.01 5.79 

c (Å) 4.69 4.78 

Volume (Å
3
) 291 272 

 

During delithiation, Li
+
 ions are extracted from LiFePO4 yielding FePO4. As shown in 

Table 1, a small increase in the c-lattice constant (by 1.9%) is observed along with decreases of 

the a and b parameter (by 5 and 3.9%, respectively) during delithiation. Accordingly it is ob-

served that the volume is also reduced by about 6.8% after delithiation. The transition from 
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triphylite system of LiFePO4 to heterosite FePO4 did not change the olivine structure indicating 

stable structural framework of LiFePO4 upon charging and discharging process. Accompanied 

with this advantage, this material is known to have superior thermal stability which is required 

for high power density applications. Figure 2.5 shows a unit cell from both structures. They share 

the same olivine family with a different Pnma space group due to existence of lithium chains in 

the triphylite system. The triphylite structure consists of edge-shared PO4 tetrahedra which are 

thermally very stable. Strong covalent bonds between P
5+

 and oxygen form (PO4)
3−

 units and rule 

out any risk of oxygen release compared to layered oxides in high states of charge [15, 16]. Pad-

hi et al. [12] reported that the open circuit voltage of any material is normally determined by the 

Fermi level since a higher working voltage is related to stronger covalent bonding of polyanions. 

The iron phosphate inside LiFePO4 ideally provides a lower Fe
3+

/Fe
2+ 

redox energy level indicat-

ing higher open circuit voltage vs. Li. Further works done later by Jiang and Dahn [17] proved 

that the strong covalency of the P-O bond also stabilizes the anti-bonding Fe
3+

/Fe
2+

 state and thus 

boosts up the redox potential of Fe
3+

/Fe
2+

. LiO6 octahedra are positioned in the interstitial spaces 

of the LiFePO4 framework leading to endless chains along the c-axis, thus providing a 1D high-

way for lithium transport upon delithation and lithation. However, corner-shared FeO6 octahedra 

which are intermittently connected to each other cause a bad electronic conductivity of LiFePO4. 

The low electronic conductivity of this material (<10
–9

 S cm
–1

) in combination with slow lithium 

ion diffusion leads to bad rate capability [18], which indirectly harnesses its potential to be 

commercially used for Li-ion batteries. However, various attempts were identified and exercised 

in order to solve this problem as outlined below: 

 Reducing the particle size of LiFePO4 [19, 20] 

 Coating the particles’ surface with conductive carbon [21-23] 

 Lattice engineering by doping with supervalent cations [24-27] 

2.3.1 Reducing the particle size 

LiFePO4 is known to be a mixed ionic-electronic conductor whereas the transport phe-

nomena are facilitated by lithium ions and electrons. Thus, diminution of the transport passages 

for both electrons and ions could be a great potential in enhancing the electrochemical perfor-

mance of this material. Essentially, electronic conductivity of LiFePO4 would be dramatically 

improved by downsizing the particle size to nanometer region during synthesizing step. Modern 
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technology allows for utilization of nanoengineering towards fabricating nanomaterials with bet-

ter physical and chemical properties. Below is a list of some advantages of reducing the size of 

LiFePO4 to less than 100 nm: 

 Particularly, at higher current enables an increased in energy storage capacity beyond 

what the microparticles would be able to provide as nanoparticle has higher surface ratio 

and lower mechanical stress  

 fast charge-discharge kinetics owing to a short transport distances in the solid 

 better cyclic stability especially at higher currents due to the huge specific surface area 

that is available for Faradaic reactions  

 greater contact area between electrode/electrolyte leading to increase in charge/discharge 

capacity at high current rate 

 reduce charge/discharge time due to short path length  

There are also disadvantages in using nanosized LiFePO4 that could harm the electro-

chemical properties. These are identified as follows: 

 low tap density that consequently leads to low volumetric energy density  

 requirement of supporting materials such conductive carbon, binder, current collector  

 high specific surface area and less coordinated surface atoms may result in surface reac-

tions and particle dissolution in electrolyte which consequently leads to reduction in cy-

clic and calendar life [28] 

Hence, it is a great challenge for the researcher to bring the size to nanometer range while 

maintaining stable cyclic performance especially at high current rate. In this work, nanotechnol-

ogy will be applied to fabricate nanosized LiFePO4/C and LiFe(1-x)MnxPO4/C that could sustain 

high capacity at elevated current applied (i.e., more than 1 C rate).   

2.3.2 Carbon coating 

Besides lowering the particle size, carbon coating is known to be effective in providing 

drastically improved electronic conductivity in LiFePO4 from 10
-9

 to 10
-4

 S cm
–1

 [23, 29-31]. 

Additionally, coating with carbon enables suppression of the grain growth during the formation 

of LiFePO4 by heat treatment at elevated temperatures (500–800°C) while it also acts as a reduc-

ing agent for iron species (Fe
3+

 to Fe
2+

) [32, 33]. The most important advantage is that the active 
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material is expected to be totally utilized at higher current rates increasing specific properties 

with respect to the desired electrochemical behavior for automobile applications. On the other 

hand, carbon coating creates several problems such as decreasing the tap density that leads to 

low volumetric energy density of composite LiFePO4 as well as the energy density of the bat-

tery's cell, increasing the processing cost and restraining the crystallinity of LiFePO4 [34].  

Meanwhile, the effectiveness of carbon coating depends solely on the structure of the 

coated carbon, the homogeneity, thickness and also amount and type of precursor used as the 

coating source [29, 35-37]. The structure and electronic conductivity of composite LiFePO4/C 

typically depends on how high and long the temperature is applied for pyrolyzing the sample and 

the sort of precursor used [29]. Typically, performing an in situ carbon coating provides better 

conductivity and morphology compared to the addition of pre-existing carbons into LiFePO4 

[38]. Doeff et al. previously mentioned that conductivity of carbon coated LiFePO4 increased 

when applying higher temperatures exceeding 700 compared to 600°C [39]. The reason is be-

cause carbon consists of disordered (sp
3
-coordinated) and graphite (sp

2
-coordinated)-like struc-

tures that would both change according to the heat used. Greater temperatures (> 700°C) provide 

more graphite-like structure than lower temperatures (< 600°C), thus resulting in better electron-

ic conductivity of LiFePO4 [31]. The thickness as well as the volumetric amount of the carbon 

coating must be tailored to obtain an optimum performance of the active materials. High loading 

of carbon increases the electronic conductivity whereas too thick of a coating will jeopardize the 

electrochemical performance of composite LiFePO4 as the path for lithium movement is blocked 

by excess carbon. On the other hand, too thin carbon coating is insufficient with respect to elec-

tronic conductivity and leads to poor cyclic and rate performances. Cho et al. [40] employed sol-

id state reactions to produce LiFePO4/C that delivered 151 mAh g
-1

 at 0.2 C and found that the 

amount of residual carbon coating was directly proportional to the carbon thickness as 2.28 wt% 

of carbon resulted in 4–8 nm carbon thickness. Instead of that, they showed that a lower amount 

of carbon (1.25 wt%) led to a carbon thickness of 2-6 nm which was capable to provide a dis-

charge capacity of only 137 mAh g
-1

. Zhang et al. [41] described that the amount of carbon con-

tent increases significantly with increasing amount of the carbon source glucose applied to the 

LiFePO4 precursor. They reported that 25 wt% of glucose decomposed during heating at 700°C 

produced 6.8 wt% of carbon with a nonuniform thickness of 2.5–5.5 nm capable to provide suf-

ficient electrochemical properties with 154 mAh g
-1

 at 0.2 C. Moreover, LiFePO4/C with particle 
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size ranges from 100–500 nm coated with 2.6 nm carbon thickness were capable to withstand 

high current with a discharge capacity of 110 mAh g
-1

 at 10 C [42]. Moskon et al [43] reported 

that minimum amount of carbon content (1 wt%) is theoretically sufficient but experimentally 

insufficient as a minimum of 1.5–2 wt% of carbon content is required to create a continuous 

coating layer. Based on current studies, the required amount of carbon coating should be 1–

4 wt% whereas the thickness should be dense and uniform around 2–3 nm [44, 45]. By using the 

optimal quantity of carbon, the total amount of conductive carbons used in the electrode formula-

tion should be reduced in order to maintain a high tap density of composite LiFePO4. In this 

work, the amount of carbon will be varied in order to find an optimum amount with respect to 

electrical conductivity and superior electrochemical properties at higher current rate. 

2.3.3 Doping with various cations 

Another promising method to improve the electrical conductivity of LiFePO4 is doping 

with metal ions such as Nb
5+

, W
6+

, Zr
4+

, Ti
4+

, Al
3+

, Co
2+

, Mg
2+

, Ni
2+

 and others [25-27, 46, 47]. 

Doping the supervalent ions is possible at either the M1 or M2 sites, which resemble the Li and 

Fe sites, respectively (see Figure 6). Soon after, much work was devoted to doping the superva-

lent cations on the Fe-site in order to increase the electronic conductivity and lithium-ion diffu-

sion efficiency while doping at Li-site leads to shorten the diffusion path along the one-

dimensional Li channels [48-52]. This method increases the conductivity by order of two to 

eight. 
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Figure 6: Atomic structure of olivine LiFePO4 illustrating the M1 and M2 sites for dop-

ing atoms [53] 

The question is still raised to whether other conducting phases such as carbon or ferro-

magnetic iron phosphide (Fe2P) or iron phosphocarbide (Fe75P15C10) will coexist during synthe-

sis step [25, 47, 48, 50]. Fisher et al. [54] previously conducted modeling studies of doping on 

either the Li or Fe site and the results showed that electronic conductivity seemed to be similar to 

undoped LiFePO4. The effect of doping is extremely minimal on the electrochemical properties 

of doped and undoped materials as described in earlier literature [55]. As dopant atoms such as 

Zr, Nb and Cr in LiFePO4 are occupied primarily on the M1 sites, Li diffusion is suppressed by 

jamming of Li-diffusion channels [53]. Recently, extensive studies on doping LiFePO4 with 

Mn
2+ 

have been recognized to be able to augment the electrochemical performance of LiFePO4 

[56-59]. Additional details concerning doping with Mn are elaborated on in the following sec-

tion. 

2.4 Manganese-doped LiFePO4 

Similar to iron, manganese has advantages such as high availability, very low cost and 

nontoxic nature. As the redox couple of Mn
3+

/Mn
2+

 is located at 4.1 V versus Li
+
/Li, doping with 

a certain amount of Mn is potentially suitable to enhance the energy density of LiFePO4 due to its 

higher voltage compared to Fe
3+

/Fe
2+

. The first work of this sort, conducted by Padhi et al. in 

1997 [12], constituted doping different amounts of iron into olivine LiMnPO4 instead of valence 
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substitution of Fe with Mn and showed promising electrochemical behavior. Anon, a number of 

research groups concentrated on altering the LiFePO4 with various contents of manganese using 

different routes of preparation including solid-state reaction [56, 58, 60-66], sol-gel [61, 67, 68], 

hydrothermal [69], mechanical activation [59, 70-72], spray pyrolysis [57] and glass ceramic 

route [66]. These works were all conducted with a similar aim, that is seeking the best electro-

chemical performances suitable for high power and energy applications i.e., EV and HEV. For-

merly, Yamada et al. [62] stated that the Mn-rich phase of Li(MnyFe1-y)PO4 where y > 0.8 is in-

appropriate for battery applications. This was in parallel with the work done by Goodenough's 

group [12] who also gave a similar statement. Later, a group from Sony Corp. [73] found that the 

highest energy density (590 Wh kg
-1

) with elevated tolerance towards intense heat was attainable 

by utilizing a high manganese content (x = 0.75) in Li(MnxFe1–x)PO4. Incongruently, the redox 

potential of Fe
2+/3+

 gradually decreases with increasing Mn content from 0.25 to 0.75 mol% and 

the least performances are obtained by doping 0.75 mol% of Mn into LiFePO4 [69]. A low man-

ganese content of 5 mol% was found to improve the electronic and ionic conductivity of 

LiFePO4 leading to a discharge capacity of 140 mAh g
-1

 at 0.1 C rate [31]. Lee et al. [70] and Xu 

et al. [74] applied 10 mol% of Mn in LiFePO4 and stated that significant improvement in the 

electrochemical performances was obtained with 120 mAh g
-1

 and 94 mAh g
-1

 at 1C and 10C, 

respectively. The latter possessed a mean particle size between 100–200 nm while 1–3 μm with 

4 wt% carbon content for the former LiFe0.9Mn0.1PO4/C. Martha et al. [65] described that substi-

tution of Mn
2+

 ions for Fe
2+

 using solid-state reaction was capable to provide superior capacity of 

LiFe0.8Mn0.2PO4/C at 1 C (150 mAh g
-1

) at high surface area (65 m
2
 g

-1
) and a carbon content of 

10 wt%. Year after, Zhang et al. [75] produced LiFe0.8Mn0.2PO4/C with 100–300 nm particle size 

with 18 wt% carbon content using solid-solution method that capable to deliver 80 mAh g
-1

 at 2 

C. The same composition of LiFe0.8Mn0.2PO4/C reported by Lin et al. [64] delivered 131 mAh g
-1

 

at 1 C rate at a stable cycle performances of up to 40 cycles. Recently, Li et al. [76] introduced 

acetylene black into LiFe0.8Mn0.2PO4/C via sol-gel method to improve the electronic and ionic 

conductivity of LiFePO4. The addition of acetylene black into LiFe0.8Mn0.2PO4/C remarkably 

suppresses the grain growth and increases the electronic and ionic conductivity leading to good 

electrochemical behavior with a discharge capacity of 128 mAh g
-1

 at 1 C.  

Previous work described earlier demonstrated that doping with Mn would effectively im-

prove the electrochemical properties of LiFePO4 especially at current rate of higher than 1 C. 
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Still, the remaining question concerning the amount of Mn into LiFe(1–x)MnxPO4/C composition 

that can burst the electrochemical performances remain unanswered. Doping with larger amount 

of Mn will end up to the existence of a (unwanted) two-step voltage plateau that possibly causes 

problems in battery applications, whereas smaller amounts of less than 10 mol% will provide 

insignificant change in the electrochemical properties of the LiFeMnPO4 system [70]. Therefore, 

a study that looks into the effect of Mn doping on the electrochemical performance of LiFePO4/C 

is reported in this thesis. Manganese content of 1, 2, 20 and 30 mol% will be used in this work 

and the electrochemical performance of LiFe(1–x)MnxPO4/C will be discussed in details. 
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2.5 Literature review of routes for producing LiFePO4 

Various methods for synthesizing LiFePO4 exist, mostly based on solid state and solution 

methods. While solid state methods typically deal with high temperature treatment of a solid 

precursor, wet synthesis normally involves a soluble precursor. Detailed explanation and review 

of both, and other new emerging routes, is provided in the following sections. 

2.5.1 Solution method 

Solution methods have been developed that are able to fabricate small particle sizes 

(down to nanometers) with controllable homogeneity to synthesize high purity LiFePO4. The 

product is able to sustain a high discharge capacity under immense current rates. Hydrothermal, 

sol-gel synthesis and co-precipitation were nominated under this group for producing LiFePO4. 

2.5.1.1 Hydrothermal synthesis 

Hydrothermal synthesis is normally conducted in aqueous solutions containing the pre-

cursor and heating above the boiling point of water is used. Synthesis of pure LiFePO4 is possible 

from the heated precursor solution unless coating with conductive carbon is required. In this case 

calcination at higher temperatures is necessary. The diffusion of ions and growth of crystals is 

accelerated by the heated water and is relatively fast. Generally, hydrothermal reactions are per-

formed in an autoclave at a fixed temperature that is less than 150°C. As a result, this method is 

fast, easy, clean and cheap to produce high purity and homogeneous LiFePO4 with particle sizes 

ranging from 50 nm to 10 μm [77-87]. Initial work concerning the production of LiFePO4 was 

reported by Yang et al. [77] and found that temperatures as low as 120°C resulted in disordered 

lithium/iron with about 7% of the iron located in lithium sites. This situation is vulnerable for 

lithium insertion and removal as the lithium tunnel is one-dimensional. Furthermore, the pres-

ence of iron in between would hamper the movement of lithium. Soon after, Whittingham's 

group found that firing with carbonaceous substances at 700°C promisingly cured this anti-site 

problem [78]. Optional candidates suitable as a carbon source include sugar, L-ascorbic acid, 

carbon, multi-walled carbon nanotubes (MWCNTs) The organic surfactant cetyl trimethyl am-

monium bromide (CTAB) has proved to greatly enhance the electronic conductivity while sup-

pressing grain growth and oxidation of iron species [77, 79-83]. Meligrana et al. [82] described 

that the existence of CTAB surfactant not only increased the electronic conductivity but im-

proved the dispersion of precursor to produce evenly distributed particles with a size of 50 nm. 
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This surfactant also enhanced the cycling performance of LiFePO4. The reaction rate, degree of 

ionization, particle size and crystallization of LiFePO4 all closely depend on the water tempera-

ture [79, 81]. Besides water temperature, two other important criteria should be taken into ac-

count during hydrothermal synthesis. These are the water flow rate and precursor concentration 

as both play an important role in determining the uniformity of LiFePO4 [88]. However, this 

route is time consuming and expensive with regards to the precursors (Fe source) and unable to 

produced LiFePO4/C in large amount. This concerns leads to the idea of adapting modified readi-

ly available route to produce less expensive and large amount of LiFePO4/C. 

2.5.1.2 Sol-gel synthesis 

The sol-gel technique is a common method for the fabrication of LiFePO4 with high puri-

ty and homogeneity at much lower temperatures than in the solid-state method. A sol is essential-

ly a dispersion of colloidal particles in a liquid (solvent) while gel is an interconnecting rigid 

skeleton made of colloidal particles with pores of submicrometer dimensions. The particle size 

and cross-linking ratio strongly influences the properties of the gel [89]. In order to obtain solid-

LiFePO4, the gel must be dried and calcined at elevated temperatures to remove the remaining 

solvent. Some reaction parameters including temperature, pH, time, precursor, solvent, concen-

tration and viscosity will determine the morphology, shape and size of the resultant LiFePO4. 

The main advantage of sol-gel method is its ability to control the structure of LiFePO4 on a na-

nometer scale starting from the beginning of the processing stage.  

Dominko et al. [90] and Kim et al. [91] produced porous LiFePO4 with a particle size 

around 100 nm and 12 wt% of carbon after drying the wet precursor (gel) in vacuum or argon 

atmosphere at 80°C followed by a calcination step between 500–900°C. Additional works related 

to this study show that slow heating rates (5 K min
-1

) produce rough structures with low porosity 

compared to high heating rates (100 K min
-1

), thus affecting the electrochemical properties of 

LiFePO4. The occurrence of a porous structure provides more space for the electron-conducting 

carbonaceous layer and also fastens the transport of Li ions to the LiFePO4 [92-94]. Besides the 

heating parameter, the nature of solvent is also a key factor in determining the LiFePO4 structure. 

Commonly used solvents during sol-gel processing are organic solvents i.e., ethanol [95], eth-

ylene glycol [94], N.N-dimethylformamide [96-98] or water with ascorbic acid [98-100] or citric 

acid [90, 91, 101, 102] as a chelating agent. The sol-gel technique enables production of porous 
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LiFePO4 with particle sizes around 100 nm with excellent electrochemical performance. The po-

rous structure enhances the specific surface area that leads to a shorter Li
+
 ions passage inside the 

material [90, 94, 95, 102, 103]. Moreover, very thin carbon layers between 1–2 nm can be ob-

tained using citric acid and sucrose as carbon sources in this technique [45, 91]. This is also a 

promising technique for fabrication of high performance LiFePO4 with spherical and uniform 

coating in the nanometer scale. However, this method is relatively meticulous and involved a lot 

of parameter to control such as pH, type of solvent used, concentration, viscosity and others in 

order to get the desired particle. Therefore, sol-gel is not favor to be used within this work.      

2.5.1.3 Co-precipitation technique 

Another promising method that produces high purity and small size LiFePO4 currently 

being used by some researchers is co-precipitation. Practically, all the precursors are mixed in a 

solvent and let to co-precipitate by controlling the pH value of the solution. The resultant slurry 

consists of an amorphous LiFePO4 that is filtered, washed and dried before calcination at higher 

temperatures (500–800°C) for several hours under inert atmosphere [104-112]. Depending on the 

type of precursor used and the calcination temperature, nanometer sized (<40 nm) LiFePO4 [105, 

109] with promising electrochemical behavior is obtainable with this method. Composite 

LiFePO4/C having size of 200-300 nm with carbon coating of 2–3 nm shows a palpable dis-

charge capacity of 125 mAh g
-1

 at 0.1 C rate and superior retention was fruitfully fabricated us-

ing this method in combination with sonochemical reactions [113]. Despite the promising result 

descried earlier, this route is unlikeable to be applied within this work since it is complicated to 

produce large amount of high purity LiFePO4/C as its sensitivity towards pH and precursor 

strongly affected its purity. 

2.5.2 Solid-state method 

Instead of solution method, several common techniques associated with solid state chem-

istry are commonly used to fabricate LiFePO4 powders. These include solid-state reaction, car-

bothermal reduction, mechanochemical activation and microwave heating. All of these methods 

generally deal with elevated temperatures to yield an ordered crystal structure of LiFePO4. 

2.5.2.1 Solid-state reaction  

Solid-state reaction is a conventional method commonly used to produce solid state mate-

rials and is widely utilized by most researchers worldwide to synthesize LiFePO4. For economic 
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and performance reasons, manufacturer (i.e., Süd Chemie) employ this method to produce 

LiFePO4 commercially. This method produces polycrystalline solids from mixtures of solid pre-

cursor which are then subjected to high temperature heating around several hundred degree Cel-

sius according to the crystallization temperature of the desired material. Introduced by Yamada 

et al. to synthesize LiFePO4 [114, 115], this method involves mixing of the precursor without 

any solvents. It then goes through pelletization, pre-calcination, grinding, calcination again at 

high temperature and regrinding to yield the desired LiFePO4. Mostly but not limited to, Li2CO3 

or LiOH have been used as the Li source, Fe(OAc)2 or Fe(C2O4)2 for Fe and NH4H2PO4 for P, 

respectively [116]. All the precursors are intimately mixed either by being ball-milled or simply 

by using a mortar. They are then calcined at low temperatures (300-400°C) to expel the excess 

gases and decompose the organic parts. To improve the electrical conductivity and to avoid the 

oxidation of iron species as well as to reduce the oxidation state of Fe
3+

 to Fe
2+

, carbon coating 

based on an organic precursor such as glucose [117], sucrose [118, 119], sugar [34], malonic 

acid [120], cellulose [121] and polymer [122-125] is applied before further heat-treatment at 

higher temperatures. Excellent electrochemical performance of nano-LiFePO4/C (100–200 nm) 

having a carbon coating around 2 nm was produced using modified solid-state reaction with ad-

dition of lauric acid and citric acid [126].  

Upon synthesizing, parameters such as dwelling time and heating temperature play an 

important role in determining size and purity of LiFePO4 [116, 125, 127, 128]. Yamada et al. 

[115] mentioned previously that by calcining above 800°C both, trivalent Fe2O3 and 

Li3Fe2(PO4)3 were formed in large enough amounts that made them detectable by X-ray diffrac-

tion. A possible reason contributing to this phenomenon is the presence of small amounts of ox-

ygen within the inert gas flow or oxygen gas that has been trapped between the particles. Fur-

thermore, Kang et al. reported the existence of impurity phase Fe2P that fortuitously contributes 

to the increase of capacity after the first cycle neglecting the small specific surface area of the 

particle [116]. Instead of its simplicity, the high energy utilization (high temperature, high energy 

and long processing time) and repeated grinding results in a relatively high cost for this solid-

state synthesis method as compared to other synthesis route described earlier. Moreover, uncon-

trollable grain growth as a consequence from prolonged heat treatment at high temperatures 

causes the particles to possess a small specific surface area which is undesirable for high perfor-

mance Li-ion batteries. Nevertheless, adapting this route together with the new emerging gas-
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phase is predicted to overcome the small specific surface area leading to promising way to syn-

thesized nanocomposite LiFePO4/C and LiFe(1–x)MnxPO4/C. 

2.5.2.2 Carbothermal reduction method 

Being different only by choice of precursor and a less preparative stage, Barker et al. in-

troduced a carbothermal reduction method to synthesize high purity olivine LiFePO4 [129]. Car-

bothermal synthesis is particularly used to reduce metal oxides. In case of LiFePO4, it involves 

an iron precursor, namely cheap and readily available Fe2O3 or FePO4, while mostly but not only 

glucose is used as the carbon source which simultaneously acts as a reducing agent [130-135]. 

This method is highly endothermic, thus temperatures of more than 600°C are required to drive 

this reduction reaction as lower temperature leads to exothermic CO2 formation. Two main reac-

tions related to Boudouard’s equilibrium normally occur during reduction of Fe
3+

 to Fe
2+

 inside 

the furnace caused by decomposition of glucose at high temperature can be described as follows: 

 C)650    ( CO   OC 22  T  Eq 2 

 C)650   (  CO 2  OC 2 2  T  Eq 3 

During thermal treatment inside the tube furnace, glucose will decompose according to 

the following reactions:- 

 OH 7 C 6  OHC 26126 
 Eq 4 

In the meantime, by taking into account that FePO4 used as Fe and P source, Li2CO3 as Li 

source, the complete reaction of LiFePO4/C can be simplified as following [134], 

 22
3

42
1

324 CO  LiFePO 2  C  COLi FePO 2 
 Eq 5 

or 

 CO 3 LiFePO 2  C 2 COLi FePO 2 4324 
 Eq 6 

Adapting this two equation (Eq 4 and Eq 5), required minimum amount of glucose of 16 

wt% of total weight (FePO4.xH2O and Li2CO3) needed to reduce and coated LiFePO4/C. At tem-

peratures higher than 150°C which is the melting temperature for glucose, glucose will decom-

pose into carbon and water. Besides the reduction process, the carbon from this reaction is used 

to coat the LiFePO4 to yield composite LiFePO4/C. The calcination temperature and amount of 
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carbon source used while synthesizing can significantly impact the morphological and electro-

chemical properties of the LiFePO4 [130, 133, 134]. Liu et al. [130] claimed that electrochemical 

properties of LiFePO4/C are highly influenced by the carbon content whereas higher carbon con-

tent (10 wt%) results in sharp increase of specific capacity (160 mAh g
-1

 at 0.1 C) while low 

amount of carbon content (3 wt%) leads to bad electronic conductivity and incomplete utilization 

of LiFePO4. The authors also state that glucose used as carbon source is capable to profoundly 

increase the electrical and electrochemical properties of LiFePO4/C compared to carbon black. 

Glucose/carbon also reacts as particle growth inhibitor where the particle size of LiFePO4/C was 

reported to be 100–300 nm for 10 wt% glucose and 300–1000 nm for 2 wt% of glucose after 

firing at 700°C. Wang et al. [134] described that the particle size of LiFePO4/C is greatly affect-

ed by the calcination temperature used during material synthesis. However, the presence of car-

bon generated from decomposition of glucose has effectively suppressed further growth of the 

particle at higher temperature. It was shown that calcination temperatures of 650°C produced 

pure LiFePO4/C with size of around 250 nm and delivered 144 mAh g
-1

 at 1 C. The carbothermal 

reduction method has been shown to be able to control particle morphology, successfully reduc-

ing and stabilizing Fe
2+

 and consequently enhancing the electrical conductivity of LiFePO4 by 

the presence of conductive carbon around it. Therefore, this method will also be applied within 

this work to produce nanocomposite LiFePO4/C and LiFe(1–x)MnxPO4/C. 

2.5.2.3 Mechanochemical activation 

Mechanochemical activation is similar to solid-state reaction with the difference of intro-

ducing an increased chemical reactivity via application of high-energy ball milling [28, 91, 116, 

136-141]. Frequently, both Fe
3+

 and Fe
2+

 are applied as iron precursors, while sucrose and acety-

lene black are used as the carbon source [28, 85, 91, 142-144]. Since the precursor is blended 

thoroughly via ball milling before calcination, the resultant LiFePO4/C powder normally consists 

of a homogeneous particle size distribution (200–300 nm) and high specific surface with good 

electrical conductivity [85]. Dwelling time (8–24 hours) during calcination varies accordingly to 

milling time (5–24 hours). Longer milling times result in a shorter time for dwelling [21, 85] and 

thus less time is required for thermal treatment [117, 143, 145]. This method is favored by many 

researchers as it is able to yield pure phase LiFePO4 with a reduced thermal treatment time of 

15 min and reduced temperature down to 432°C in comparison to the solid-state reaction or car-

bothermal reduction methods. This is due to the fact that high energy ball milling lowers the cal-
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cination temperature for fully crystallization without any impurities detected by X-ray diffraction 

[85]. However, it is limited by the choice of precursor used and required high-energy ball milling 

which unappealing to be used within this work. 

2.5.2.4 Microwave technology 

The main interesting feature of microwave technology with respect to materials synthesis 

is the short processing time. LiFePO4 can be synthesized within a few minutes via direct heat 

that is generated inside the LiFePO4 precursor namely lithium carbonate/lithium acetate for Li 

source, iron acetate/iron oxalate for Fe source and ammonium dihydric phosphate for P source 

[146-148]. Since the heating rate is adjusted by the applied power, this technique is able to re-

duce energy consumption and gradually lowers the cost. Song et al. and others have found that 

activated carbon is the best microwave absorber available, as carbon is cheap, rapidly produces 

heat and capable of sustaining Fe
2+

 while hinders the formation of Fe
3+

 associated impurities [22, 

147, 148]. The particle size and electrochemical properties of LiFePO4 are closely related to the 

heating time applied during microwave heating. The bigger particles around 1μm that are yielded 

through longer heating times unfortunately damage the electrochemical performance of LiFePO4 

[147]. Also, prolonged heating leads to formation of a conducting phase such as Fe2P with its 

amount continuously rising with increasing heating time. This subsequently changes to insulating 

phase of Li4P2O7 after reaching a critical point [149]. Insufficient heating times cause incomplete 

crystallization of LiFePO4 that can degrade the electrochemical performance [150]. Unfortunate-

ly, non-uniformity was observed in the LiFePO4 precursor after the addition of carbon. Thus, this 

method is unsuitable to be used within this work to synthesize nanocomposite LiFePO4/C and 

LiFe(1–x)MnxPO4/C. 

2.5.3 Spray-flame synthesis 

Amongst other gas-phase methods, spray-flame synthesis has been employed as a practi-

cal way to produce LiFePO4/C powders with appropriate size (ranging from few microns down 

to 58 nm) and homogeneous morphology for constant rate retention [137, 151-155]. Precursor 

solutions are ultrasonically [151, 156] or peristaltically [157] sprayed with the aid of carrier gas 

into a high temperature reactor, either a tube furnace (450–650°C) or a flame reactor. Generally, 

the LiFePO4 produced using this technique has low crystallinity and requires a thermal post-

treatment in inert atmosphere. 
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Spray-flame synthesis works by burning a combustible solution in a spray flame typically 

ignited by methane and oxygen to produce nanocrystalline particles. Since the oxidation state of 

Fe species inside LiFePO4 is mandatory to be Fe
2+

 [158], this technique is unsuitable to directly 

produce LiFePO4 as the abundance of oxygen inside the reactor will mainly result in Fe
3+

 species. 

However, by using an enclosed system, Pratsinis' group [159] reported fabrication of core shell 

nanocomposite LiFePO4/C, with excellent electrochemical properties. They described the for-

mation of LiFePO4 consisting of three steps beginning with particle formation, coating with acet-

ylene black in a second step, and ending with quenching by nitrogen in the last step. The 

LiFePO4 produce using flame spray pyrolysis was coated downstream before subjected to ther-

mal treatment at 800°C. Nanocomposite LiFePO4/C with a particle size around 70 nm after an-

nealing at 800°C for four hours delivered stable electrochemical cycling at 2 C rate with a capac-

ity of 165 mAh g
-1

. Conversely, the very high amount of carbon used in the electrode preparation 

(8.5 wt%) as well as high carbon loading in the nanocomposite itself (10 wt%) lowered the over-

all capacity gradually. 

2.5.4 Other synthesis methods 

Other synthesis routes for producing LiFePO4 include rheological phase method [160-

166], freeze drying [167-171], electrodeposition [172], glass powder crystallization [173], polyol 

process [174, 175], template synthesis [100, 176], in-situ polymerization restriction method 

[177], sonochemical synthesis [113] and ceramic granulation [178]. All of these processing 

routes provide promising electrochemical properties and only differ by their level of simplicity 

and potential for large scale production. Reviews show that electrochemical properties are 

strongly influenced by the mode of preparation as this affects the morphology and homogeneity 

of the resulting LiFePO4.  

Today, solid-state reaction is employed for large scale production of LiFePO4 which ba-

sically entails pure precursors and elevated temperatures. Due to the often unknown and/or broad 

particle size and size distribution of the raw materials such as iron oxide or iron phosphate, less 

control of morphological properties of the final product is given. From the literature overview it 

is clear that high performance LiFePO4 cathode materials require a particle size around 100 nm 

in combination with a functional carbon coating supporting electrical conductivity. Thus, highly 

scalable spray-flame synthesis was applied in this research. It enables a precisely controlled par-
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ticle synthesis with mean particle diameters from a few to a few ten nanometers. In combination 

with a solid-state reaction and carbothermal route, very good control of final particle size and 

morphology should be given. This would allow for production of nanocomposite LiFePO4/C with 

good homogeneity and purity as well as excellent electrochemical properties that are suited for 

high energy and power applications.  
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3 Methodology 

3.1 FePO4 and Fe(1–x)MnxPO4 by spray-flame synthesis 

The production of particles from gas phase has been reported over the past few decades. 

Commonly, titania and silica were produced via this method either in pilot scale or industrially. 

Gas phase offers high purity, unagglomerated or soft/hard agglomerated products, controllable 

particle size distribution and varied structures, either porous or nonporous. This attracted the 

research community and industry to produce ZnO, carbon black, Al2O3, SnO2 as well as many 

ceramics powders. Gas-to-particle conversion methods are frequently carried out, mostly using 

hot wall, plasma or flame reactors as briefly described in Table 2.   

Table 2: Brief description of typical gas phase aerosol reactors 

Type of reactor 
Description 

Hot-wall reactor 
Electrically-heated tubular reactor. Convective heating of the precursor-

laden gas flow initiates precursor decomposition and formation of particles. 

Advantages: Simple arrangement, able to produce a wide range of oxides, 

non-oxides, semiconductors and metal particles. 

Disadvantages include high cost of gas-phase precursors and high energy 

requirement. Low cooling rates often lead to hard agglomerated particles. 

Plasma reactor 
Formation of particles through physical and chemical processes initiated in 

a high-temperature plasma. 

Advantages of the plasma reactor include the ability to work with materials 

that have a high melting point, and production of unique phases of particles 

as a result of rapid cooling rates. 

Disadvantages include high cost of gas-phase precursors and high energy 

requirement. 

Flame reactor 
Particles produced by chemical interaction of reactants and the high tem-

perature and the gas-phase products generated by a flame. 

Further description of this reactor will be given in the next section 

 

Flame synthesis is generally divided into two types depending on the flame being pre-

mixed or nonpremixed in terms of the supply of fuel and oxidizer. In spray-flame synthesis, reac-

tants mix within the flame whereas for a premixed flame, the fuel, gaseous precursor and oxygen 

are perfectly mixed before entering the burner. Flame synthesis offers certain advantages over 

other methods such as short residence time of the reacting gases in the high-temperature zone 
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and the possibility to generate high-purity oxide particles in a comparably cheap way. The reac-

tor can handle a variety of precursors which can be volatile or nonvolatile [179]. On the other 

hand, this technique does have several disadvantages. For instance, it mostly produces hard ag-

glomerates under certain conditions, leading to a wide particle size distribution. It is also difficult 

to produce a primary particle size of more than 1 µm.  

The basic principle of spray-flame synthesis is to use a flame by burning a fuel gas (i.e., 

methane) and oxygen as pilot and/or synthesis flame and to introduce a spray which typically 

consists of a dissolved precursor that contains the desired elements. As illustrated in Figure 7, 

liquid precursors evaporate and decompose once exposed to the high flame temperatures inside 

the reactor leading to formation of monomers [179]. The monomers then undergo nucleation and 

surface growth to form clusters which then collide and coalesce resulting in formation of the 

aggregate particles. These particles are physically held together by weak van der Waals bonds 

resulting in soft agglomerates, or hard chemical bonds leading to aggregates. The process of par-

ticle formation (nucleation, coalescene and agglomeration) is strongly influenced by system con-

ditions such as precursor concentration, dispersion flow rate, precursor flow rate, temperature, 

pressure, etc. [179, 180].   

 

Figure 7: Schematic description of particle formation using gas phase methods 

In this work, spray-flame synthesis was employed to produce a large quantity of bare and 

doped iron phosphates. In spray flames, a combustible liquid containing the respective precur-

sor(s) is ignited by a pilot flame, see Figure 8. The abundance of oxygen in the spray-flame syn-
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thesis reactor makes it impossible to synthesize LiFePO4/C directly as the iron species will pri-

marily end up in oxidation state 3
+
. Waser et al. [159] described the formation of LiFePO4 using 

flame spray pyrolysis which were then coated downstream with acetylene in order to yield 

LiFePO4/C proving that LiFePO4/C could not directly synthesized in one step using this type of 

reactor. However, it is mandatory to have iron as Fe
2+

 in LiFePO4/C [158]. As an alternative with 

respect to classical solid state reaction, a combination of nanoparticle-producing spray-flame 

synthesis and solid state was chosen as the best route to synthesize nanosized LiFePO4/C. It is 

based on the production of nanosized FePO4 instead in a spray-flame synthesis reactor, which 

subsequently is transferred into LiFePO4/C with a Li source (Li2CO3) and glucose (acts as reduc-

tive and carbon source) via solid-state reaction. Thus, the basic raw material, FePO4xH2O need-

ed to produce the nanocomposite was prepared in the gas phase using spray-flame synthesis. 

Spray-flame synthesis is a good choice to produce nanosized iron phosphate and doped iron 

phosphate due to several advantages as: 

 its capability to easily adjust the particle size by varying the precursor concentra-

tion and flow rate [181] 

 its possibilities to offer a wide choice for the metal precursors and solvents 

 its scalability for large production of nanoceramic materials used in battery appli-

cation, thus lowering the production cost of battery itself [182] 

 its high production rate at lab scale (up to 5 g h
-1

 depending on concentration 

used) 

Figure 8 shows a sketch of the spray-flame synthesis reactor used in this work. Various 

liquid precursor solutions consisting of iron (III) acetylacetonate and tri-butylphopshate (reagent 

grade, Merck) in toluene (reagent grade, Merck) were prepared with iron and phosphate concen-

trations of 0.0125, 0.05, 0.2 and 0.35 mol l
-1

, respectively. The maximum concentration was cho-

sen with respect to the limited solubility of iron (III) acetylacetonate in toluene. The precursor 

solutions were injected into a flame spray reactor via a water-cooled air-blast nozzle at a constant 

flow rate of 3 ml min
-1 

using two syringe pumps for continuous operation. A coaxial dispersion 

gas flow of 5 l m
-1

 O2 (Air Liquide, purity 99.95%) was used for atomization of the liquid pre-

cursor solution. The resulting spray was ignited and stabilized by a premixed methane/oxygen 

pilot flame at a flow rate of 2.4 l min
-1

 O2 and 1.13 l min
-1

 CH4 (Air Liquide, purity 99.95%). An 
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additional sheath gas flow of 5 l min
-1

 O2 was fed through a sinter metal ring with an inner diam-

eter of 18 mm and an outer diameter of 34 mm surrounding the supporting flame to ensure com-

plete conversion of the reactants and to stabilize the fluid flow. The gas flows were adjusted by 

mass flow controllers (Bronkhorst). The flame was located in a 330 mm diameter stainless-steel 

housing and the product was collected from the exhaust gas on a filter located downstream the 

spray-flame synthesis reactor. Likewise for FePO4xH2O doped with Mn, iron (III) acety-

lacetonate was partly replaced by manganese (III) acetylacetonate while the other parameters 

were kept constant. 

 

 

Figure 8: Schematic diagram of the spray-flame synthesis reactor [183] 
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3.2 Undoped and doped LiFePO4/C composite from solid-state reaction 

Solid-state reaction was employed in this work subsequently after production of amor-

phous nanosized iron phosphate and doped iron phosphate in order to yield undoped and doped 

nanocomposite lithium iron phosphate. Generally, solid-state reaction involves mixing of solid 

reactants and heating at higher temperature to support the required ion diffusion process for the 

formation of the intended product. Depending on melting temperature of the compounds used, 

calcination normally takes place between 500–900°C in case of LiFePO4/C [42, 106, 138, 184, 

185]. During calcination, the precursors which are FePO4xH2O or Fe(1–x)MnxPO4xH2O, Li2CO3 

and glucose will decompose and form LiFePO4/C and LiFe(1–x)MnxPO4/C, respectively. Figure 9 

illustrates the sequence of solid-state method applied within this work. 

 

 

Figure 9: Sequence of steps used for production of undoped and doped nanocomposite 

lithium iron phosphate 

Work conducted within this thesis can be divided into four sections as following: 

All powders were mixed using mortar and pestle with addition of analytical grade etha-

nol, the thoroughly mixed powder was pelletized and calcined for three hours at 150°C and fur-

ther calcined for 16 hours at 600°C under nitrogen flow. A black-colored product was obtained 

after cooling down to room temperature.  

After the preliminary attempt of mixing the reactants with pestle and mortar, milling was 

applied in order to provide more homogenously mixed precursors at the initial step. In a standard 

experiment, the LiFePO4/C composite material was synthesized via a solid-state reaction from a 

mixture of the as-prepared FePO4xH2O, Li2CO3 (reagent grade, Merck), and 16 wt% of glucose 
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as the reducing agent and a carbon source. Amount of glucose chose according to the calculation 

based on Eq 5 and Eq 6 indicates the minimum amount of glucose to reduce and coated the 

LiFePO4. All the precursors were weighed accordingly and mixed inside a mill (Netzsch, Mi-

croCer) with analytical grade ethanol as the solvent media. Milling was conducted for 12 hours 

using 0.5 mm zirconia beads and zirconia vial. After drying and pre-heating at 80°C for 24 

hours, the dried precursor was pelletized at 15 kN prior to calcination at various temperatures 

(600–800°C). Pelletization was used to proficiently enhance the interaction between particles to 

provide a pure and homogeneously distributed final product [185]. In addition to that, glucose 

content was also varied in the range of 10 to 30 wt% in order to investigate the influence of car-

bon content towards electrochemical properties of LiFePO4/C. 

The LiFe(1–x)MnxPO4/C was fabricated accordingly with Mn contents of 1, 2, 20 and 

30 mol%. Black colored powders of LiFe(1–x)MnxPO4/C were obtained likewise.  
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3.3 Characterization of synthesized materials 

The products made by gas phase synthesis as well as those prepared afterwards by solid-

state reaction were characterized by physical and chemical analysis tools. As prepared and cal-

cined samples of FePO4 and Fe(1–x)MnxPO4 as well as LiFePO4/C and LiFe(1–x)MnxPO4/C were 

characterized using BET to determine the specific surface area which consequently provides in-

formation about the size of the particles. Because of the amorphous nature of the pristine materi-

als made by spray-flame synthesis, as prepared FePO4xH2O and Fe(1-x)MnxPO4xH2O were cal-

cined at 600°C prior to XRD measurements. This is explained in more detail later in this subsec-

tion. Thermogravimetric (TG) measurements were conducted using as-prepared FePO4xH2O and 

Fe(1–x)MnxPO4xH2O while TEM was carried out using both, as-prepared and calcinated nanopar-

ticles. All the LiFePO4/C and LiFe(1–x)MnxPO4/C samples were characterized using X-ray dif-

fraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), 

X-ray photoelectron spectroscopy (XPS), Mößbauer spectroscopy, electrical conductivity meas-

urements, cyclic voltammetry and galvanostatic cycling measurements. A brief description of the 

above mentioned techniques is available in the following subchapters.  

3.3.1 Brunauer-Emmet-Teller (BET) method 

Named after the inventors Stephen Brunauer, P. H. Emmet and Edward Teller, the BET 

technique is widely applied for measuring the surface area and porosity of particulate materials. 

This method is based on the adsorption of gas on a surface whereby the amount of gas adsorbed 

at a given pressure allows for determination of the surface area. BET theory describes that multi-

layer adsorption occurs at constant, low temperature and elevated pressure. In such conditions, 

the thermal energy of gaseous molecules is lowered thus providing many gaseous molecules per 

unit surface area which leads to formation of multilayer adsorption [186]. Nitrogen is used as an 

adsorbate in this work since it is highly available, pure and contacts well with most of the solids. 

Samples were degassed under vacuum at 150°C overnight to remove unwanted adsorbents cover-

ing the particles before the adsorption measurement is conducted. The phenomenon of gas ad-

sorption over dry particles at increasing partial pressures provides adsorption isotherms which 

relate the amount of gas adsorbed to the relative pressure. Based on this isotherm, the surface 

area of the respective materials can be measured. Taking into account the bulk density, the spe-

cific surface area as well as a mean particle size is calculated assuming spherical, monodisperse 
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particles. Following this, the mean primary particle size (dBET) is determined using the following 

equation, where SSA is specific surface area and ρ is the bulk density of powder: 

 
SSA.

6
  =BETd

 
Eq 7 

3.3.2 X-ray diffraction (XRD) 

XRD is widely used for identification of chemical compounds based on their crystalline 

structure. Crystal is the three dimensional repetition of some unit of atoms. When an X-ray beam 

interacts with the atom's surface, the beam can be scattered either in the same wavelength (un-

modified) or longer wavelength (Compton modified scattering) [187]. Unmodified scattering 

will cause Bragg's reflection (Figure 10). Two in-phase (where n is an integer) incident beams 

with wavelength λ hitting the crystalline material with lattice spacing d at an angle θ generate an 

array of diffracted beams. Since the polycrystalline solid is arranged randomly with certain lat-

tice spacings d, Bragg’s law is then useful for determination of orientation and spacing of the 

planes.  

 n =sinθ 2d  Eq 8 

Moreover, the crystallite size of a sub-micrometer particle or crystallite can be calculated 

using the Scherrer equation shown below: 

 
θβ

λ
L=  

cos

K




 Eq 9 

where L is the mean crystallite of the sub-micrometer particle or crystallite, K is the di-

mensionless shape factor (with a typical value of 0.9), λ is the X-ray wavelength, β is the full 

width at half maximum (FWHM) in radians (in 2θ) and θ is the Bragg angle. X-Ray diffraction 

(XRD) was performed in this study using a PANalytical X-ray diffractometer (X'Pert PRO) with 

Cu Kα-radiation (1.5406 Å) operated at 40 kV and 40 mA.  

The diffraction pattern of FePO4, Fe(1–x)MnxPO4, LiFePO4/C and LiFe(1–x)MnxPO4/C were 

refined using the MAUD program [188]. MAUD program applies the Rietveld method where the 

structural intensity profile of XRD is refined by least square fitting calculating the intensity pro-

files using a model (I
calc

) until the model profiles matches best with the measured profile (I
exp

). A 
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weighted profile known as R-factor (Rwp) (see Eq. 10) is defined in order to evaluate the differ-

ence between the model and measued data, 
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Eq 10 

where wi is equal to 1/√Ii
exp

. The value of Rwp often used as indicator for the quality of the 

fit where a small value (<15%) indicates good fitting of the model to the measured data. The 

trigonal structure with space group of P131 and orthorhombic structure with space group Pnma is 

applied for fitting the XRD pattern for FePO4 and Fe(1–x)MnxPO4, LiFePO4/C and  

LiFe(1–x)MnxPO4/C, correspondingly. 

 

Figure 10: Illustration of Bragg's law for derivation of the diffracted crystal [187] 

3.3.3 Transmission electron microscopy (TEM) 

Transmission electron microscopy provides information about the morphology and com-

position of the sample. This information is collected after the accelerated electron beam pro-

duced by an electron gun, which is transmitted through an ultra-thin sample inside a vacuum 

chamber to produce an image. Better images are normally recorded when using high accelerating 

voltages [189]. In this work, a very small amount of sample was dissolved with ethanol and 

spread onto a carbon coated copper grid. Morphology of the samples was investigated by trans-

mission electron microscopy (TEM) Philips CM12 with an accelerating voltage of 120 kV. 
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3.3.4 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a non-destructive technique commonly applied 

to examine the morphology, composition and crystalline structure of samples by scanning the 

sample surface with a beam of electrons. The thin beam of high-energy electrons is used to gen-

erate signals at the samples' surface. When the beam hits the sample, electron-sample interac-

tions occurs and produces a variety of signals including secondary electrons and backscattered 

electrons. The signals derived from interaction electron-sample will provide an image. This im-

age mostly resembles the selected area of the sample surface. Secondary electrons are mostly 

used to visualize the morphology of the samples while backscattered electrons are normally used 

to illustrate the contrast in composition in multiphase samples. In this study, information regard-

ing the morphology of the samples was collected using secondary electrons. LiFePO4/C and 

LiFe(1–x)MnxPO4/C powder were cold-pressed at 15 kN prior to SEM measurements. The mor-

phology of LiFePO4/C and LiFe(1–x)MnxPO4/C surfaces was determined using a LEO Gemini 

1530 operated an accelerating voltage of 5 kV. 

3.3.5 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is a useful technique for measuring the weight loss as a func-

tion of temperature [190]. The purpose of this analysis is to find out the composition and thermal 

behavior of the sample at elevated temperatures. In particular, this technique is capable of char-

acterizing the materials that demonstrate weight loss or gain due to decomposition, oxidation or 

evaporation of volatile species. Thermogravimetric analysis was applied in this study to deter-

mine the calcination temperature and the amount of water molecules bound within the as-

prepared samples. In this study, thermogravimetric analysis was conducted on FePO4.xH2O and 

Fe(1–x)MnxPO4.xH2O by heating the samples from room temperature to 800°C at a heating rate of 

10°C min
-1

 using a commercial TGA/DTA instrument (Bähr STA 503). 

3.3.6 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy is normally used for identification of the elements and 

its neighboring environment on the surface layer of materials due to its penetration depth be-

tween 1–12 nm. This technique works on the basis of shooting soft X-rays (Mg Kα or Al Kα radi-

ation) at the surface of samples in a vacuum chamber. Figure 11 shows the emission of photoe-

lectrons from an atom when it is excited by an X-ray photon. These X-rays have sufficient ener-
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gy, hv, to remove the electrons from the outer shells of the atoms’ surface K and produce kinetic 

energy EK. The binding energy (EB) of the released atom’s photoelectron can be calculated using 

the following equation, where h is Planck’s constant, v is the frequency and   represents the en-

ergy required for the electrons to escape from the atom’s surface: 

 φEv= E KB h  Eq 11 

Since EB possesses a characteristic value for each element, it is easy to recognize the ele-

ments through their binding energy. The resulting spectra normally contain multiple peaks that 

arise from ejection of electrons from different orbitals [191]. X-ray photoelectron spectroscopy 

(XPS, SPECS Phoibos 100) was performed to determine the oxidation state of iron in LiFePO4/C 

and LiFe(1–x)MnxPO4/C samples. 

 

Figure 11: Emission process of characteristic electrons shown for a 1s photoelectron [190] 

3.3.7 Mößbauer spectroscopy 

Mößbauer spectroscopy is frequently used to examine the valence state of iron which is 

found in nature mostly as Fe
0
 (metallic iron), Fe

2+
, and Fe

3+
. This technique is also useful for 

determining the iron oxide phase via identification of their magnetic properties. It works on the 

basis of recoilless absorption of gamma rays. The iron nucleus absorbs photons with correct en-

ergy which are then measured as transmission of a reduced number of counts at this energy 

[192]. Normally, 
57

Co is used as emission source as it decomposes to 
57

Fe emitting photons with 
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an energy of 14.41 keV. Mößbauer analysis generally involves three parameters which are as 

follows: 

 Isomer shift – occurs as a result of a difference in s (1s, 2s, 3s and etc.) electron 

density between the source and the absorber  

 Quadrupole splitting – splitting of the nucleus energy levels that results from the 

interaction of the nuclear quadrupole moment with the electric field gradient. Hy-

perfine splitting – closely related to magnetic materials  

In this work, Mößbauer spectroscopy was conducted in transmission geometry using a 

57
Co source (in Rhodium-matrix) with an activity of about 15 mCi and a Mößbauer drive system 

operating in constant acceleration mode at room temperature. 

3.3.8 Raman spectroscopy 

Raman spectroscopy was widely used to identify the vibrational and rotational modes in 

certain molecules. It works when the sample is illuminated by a monochromatic light (laser 

beam) thus producing scattering light which is collected by a lens. Inelastic scattering or Raman 

scattering carries information about the properties of the molecules studied, such as vibrational 

or rotational. This information can be translated by examining the frequency difference between 

the incident and inelastically scattered radiation. Raman spectroscopy was carried out in order to 

determine the chemical bond of the carbon in the nanocomposite post-treated sample [191]. 

Therefore, in this work, Raman spectroscopy was performed with a micro-Raman system using a 

wavelength of 532 nm and a liquid-nitrogen cooled CCD for detection. The spot size of the laser 

beam on the sample surface was focused with a microscope lens to about 1 µm diameter and the 

spectra were recorded at room temperature in backscattering geometry. 

3.4 Electrical measurements 

Electrical conductivity measurement of LiFePO4/C and LiFe(1–x)MnxPO4/C were con-

ducted using four-point probe measurement. Since LiFePO4/C and LiFe(1–x)MnxPO4/C were 

coated with conductive carbon, it is expected that these samples have high electric conductivity 

compared to un-coated samples in the range of 0.1–10 S cm
–1

.  Therefore, four point probe 

measurements were applied to measure the electrical conductivity of LiFePO4/C and  

LiFe(1–x)MnxPO4/C as this method allows for determination of electrical conductivities in the 
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range of 10
–4

 to 10
4
 S cm

–1
. The electrical measurements were conducted on the basis of deter-

mining the resistance between two electrodes separated by a known distance, t. The measure-

ment setup of the LiFePO4/C and LiFe(1–x)MnxPO4/C pellets which can be described as two elec-

trodes that are in line with the current applied. The two electrodes assigned as 1 and 2 is referring 

to each end of the pellet as illustrated in Figure 12. The other two electrodes designated as 3 and 

4 were supplied with a voltage in order to measure the resistance between them. The tips of the 

probe either touched or slightly penetrated the surface of the sample as shown in Figure 12.  

 

Figure 12: Schematic illustration of four-point probe measurement used in this work 

The electrical conductivity was then calculated using the formula below, where σb is the 

bulk conductivity, t is the distance between the two inner electrodes, Rb is the measuring bulk 

resistance and A is the area of the sample: 

 
AR

t
=  σ

b

b


 Eq 12 

In this work, LiFePO4/C and LiFe(1–x)MnxPO4/C powder were cold pressed with a pres-

sure of 15 kN to produce pellets having 5 mm diameter and 6–9 mm length.  

3.5.1 Cyclic voltammetry 

Cyclic voltammetry is a common electrochemical technique used to measure the redox 

reaction, kinetics of electron transfer and phase transition of a voltaic cell [193]. This technique 

works by measuring the current versus different applied potentials. The differences in energy of 

working and reference electrodes generate the applied potential. The potential of working elec-
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trodes is scanned back and forth linearly with time producing triangular waveforms as can be 

seen in Figure 13. The scan rate unit is given as V s
-1

 or mV s
-1

.  

 

Figure 13: Repetitive triangular potential excitation signal ramped at 0.1 mV s
-1

 between 

2.3 to 4.0 V vs Li/Li
+
 

The current is measured between the counter electrode and working electrode while the 

potential is measured between the working electrode and reference electrode. The acquired data 

is plotted as current versus applied potential as illustrated in Figure 14. For the measurement of 

cathode materials, the scan initially starts with a low voltage and increases to a higher potential 

before reversing back to the starting potential. An increase in current peak observed indicates the 

occurrence of an oxidation reaction. The reduction reaction occurs when the current drops. Inte-

gral of either anodic or cathodic peak can be simplified as Eq 13. 

  dtIQ= 

t

t


2

1

 Eq 13 
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Figure 14 shows the CV of LiFePO4 at a scan rate of 0.01 mV s
–1

 ramped between 2.3 and 4 V 

vs. Li/Li
+
. It is clearly illustrated that the redox reaction occurred whilst Li was extracted and 

inserted during an electrochemical reaction as stated in the following reversible equation, 

 



e  + Li + FePO  LiFePO 4

process) (oxidation Charge

process) (reduction Discharge

4
 Eq 14 
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Figure 14: CV diagram of LiFePO4 at a scan rate of 0.01 mV s
-1

 between 2.3 to 4.0 V vs 

Li/Li
+
 

In this study, CV measurements were recorded using a Basytec CTS Lab XL battery test-

er using a voltage between 2.3 and 4.0 V vs. Li/Li
+
 with a scan rate of 0.01 mV s

–1
 for 

LiFePO4/C (first work) and 2.3 and 4.2 V vs. Li/Li
+
 with a scan rate of 0.01mV s

–1
 for 

LiFePO4/C (second work). In the meantime, CV measurements for the Mn doped materials were 

conducted within a range of 2.6–4.8 V vs. Li/Li
+
 with 0.01 mV s

–1
. 

3.5.2 Galvanostatic cycling 

Galvanostatic cycling also known as constant current (CC) was done in order to investi-

gate the capability of materials to produce a capacity at a certain current applied. These meas-
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urements were conducted at different current rates applied and at each current the measurement 

was repeated about 3–5 times. From these measurements, information regarding the capacity 

delivered as a function of current rate can be obtained. In order to measure the capacity, a con-

stant current was applied until it reaches the cut-off voltage. The capacity of the cell was deter-

mined by multiplying the discharge current (mA) with the time (h) needed to reach the terminal. 

The current rate is usually articulated as a C-rate (see Eq 15) which indicates the amount of 

charge that could be delivered within certain hour with C is the capacity and t is time.  

 
t

C=  
1

 Eq 15 

For example, LiFePO4 delivering 170 mA (theoretical capacity) within 1 hour is operated 

at 1 C. Mostly, the cell were tested at very low current rate either C/10 or C/20 initially and this 

value will be used as experimental capacity during calculation of material’s capacity.  The spe-

cific theoretical capacity of LiFePO4 can be obtained by assuming that 1 mol Li is deintercalated 

in 1 mol LiFePO4 as shown in Eq 16.  

 
-

4

process) (oxidation Charge

process) (reduction Discharge

4 e  +  FePO+  Li  LiFePO 


 Eq 16 

Therefore, applying the Faraday equation (see Eq 17), one can calculate the theoretical 

capacity of LiFePO4. Knowing that the molecular weight of LiFePO4 is M = 158 g mol
–1

, the 

Faraday constant is F = 96500 C mol
–1

 and z is number of electron transfer which is 1, theoreti-

cal capacity of LiFePO4 is calculated as 170 mAh g
–1

. 

 
M

Fz
=  

.
Capacity   Eq 17 

Figure 15 shows an example of rate capability of LiFePO4/C at different C-rates. Normal-

ly, the capacity of the cell will drop gradually as the discharge current is increased. This is due to 

diffusion limitations as Li
+
 ions movement in one-dimensional channels as well as small elec-

tronic conductivity of LiFePO4/C. However, these drawbacks can be reduced by coating with 

conductive material (i.e., carbon) or by lattice adjustment (i.e., doping with Mn). Therefore, in-

formation attained using this measurement is useful to determine the performance of the material 

as cathode material for Li-ion batteries. 
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Figure 15: Rate capability of LiFePO4/C at different C-rates [194] 

In this work, constant current (CC) tests were performed with a Basytec CTS Lab XL 

battery tester using a voltage between 2.3 and 4.0 V vs. Li/Li
+
 for LiFePO4/C (first work) and 2.3 

and 4.2 V vs. Li/Li
+
 for LiFePO4/C (second work). Also, CC tests were done with a potential 

range of 2.6 to 4.7 V vs. Li/Li
+
 for Mn-doped LiFePO4/C. 
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4 Results and discussion 

The first part presented in this thesis deals with the production of nanocomposite 

LiFePO4/C using a combined gas-phase and solid-state reaction. Thus, initial work starts with 

synthesizing nanosized iron phosphate at 0.0125, 0.05, and 0.2 M using spray-flame synthesis 

and is further used as iron and phosphate source for post-processing with Li2CO3 and glucose to 

yield nanocomposite LiFePO4/C. The nanosized FePO4 was characterized using BET, XRD and 

TG. LiFePO4/C produced was characterized using BET, XRD, SEM, TEM, Raman and XPS 

before electrochemically characterized. The amount of glucose chosen for the first experiments 

was 16 wt% according to the calculation based on Eq 5 and Eq 6 that signify the amount of glu-

cose need to reduce and coated the LiFePO4. Instead of this calculation, previous work from Liu 

et. al [195] also showing that 16 wt% of glucose exhibits the best electrochemical properties.  

In the second part, examination regarding the effect of the calcination temperature and the 

carbon content of LiFePO4/C was done knowing that these two parameter have a great influence 

towards the electrochemical properties of LiFePO4/C [21, 23, 116, 133, 156, 196-199]. The first 

results also indicated that the spray-flame synthesis of FePO4 from higher concentration (0.35 M) 

produced using gas-phase were mixed by milling with Li2CO3 and glucose and ethanol as solvent 

to produce nanocomposite LiFePO4/C. The FePO4 with 0.35 M chose to use within this part as 

these concentration enable higher production rate of 5 g h
-1

 which benefited for further used in 

large amount during the post-treatment with Li2CO3 and glucose in order to investigate the effect 

of calcination temperature and carbon content towards electrochemical properties of LiFePO4/C. 

The promising electrochemical properties obtained from the first experiments led to study the 

effect of different calcination temperatures during solid state reaction using BET, XRD and Ra-

man spectroscopy for characterization. Based on these results, the most promising material was 

chosen to investigate the influence of varied glucose content, and LiFePO4/C was prepared with 

different amount of carbon.  

The third part of this work deals with the initial idea of doping FePO4 with manganese 

during gas-phase synthesis. The Fe0.7Mn0.3PO4 was processed with Li2CO3 and 16 wt% glucose 

to yield nanocomposite LiFe0.7Mn0.3PO4/C (similar to the synthesis parameter conducted in the 

first part but focusing on the doping effect towards the electrochemical properties of 

LiFe0.7Mn0.3PO4/C).  
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The fourth part is related to the investigation towards different calcination temperature 

and amount of Mn doping ranging from 1 to 20 mol%. As obtained as a promising result from 

the investigations with respect to the carbon content in part 2, Fe(1–x)MnxPO4 (x = 0.01, 0.02, and 

0.20) were processed with 25 wt% of glucose and calcined at different temperatures  

A comparative discussion of nanocomposite LiFePO4/C and LiFe(1–x)MnxPO4/C obtained 

from the second and fourth part is given at the end of this chapter. 
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4.1 Synthesis of nanocomposite LiFePO4/C 

4.1.1 Characterization of FePO4 and nanocomposite LiFePO4/C 

Iron phosphate was produced using a spray-flame synthesis reactor with iron (III) acetyl-

acetonate and tributyl phosphate dissolved in toluene as a precursor. The concentration of the 

precursor was varied from 0.0125 to 0.2 M while the other parameters such as precursor solution 

flow rate of 3 ml min
–1

 and pilot flame gas flow rate (2.4 l min
-1

 oxygen and 1.14 l min
–1

 CH4) 

were kept constant. Table 3 shows the specific surface area measured by BET for both, as-

prepared and calcined FePO4 at different concentrations, and the crystallite size calculated from 

XRD measurement of calcined FePO4 at different concentrations. Also, information concerning 

the particle size calculated from BET measurements (see Eq. 7) for both as-prepared and cal-

cined is illustrated in Table 3. 

Table 3: Specific surface area and particle size of as-prepared and calcined FePO4 syn-

thesized at various iron and phosphate concentrations 

Sample 

As-prepared Calcined at 600°C 

Specific surface 

area /m
2 

g
-1 

Particle 

size DBET 

/nm 

Specific surface 

area/m
2 

g
-1 

Particle 

size DBET 

/nm 

Crystallite 

size/nm 

FP0.0125 218 12 80 25 30 

FP0.05 173 14 57 36 42 

FP0.20 126 16 50 40 46 

 

A strong dependence of the specific surface area on precursor concentration can be seen 

in Table 3. The specific surface area of FePO4 decreased sharply from 218 to 126 m
2 

g
-1

 when a 

more highly concentrated precursor solution was applied. This is due to the higher concentration 

of nuclei that collide and coalesce resulting in bigger particles with a smaller surface area. After 

calcination at 600°C the surface area of FePO4 also decreased sharply for all samples, and conse-

quently the particle size increased up to the range of 25 to 40 nm with increasing precursor con-

centration. In all cases, the crystallite size (XRD) is slightly bigger than the particle size obtained 

from BET. Since the particle size calculated from BET is based on the assumption that the parti-
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cles are spherical and monodisperse, this may lead to the observed slight difference between the 

BET analysis and XRD results. Further examination concerning the shape of the particles after 

heat-treatment at 600°C is shown by the TEM images later on.  

According to the literature [111, 134, 200, 201], iron phosphate typically contains some 

water molecules per unit cell. Therefore, thermogravimetry measurements were conducted to 

determine the amount of water in the as-prepared FePO4 samples and to determine the tempera-

ture required for the formation of the anhydrous salt. Figure 16 (a) shows the thermogravimetry 

measurement data of as-prepared FePO4xH2O, measured from room temperature to 800°C in 

inert gas atmosphere with a heating rate of 10°C min
–1

. A weight loss of about 17 wt% was ob-

served which corresponds to the presence of 1.7 moles of water per mole of FePO4. The meas-

urements show that complete release of water requires a minimum temperature of about 600°C. 

This information is useful to anneal the as-prepared FePO4 in order to crystallize its structure. 

The XRD pattern of FePO4 with different precursor concentrations is shown in Figure 

16(b). All as-prepared FePO4 samples produced from the spray-flame synthesis reactor are 

amorphous in structure and require further heat treatment at 600°C as determined from TG 

measurements. All the samples are well crystallized after annealing for 16 hours at 600°C with 

no impurities. Trigonal FePO4 is well indexed with a = 5.058 Å and c = 11.254 Å while match-

ing to the P 321 space group (ICDD 29-0715). This is analogous to the work conducted by 

Scrosati and co-workers [202]. Previously, Wang et al. [203], reported the same result of obtain-

ing FePO4 by annealing of FePO4xH2O at 600°C using precipitation and polymerization method. 

Okada et al. [201] describe amorphous iron phosphate synthesized by a modified solution route, 

that turn to highly crystalline trigonal structure after annealing at 650°C. It is worth mentioning 

that the diffraction pattern become sharper with increasing precursor concentration indicating 

bigger crystallites of FePO4, see Table 3. This result is parallel with the particle size measure-

ment data attained using BET measurements.  
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Figure 16: (a) Thermogravimetric measurement of amorphous, pristine FePO4xH2O and 

(b) XRD patterns of as-prepared and calcined (600°C) FePO4 samples pre-

pared at different precursor concentrations. 
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Figure 17 depicts the TEM images of as prepared (a) and annealed (b) FePO4 prepared 

from a 0.2 M precursor concentration. As-prepared FePO4 is composed of well spherical parti-

cles and soft agglomerates with an approximate size that is below 20 nm. Therefore, this result is 

consistent with the size obtained using BET measurements. Different phenomena are observed 

with the same sample after annealing at 600°C. The soft agglomerates lose their spherical shape 

and tend to necking each other which leads to bigger particles sizes as is demonstrated in Table 

3. Judging from BET, XRD and TEM, it can be concluded that the precursor concentration has a 

great impact towards the physical properties (shape and size) of the resultant FePO4. As a result, 

the desired size of FePO4 can be easily acquired by altering the precursor concentration. This 

finding will be used later on to synthesize bigger FePO4 particles by using higher precursor con-

centration.  

 

Figure 17: TEM images of FePO4 from 0.2 M precursor solution as-prepared (a) and af-

ter annealing at 600°C (b)  

As-prepared FePO4 was used as a starting material to produce composite LiFePO4/C with 

the aid of Li2CO3 (as Li source) and glucose as a carbon source and reducing agent. Glucose was 

used to reduce Fe
3+

 to Fe
2+ 

as well as a carbon source for enhancing the electrical conductivity of 

LiFePO4 [134, 204]. It is known from literature that subsistence production of carbon from the 

excess glucose helps to suppress the grain growth of LiFePO4 during calcination [134], sustain-

ing its nanostructure shape and properties [195]. Therefore, by addition of glucose to the precur-

sor, the poor electronic conductivity of LiFePO4 is successfully improved via existence of a car-

(a) (b) 
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bon coating and nanosize of the particles. In the first attempt, 2 mol of as-prepared FePO4xH2O 

(0.2 M) was mixed thoroughly with 1 mol Li2CO3 (see Eq 5) and 16 wt% glucose using mortar 

and pure ethanol as a solvent before pre-heating at 80°C for 24 hours. The glucose content was 

chosen based on the calculation from Eq 5 and Eq 6 that calculates the amount of glucose re-

quired to reduce and coated LiFePO4. Following complete crystallization of FePO4 at 600°C, 

LiFePO4 was further calcined at 600°C for 16 hours. Table 4 shows the physical properties of the 

first result of LiFePO4/C (LFPC1).  

Table 4: Specific surface area and particle size of nanocomposite LFPC1 

Sample 
Specific surface 

area /m
2
 g

-1
 

Particle size 

DBET / nm 

Crystallite size 

DXRD /nm 

Carbon content 

/wt% 

LFPC1 24 69 70 3.9 

 

Nanocomposite LiFePO4/C (LFPC1) was successfully produced using combined gas-

phase and solid-state reaction with a particle/crystallite size of 69 and 70 nm calculated from 

BET and XRD measurement, respectively. From the elemental analysis, the carbon content is 

determined to be 3.9 wt%. Previously, Scrosati's group showed that the presence of carbon dras-

tically enhanced the electrochemical performance of template-prepared nanocomposite 

LiFePO4/C by providing 36% of its theoretical capacity at extremely high C-rate (65 C) [100]. It 

is expected that carbon increase would also improve the electrochemical behavior of the cathode 

made of this material. Further examination of the physical and chemical properties of nanocom-

posite LiFePO4/C was conducted using XRD, TEM, XPS and Raman and the results are dis-

cussed later. 

From the XRD measurements (Figure 18), it is evident that the resultant LFPC1 is com-

posed of no other impurities that could be detected by the X-Ray diffraction. Highly crystalline 

olivine LiFePO4/C was received after calcination at 600°C and the crystal structure was found to 

match well with the orthorhombic system of Pnma space group with lattice parameter of 

a = 10.333, b = 6.012, and c = 4.697 Å. Previously, the group of Yang et al. [205] reported a 

similar observation for LiFePO4/C that was prepared using the polymer-pyrolysis reduction 

method. Kwon et al. [142] also reported impurity free LiFePO4/C that was prepared using me-
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chanical alloying technique of LiOH·H2O, FeC2O4·2H2O and (NH4)2HPO4 powders which the 

particle sizes were smaller than 500 μm and calcined at 600°C. No peaks associated with carbon 

were found in the XRD pattern of our data which strongly indicates that carbon subsists in 

LiFePO4/C in the amorphous form as can be expected due to the low annealing temperature of 

600°C.  
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Figure 18: X-ray diffraction pattern of LFPC1 synthesized at 600°C 

In order to clarify the type of carbon species in LFPC1, Raman spectroscopy measure-

ment was conducted and the result is shown in Figure 19. There are two main broad peaks relat-

ed to the sp
3
 and sp

2
 type at 1350 cm

–1
 and 1590 cm

–1
, correspondingly. Particularly, the carbon 

peak assigned with sp
3
 and sp

2
 is known as disordered carbon (D-band) and graphite-like 

(G-band) carbon [206]. Thus, it is confirmed that carbon coated LiFePO4/C mostly consists of 

disordered carbon.  



- 54 - 

 

1000 1100 1200 1300 1400 1500 1600 1700 1800

G band

In
te

n
si

ty
 /

 a
rb

. 
u

n
it

Raman shift / cm
-1

D band

 

Figure 19: Raman spectrum of residual carbon in LFPC1  

Despite detailed examination of the carbon structure of nanocomposite LiFePO4/C, fur-

ther investigation of oxidation state of iron species was conducted using X-ray photoelectron 

spectroscopy, Figure 20 illustrates the respective XPS spectrum. All the peaks of lithium, iron, 

phosphorus, oxygen, and carbon were identified and no other elements were detected. This 

proves again that this method is able to produce high purity LiFePO4/C. The binding energy (BE) 

for Li1s, P2p, C1s and O1s was found to be 56, 134, 287, and 532 eV, respectively in agreement 

with literature [203] and [160]. The inset shows the enlarged spectrum around 720 eV indicating 

Fe2p3/2 and Fe2p1/2 with binding energies of 725 and 712 eV, correspondingly. Dedryvère et al. 

[207] explained that the Fe 2p peak is composed of two parts known as Fe2p3/2 and Fe2p1/2 as a 

result of spin-orbit coupling. The binding energy of these two parts resembles the oxidation state 

of iron species which can be attributed to Fe
2+

 when Fe2p3/2 and Fe2p1/2 are located at 710.5 and 

723 eV, respectively, while Fe2p3/2 and Fe2p1/2 occurring at 712.5 and 726 eV correspondingly 

indicate a valence state of Fe
3+

 instead. As the penetration depth of XPS is only a few nm, it can 

be concluded from Figure 20 that Fe
3+

 is dominating the surface of LiFePO4/C, most probably 

due to (short) exposure during handling and storage under ambient conditions leading to surface 
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oxidation of Fe
2+

 to Fe
3+

. However, the XRD measurements give no indication for a substantial 

oxidation of the sample. 
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Figure 20: XPS spectrum of LFPC1  

Figure 21 (a) shows the SEM image of LiFePO4/C at higher magnification after calcina-

tion at 600°C. It clearly displays that LiFePO4/C is composed of spherical particles with a prima-

ry particle size that is estimated to be around 60 nm, see also Table 4. However, it is also ob-

served that the particles are partly sintered together leading to an increase in the particle size, up 

to about 100–150 nm.  

An example result of deeper investigations concerning the carbon coating of the active 

material LiFePO4, performed via TEM measurements, is displayed in Figure 21 (b). Nano 

LiFePO4 is embedded within an amorphous carbon network.  
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Figure 21: SEM (a) and (b) TEM images of LFPC1 

As nanocomposite LiFePO4/C was successfully produced using gas phase and solid-state 

reactions with no impurities, thus further examination regarding the electrochemical behavior 

was conducted and the details are presented in the following section. 

  

(a) (b) 
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4.1.2 Electrochemical characterization of nanocomposite LiFePO4/C 

The electrochemical measurements described in this thesis were conducted in collabora-

tion with Sebastian Wennig from ZBT. In the first attempt, LiFePO4/C and Super-P Li™ (Tim-

cal) were intensely mixed in a mortar and subsequently dispersed in N-methyl-2-pyrrolidone 

(NMP, Acros Organics, extra dry, water < 50 ppm) together with polyvinylidene fluoride (PVdF, 

Solef 1013, Solvay Solexis). After sonication, the dispersions were further sonicated by 

60 minutes. The slurry obtained was cast on an aluminum foil (Alujet, thickness 30 μm) with a 

wet film thickness of 150 μm by using an adjustable doctor blade and dried under vacuum at 

120°C. The samples were then compressed by calendaring and cut into round electrodes with an 

area of 1.1 cm². The typical composition of the dried electrodes was 86 wt% LiFePO4/C, 7 wt% 

Super-P Li™ and 7 wt% PVdF. The average mass loading of the electrodes was around 

4.0 mg cm
–2

. 

In this section, electrochemical characteristics of LFPC1 will be explained. It is worth to 

mention that the amount of active materials (LiFePO4/C) used in this study is by far higher with 

86% of electrode composition than those described in the literature. Nevertheless, the electrode 

produced in this work possessed good mechanical stability. Electrochemical properties were in-

vestigated using Swagelok-type cells with lithium foil as a counter and reference electrode. Fig-

ure 22 shows the cyclic voltammogram of LiFePO4/C electrode. As it is clearly illustrated, there 

are two peaks that are attributed to the oxidation and reduction process that occur at 3.5 V vs 

Li/Li
+
, which is in good agreement with the redox peaks of LiFePO4/C [106, 110, 162, 199]. 

During the first cycle, a broad peak for oxidation is observed as expected due to initial restructur-

ing of the material during charging. This consequently decelerates the movement of Li
+
 ions up-

on the lithiation process. A symmetric peak of oxidation and reduction appears afterwards (see 

inset, cycle 2 and 3) indicating that the electrochemical process is reversible and there is a rapid 

extraction and insertion of Li
+
 ions during charging and discharging of LiFePO4/C.   



- 58 - 

 

2000 2250 2500 2750 3000 3250 3500 3750 4000 4250
-50

-40

-30

-20

-10

0

10

20

30
C

u
rr

en
t 

/ 
m

A
 g

-1

Potential / mV vs. Li/Li
+

-1
 

2750 3000 3250 3500 3750 4000 4250
-50

-40

-30

-20

-10

0

10

20

30

40

50

60

70

 cycle 2

 cycle 3

C
u

rr
en

t 
/ 

m
A

 g
-1

Potential / mV vs. Li/Li
+

 

Figure 22: Cyclic voltammetry of LFPC1 at a scan rate of 0.01 mV s
-1

 

Figure 23 shows the discharge curve of nanocomposite LiFePO4/C at 0.05 C. A flat plat-

eau at 3.4 V vs. Li/Li
+
 was observed habitually denoting a single phase transition process of 

FePO4 to LiFePO4. As can be seen, the discharge capacity has a value of 142 mAh g
-1

. This val-

ue is below (by 16%) the theoretical value for LiFePO4 which is 170 mAh g
-1

. Usually, a cut-off 

potential of 4.2 to 4.5 V is applied for LiFePO4/C [184, 208] in order to fully delithiate iron 

phosphate.  Since a large surface area of nanocomposite LiFePO4/C is obtained, discharging at 

higher potentials will probably lead to unwanted side reactions with the electrolyte. Therefore, a 

lower cut-off potential (4 V) was applied in this work contributing to slightly reduced capacity 

even at low current rates. However, the capacity attained from LiFePO4/C this work of 117 mAh 

g
-1

  is approximately close to the value found in the literature (120 mAh g
-1

) by taking into ac-

count a higher mass loading and discharge at a potential lower than the normal cut-off voltage 

[42, 209, 210].  
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Figure 23: Initial discharge curve at 0.05 C for LFPC1 electrodes. 

Figure 24 depicts the discharge curve at different current rates ranging from 0.05 to 16 C. 

A discharge capacity of 143 mAh g
-1

 was recorded at 0.05 C while the capacity decreased gradu-

ally to 40 mAh g
-1

 with increased discharge current of up to 16 C. This behavior is closely relat-

ed to limited diffusion rates of Li
+
 ions and electrons in olivine structure which in the end raises 

the polarization to a greater value. In addition to that, limited diffusion of electrolyte at higher 

current rate (i.e., 16 C) may also occur. Considering the overall coating mass used, the capacity 

at 16 C (40 mAh g
-1

) is surprisingly higher, by 20%, than the capacity yielded at the very high C-

rates previously reported by Waser et al. [159] who produced nanocomposite LiFePO4/C using 

two step flame spray pyrolysis.  
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Figure 24: Discharge curve of LFPC1 at various C-rates 

Figure 25 shows the rate retention profiles or galvanostatic cycling of nanocomposite 

LiFePO4/C at various C-rates ranging from 0.05 C to 16 C to study the capability of nanosized 

LiFePO4/C under different environments of current rate during discharging. The recorded values 

show that LiFePO4/C is capable of withstanding high C rates by providing 40 mAh g
–1

 at 16 C. 

Remarkably, the nanosized LiFePO4/C produced an slightly higher discharge capacity after cy-

cling back from 16 C to the initial C rate of 0.01 C. This result proves that the nanocomposite 

LiFePO4/C produced by combining gas-phase and solid-state reactions is very stable upon dis-

charging at various current rates. This implies that the electrode made from this material is high-

ly stable and competent to be used in the commercial lithium ion battery market as it offers a 

lightweight compared to the electrodes fabricated with higher amounts of carbon [159].  
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Figure 25: Rate retention performance of LiFePO4/C at various C rates 
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4.2 Influence of calcination temperature and carbon content on the proper-

ties of nanocomposite LiFePO4/C  

After successful fabrication with promising electrochemical properties of LiFePO4/C 

(LFPC1) described before, the second part of this work is related to investigations for the en-

hancement of electrochemical performances by modification of synthesis condition. In detail, 

calcination temperature of LiFePO4/C and carbon content is investigated and results will be dis-

cussed in the next subsections. It is expected that the electrochemical performance of LiFePO4/C 

can be enhanced based on optimized calcination temperature and carbon content during synthe-

sizing step.  

4.2.1 Characterization of FePO4 and nanocomposite LiFePO4/C 

As known from literature, a mean LiFePO4 particle size of about 50 to100 nm seems to be 

a reasonable compromise between diffusion length (which is directly related to the particle size) 

and almost unstable and oxidation sensitive high surface area. The investigations concerning 

concentration-dependent particle size in chapter 4.1.1 have shown that even the highest precursor 

concentration leads to particle sizes well below 100 nm. As a result, the precursor concentration 

was further increased to a maximum value with respect to their solubility in toluene. Therefore, 

nanosized FePO4 with a precursor concentration of 0.35 mol l
–1

 was produced to synthesize 

FePO4 at a production rate of 5 g h
–1

 using the spray-flame synthesis method described before. 

As-prepared FePO4.xH2O subjected to TG measurement showed the same result with respect to 

water concentration as the FePO4.xH2O from 0.2 M solution. As-prepared and calcined 

LiFePO4/C were characterized using BET and XRD, results are shown in Table 5. The particle 

size from BET is calculated from Eq 7 while the crystallite size was obtained from XRD result. 

As expected, the particle size can be further increased compared to the materials synthesized 

before, see Table 3 for comparison.  
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Table 5: Physical properties of as-prepared and calcined FePO4 synthesized from 

0.35 M solution 

Sample 
As-prepared Calcined at 600°C 

 

Specific surface 

area /m
2 

g
–1  

Particle size 

DBET /nm 
Specific surface 

area/m
2 

g
–1 

Particle size 

DBET /nm 
Crystallite size 

DXRD /nm 
 

FP0.35 104 19 42 47 54  

 

In coincidence with the results received for FePO4 synthesized from lower precursor con-

centration, the typical structure of FePO4 could be identified after annealing, see Figure 26 and 

Figure 16 (b). 
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Figure 26: X-ray diffraction pattern of FePO4 synthesized from 0.35 M solution 
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Figure 27: TEM images of FePO4 from 0.35 M precursor solution of as-prepared (a) and 

after annealing at 600°C (b) 

 Figure 27 shows the TEM images of FePO4 from 0.35 M solution before and after an-

nealing at 600°C. The morphologies of the particles are quite similar to those observed for parti-

cles from 0.2 M concentration (see Figure 17). It signifies that the concentration only affected 

the size but not the morphology of the resultant particles.  

Earlier findings demonstrated that electrochemical properties of LiFePO4/C are strongly 

influenced by the amount of carbon content and coating thickness [29, 35-37, 39], which solely 

rely upon synthesis procedure. Therefore, it is an important objective to identify appropriate 

conditions for well-suited materials with respect to particle size, conductivity and (minimum) 

carbon loading to ensure a high content of electrochemically active material in the electrodes.  

Literature review of LiFePO4/C solid state synthesis clearly showed that milling of the 

precursor prior to solid-state reaction results in a significant increase in discharge capacity of 

LiFePO4/C due to intimate and homogeneous mixing, and milling for 12 hours was identified as 

a proper mixing time [128, 155]. Therefore, all solid precusors (FePO4xH2O, Li2CO3, and glu-

cose) were milled for 12 hours prior to calcination. 

Systematic investigations were carried out with respect to calcination temperature and 

carbon content. Thus, as the first step, a series of LiFePO4/C with 20 wt% of glucose as carbon 

source were calcined at different temperature between 600 and 800°C. The results gained from 

(a) (b) 
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BET and CHNS measurements are summarized in Figure 28. The particle tends to grow when-

ever higher temperature applied, thus lowering the specific surface area of LiFePO4/C which is 

in accordance with literature data of Mi et al. [197] and Yang et al. [156]. Parallel to this result, it 

is worth to mention that the same pattern was observed for the residual carbon content. However, 

significant decreases in carbon content are observed from 700°C and above, see also [156, 204]. 
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Figure 28: Correlation between calcining temperature with specific surface area (m
2
 g

-1
) 

and residual carbon content (wt%) of nanocomposite LiFePO4/C 

Further investigation regarding the crystal structure of the different LiFePO4/C samples 

was conducted by X-ray diffraction and the results are shown in Figure 29. For each sample, the 

peaks match well with the orthorhombic structure of triphylite LiFePO4 with space group of 

Pnma. Nevertheless, impurities related to conducting phase, Fe2P were increasingly visible after 

calcination at 700
 
to 800°C (stars), and FeP was identified within the samples calcined at lower 

temperature of 600–650°C (open circles). The conducting phase of iron phosphide, Fe2P is un-

derstood to promote the electrical conductivity of LiFePO4/C thus directly enhancing the electro-

chemical properties of this material. Several groups found that coexistence of iron phosphide 
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helps to provide high discharge capacity and stable rate-retention of LiFePO4/C at elevated cur-

rent rate [36, 211-213]. The analysis of the XRD measurements reveals that the crystal size of 

LiFePO4/C at 600, 650, 700, 750, and 800°C is calculated as 34, 35, 31, 34, and 48 nm, respec-

tively. These values match well with the results acquired from BET measurements. 
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Figure 29: X-Ray Diffraction pattern for nanocomposite LiFePO4/C synthesized at dif-

ferent calcination temperature 

Figure 30 (a–b) shows typical transmission electron microscopy images of nanocompo-

site LiFePO4/C with a carbon content of 7.3 wt% at low and high magnification, respectively, 

TEM images of the other samples look similar. At low magnification it can be seen that the 

LiFePO4 particles form small aggregates homogenously surrounded by a coating layer. There is a 

significant difference between LiFePO4/C with 7.3 wt% C Figure 30 (a) and LFPC1 described 

earlier (see Figure 21), as the latter exhibits a porous carbon web while the new samples show a 

homogeneous carbon layer with a certain thickness. The main reason is that LFPC1 was pro-

duced via mechanical mixing of the solid reactants in a mortar before calcination while the pre-

sent materials were milled for 12 hours prior to calcination. Therefore, the present samples were 

prepared from a very homogeneous mixture while the reaction mixture used to synthesize 
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LFPC1 is expected to consist of a mixture with much bigger inhomogeneities and high local car-

bon content leading to the porous carbon network. From Figure 30 (b), a carbon layer surround-

ing the active material with a thickness around 2–3 nm is observed. This value is in very good 

agreement with the value of 2.9 nm that can be calculated using mean particle size obtained by 

BET and the measured carbon content. This is somewhat higher than the value proposed by 

Dominko et al. [45] who suggest that the optimum carbon thickness is ideally around 1–2 nm. 

However, carbon thickness in this work (LiFePO4/C with 7.3 wt% C) is slightly more than the 

optimum value. 

    

Figure 30: TEM images of LiFePO4/C with 7.3 wt% residual carbon content at lower (a) 

and higher (b) magnification 

Examination of the carbon structure surrounding the nanosized LiFePO4/C calcined at 

different temperature was done with Raman spectroscopy as described above. Figure 31 shows 

the respective Raman spectra of LiFePO4/C synthesized at different calcination temperatures. 

The quality of carbon coating can be determined by checking the intensity ratio between the D-

band over the G-band (Id/Ig). Lower ratios have been shown to result in a good quality of carbon 

coating and are useful for enhancing the conductivity of LiFePO4/C and vice versa [36]. The 

results indicate that the samples do not show much difference, however, a slight tendency in in-

tensity ratio towards higher Id/Ig ratio with increasing temperature is observed.  
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Figure 31: Raman spectra of nanocomposite LiFePO4/C at different calcination tempera-

ture 

Hence, XRD results as well as measurements of particle size and residual carbon content 

strengthen the finding that a calcination temperature of 700°C is preferred as this temperature 

holds a minimum crystal size and having insignificant amount of iron phosphide. Thus, all the 

samples prepared to investigate the influence of carbon content were calcined at 700°C.  

It is known from literature that the addition of glucose and subsequent calcination has 

three major benefits (i) to restrain the growth of particles (ii) to reduce the oxidation state of iron 

from Fe
3+

 to Fe
2+

 and (iii) to increase the electronic conductivity significantly [21, 23, 199], 

However, it is detrimental to have huge carbon coating surrounding the active material LiFePO4 

as the pathway for Li
+
 ions movement may be blocked with increasing coating thickness, thus 

degrading the performance of battery during intercalation and deintercalation whilst too less car-

bon will left the electronic conductivity of LiFePO4/C unaltered. Thus, it is an important crite-

rium to coat the nanosized LiFePO4 with sufficient amount of carbon to provide good electronic 

conductivity but allowing fast passage of Li
+
 ions during both, charging and discharging. 
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In order to achieve this mission, a series of experiments with varied amount of glucose 

were performed. All materials were milled for 12 hours and calcined at 700°C for 16 hours. Fig-

ure 32 illustrates how the increasing glucose content affects the particle size of resultant 

LiFePO4/C based on BET measurements. It is expected that particle with the smallest particle 

size will shorten the diffusion length of Li
+
 ions during cycling resulting in stable rate retention 

at immense discharge rate. 
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Figure 32: Physical properties of nanocomposite LiFePO4/C at different glucose contents  

From Figure 32 it is obvious that the particle size is significantly reduced with increasing 

glucose content. Figure 33 shows the correlation between glucose content, residual carbon con-

tent and electrical conductivity. It is found that the residual carbon content obtained from de-

composition of glucose under inert atmosphere changes almost linearly with the initial glucose 

amount. This result was found to be in good agreement with previous finding [198] with respects 

to glucose as carbon source. Accordingly, the electrical conductivity steeply increases which 

would be beneficial for electrochemical properties. Bewlay et al. [157] also found that the elec-

trical conductivity of LiFePO4/C produced using spray synthesis route increased sharply with 

increasing amount of carbon content of up to 31 wt%. 
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Figure 33: Relation of glucose content with residual carbon content for LiFePO4/C after 

milled for 12 hours and calcined at 700°C for 16 hours 

XRD measurements were accomplished to investigate the effect towards crystallinity, see 

Figure 34. Again, all the samples show the same, well-crystalline structure and can be indexed 

according to orthorhombic structure with space group of Pnma. Samples with 10 and 15 wt% of 

glucose reveal very little impurities related to FeP while samples with 20 to 30 wt% of glucose 

present high purity structure. In accordance with the BET measurements, the crystallinity of the 

samples which is directly related to the peak height decreases with higher amount of glucose. 

Consequently, it is expected that sample with lofted amount of glucose will have the smallest 

crystal size. In order to validate this assumption, crystallite size were calculated using XRD data 

and value is noted to be 40, 34, 31, 36, and 33 nm for glucose content of 10, 15, 20, 25, and 

30 wt%, respectively. All the samples were then electrochemically characterized to testify the 

hypothesis mentioned earlier that higher amount of residual carbon would potentially enhance 

the electrochemical performance.  
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Figure 34: XRD pattern of LiFePO4/C at different carbon content  

The Raman spectra of the different samples are shown in Figure 35. There are again two 

prominent peaks showing that mainly graphitic and disordered carbon. As shown before, there is 

almost no difference in the Raman spectra, which can be expected from the fact that the anneal-

ing temperature was the same for all samples. 
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Figure 35: Raman spectra of LiFePO4/C measured at varied carbon contents  

Another criterion that is important to be examined is the oxidation state of iron species as 

it is desired to have Fe
2+

 inside the nanocomposite LiFePO4/C. Therefore, non-destructive XPS 

measurements were conducted for all samples. Besides investigating the degree of iron oxida-

tion, XPS also allows for determination of the elements that exist in the samples. Figure 36a 

shows the XPS spectra of LiFePO4/C at different amounts of carbon content. All the peaks corre-

sponding to LiFePO4/C were easily identified and could be assigned according to the binding 

energy of the elements. The binding energy (BE) for Li1s, P2p, C1s and O1s were found to be 

56, 134, 287, and 532 eV, respectively. In the meantime, no other peaks are detected by this 

technique confirming the purity of the samples. In addition to that, Dedryvère et al. [207] ex-

plained that the Fe2p peak is composed of two parts known as Fe2p3/2 and Fe2p1/2 as a result of 

spin-orbit coupling. The binding energy of these two parts resembles the oxidation state of iron 

species which can be attributed to Fe
2+

 when Fe2p3/2 and Fe2p1/2 are located at 710.5 and 723 eV, 

respectively, while Fe2p3/2 and Fe2p1/2 occurring at 712.5 and 726 eV correspondingly indicate a 

valence state of Fe
3+

 instead. As the penetration depth of XPS is only a few nm, it can be con-

cluded from Figure 36 (b) that Fe
3+

 is dominating the surface of LiFePO4/C, most probably due 
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to (short) exposure during handling and storage under ambient conditions leading to surface oxi-

dation of Fe
2+

 to Fe
3+

. However, the XRD measurements give no indication for a substantial oxi-

dation of the sample.  
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Figure 36: XPS pattern (a) and enlarged spectra (b) of LiFePO4/C 
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As the results from XPS typically provide information from the surface but not from the 

bulk, an additional investigation concerning the valence state of iron was carried out using 

Mößbauer spectroscopy. Owing to its high sensitivity towards amorphous and nanoscale parti-

cles, this technique is profoundly useful to determine bulk properties of the kind of valence state 

of iron in particular. The Mößbauer spectrum of FePO4 which was produced directly using 

spray-flame synthesis is shown in Figure 37, bottom graph. In the same figure, the Mößbauer 

spectra of the different nanocomposites are also shown.  
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Figure 37: Mößbauer spectra of as-prepared FePO4 and the different LiFePO4/C samples 

Amorphous FePO4 shows one symmetric doublet with an isomer shift (IS) value of 0.39 

and 0.37 mm s
-1

 with relative areas of 62 and 38%, respectively. This value clearly indicates that 

amorphous FePO4 solely consists of Fe
3+

, that is in agreement with the value found in the litera-

ture [200]. From the measurements on LiFePO4/C it can be seen that all samples show mainly 

one symmetric doublet and one very weak signal with IS values of 0.43–0.45 mm s
–1

 which be-

long to the Fe
3+

 impurities regardless of the amount of residual carbon. The symmetry doublet, 
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having a dominant IS value of 1.21 mm s
–1

, is typically observed for octahedral coordinated Fe
2+

 

in LiFePO4 [115, 214, 215]. The relative area of the doublet which resembled Fe
2+

 for each sam-

ple with a carbon content of 2.08, 4.38, 5.36, 6.08, and 7.31 wt% was calculated to be 94, 93, 93, 

92, and 90%, respectively, indicating a slight decrease in Fe
2+

 content with increasing amount of 

carbon. As a result it can be stated that all nanocomposite LiFePO4/C samples mainly contain 

Fe
2+

 with a few traces of Fe
3+ 

located at the particle surface, most probably due to handling of the 

materials under inert conditions.  

4.2.2 Electrochemical characterization of LiFePO4/C with varied carbon content 

In contrast to the electrochemical experiments shown before. LiFePO4/C electrodes were 

fabricated using a binder system composed of polyacryrilic acid (PAA) as intermediate investi-

gations of Sebastian Wennig have shown that this binder system works better than the PVdF 

used before. Super-P Li™ (Timcal) were intensely mixed in a mortar and subsequently dispersed 

with sonication and a turbo mixer at 10,000 rpm in a solution composed of ethanol (VWR BDH 

Prolabo
®
, AnalaR Normapur, absolute) and water (Sartorius Stedim Biotech arium

®
 611 UV) 

together with polyacrylic acid (PAA, Alfa Aesar
®
, 25 wt% solution in water, average molar 

weight 240,000 g mol
-1

). The slurry obtained was cast on an aluminum foil (Alujet, thickness: 

30 μm) with a wet film thickness of 100 μm by using an adjustable doctor blade and dried under 

vacuum at 90°C. The samples were subsequently cut into round electrodes with an area of 1.1 

cm². The typical composition of the dried electrodes was 88 wt.% LiFePO4/C, 7 wt.% Super-P 

Li™ and 5 wt.% PAA.   

Electrochemical measurements were carried out using Swagelok-type electrode cells. 

Lithium foil (Chemetall, 100 μm thick) served as counter and reference electrodes and polypro-

pylene fleeces impregnated with electrolyte were used as a separator. A solution of 1 M LiPF6 in 

ethylene carbonate and diethyl carbonate (3/7; m/m) was used as electrolyte. The test cells were 

assembled in an argon filled glove box.  

Due to problems with electrodes fabricated with LiFePO4/C 5.4 wt% and limited battery 

tester capacity, LiFePO4/C with 5.4 wt% is excluded from the electrochemical characterization 

discussion. The results of CV measurements on LiFePO4/C nanocomposites with carbon content 

of 2.1, 4.4, 6.1, and 7.3 wt% are shown in Figure 38 (a). All the samples possessed a similar pat-

tern of single pair redox reaction that occurred at approximately 3.42 V, indicating two-phase 
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charge-discharge reaction of Fe
2+

/Fe
3+

 redox couple. As for the sample with 2.1 wt%, the cathod-

ic peak is observed at 3.35 V while the anodic peak appears at 3.48 V. This result in a voltage 

separation of 0.13 V and this value is found to be independent of the carbon content. A sharper 

peak of oxidation and reduction is recorded after the second cycle, suggesting restructuring of 

LiFePO4/C during the first cycle as mentioned before (Figure 38b). All the LiFePO4/C samples 

with different carbon content comprise symmetrical peaks regardless of the amount of carbon in 

the LiFePO4/C. The sluggish oxidation reaction of the sample with the lowest amount of carbon 

was improved after the first cycling, which is most probably due to microstructural alteration or 

improvement of wetting in the electrode. Nonetheless, the sample with 7.3 wt% shows the sharp-

est redox peaks signifying intense efficiency of the redox reaction that is obtainable as a result of 

the highest electronic conductivity (60.1 mS cm
-2

). This finding is consistent with the recent 

work conducted by Lin et al.  showing that sharp oxidation and reduction peaks of LiFePO4/C 

suggest good kinetics behavior. They observed respective results when the carbon content is as 

high as 7 wt%. Overall, results of first and second CV point to one solid conclusion. That is coat-

ing with higher amounts of glucose provides small particle size and leads to increased electronic 

conductivity resulting in increasingly sharp profiles during CV measurement. It also validates 

that reduced particle size efficiently enhances the movement of Li
+
 ions during the lithiathi-

on/delithiation process for LiFePO4. 
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Figure 38: Cyclic voltammetry of LiFePO4/C with different amounts of carbon; (a) first 

cycle measured and (b) second cycle. 

Nanocomposite LiFePO4/C with varied amount of carbon was taken through 75 cycles to 

determine the capability and sustainability of this material upon charging/discharging at a con-

stant current of 1 C. All samples showed a stable cycle performance after repeated cycling indi-

cating high stability and uniform coating with conductive carbon. As it can be seen from Figure 

39, the samples with 6.4 and 7.3 wt% carbon possess approximately the same value (119 mAh g
-

1
) of capacity at 1 C rate, while the sample with the least amount of carbon (2.1 wt%) barely 

reaches 72 mAh g
–1

. However, as the cycling continues, the capacity of this sample began to rise 

gradually to reach 80 mAh g
–1

 at cycle 75. This stunning behavior is governed by the fact that 

nanosized LiFePO4/C particles effectively boost the cycling performance even at amounts as low 

as 2.1 wt%. In comparison, LiFePO4/C with 4.4 wt% carbon shows a significant decrease in ca-

pacity at 1 C compared to the first results obtained for LFPC1 (4.4 wt% of carbon, prepared 

without applying milling) featuring a capacity of 117 mAh g
–1

 at 1C rate. The reason for the dif-

ference is not clear. It might be either attributed to the different binder system or to the network 

structure of the carbon found for LFPC1. The comparison between LFPC1 conducted first and 
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LiFePO4/C with 4.4 wt% indicates that milling during synthesizing LiFePO4/C is affecting the 

electrochemical performance as milling efficiently provide homogeneous coating surrounded the 

active material of LiFePO4/C.  
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Figure 39: Cycling capability of LiFePO4/C with different amounts of carbon content at 

a constant current of 1 C 

Therefore, it is always difficult to directly compare the performances of LiFePO4/C as 

each and every researcher uses a different technique or a different combination of the factors 

affecting materials performance. Nonetheless, it was found that the same phenomena of excellent 

cycling performance of LiFePO4/C with the highest amount of carbon was also observed by 

many groups working on a finding the best amount of carbon content for LiFePO4/C [91, 106, 

130, 216].  

Figure 40 represents the rate retention of LiFePO4/C at different current rates ranging 

from 0.05 to 16 C and returning to 0.1 C. Again, the samples containing 6.1 and 7.3 wt% of car-

bon provide identical capacities, initially and also at higher current rates. It is a normal trend for 

battery materials to produce a lower capacity with higher current rates [217]. Surprisingly, at a 

current of 16 C, all three samples with 4.4, 6.1, and 7.3 wt%, showed the same value of 40 mAh 
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g
-1

. This result suggests that either the electrolyte or the lithium counter electrode are limiting the 

current. However, LiFePO4/C with the least amount of carbon (2.1 wt%) continuously recorded 

increments in capacity at each current rate employed, indicating restructuring of the particle after 

cycling. After cycling back to 0.01 C, the capacity of LiFePO4/C with 2.1 wt% of carbon sub-

stantially rose by about 16% from its initial recorded value. This implies that the morphology of 

this material was altered during discharge that has improved the capacity after a certain number 

of cycles at varied current rates.  
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Figure 40: Rate capability at different amounts of residual carbon content LiFePO4/C 

In conclusion, carbon coating has proved to yield a significant impact on the electrochem-

ical behavior of LiFePO4 regardless of the amount used. Typically, a higher amount of carbon 

will sharply increase the electronic conductivity that leads to improved rate retention. In this 

work, at least 6 wt% of residual carbon would be beneficial to significantly enhance the capacity 

of LiFePO4 at moderate and high current rates. Hence, this method ascertains production of high 

performance nanocomposite LiFePO4/C with promising and sustaining electrochemical proper-

ties. 
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4.3 LiFe0.7Mn0.3PO4/C  

4.3.1 Synthesis and characterization of LiFe0.7Mn0.3PO4/C  

After the promising electrochemical properties obtained with nanocomposite LiFePO4/C, 

doping of this material with a suitable cation towards higher energy density of LiFePO4/C is in-

vestigated. Therefore, the third part of this thesis deals with the synthesis and characterization of 

Fe1-xMnxPO4. It is known that adopting certain amount of Mn beneficially increases the energy 

density of LiFePO4/C. Manganese is frequently studied and used in the cathodes of Li-ion batter-

ies as described by previous work done earlier [61, 62, 218]. As Mn
3+

/Mn
2+

 has a higher poten-

tial of 4.2 V vs Li/Li
+
 (compared to Fe

3+
/Fe

2+
 at 3.4 V), substituting a certain amount of iron for 

manganese would increase the energy density of LiFePO4. Doping was carried out in the initial 

first step of the cathode material synthesis, the spray-flame synthesis of the phosphate. There-

fore, manganese (III) acetylacetonate was mixed with iron acetylacetonate and tributyl phosphate 

in toluene. Due to the limited solubility of manganese (III) acetylacetonate, a 0.20 M solution 

was prepared substituting 30 mol% of Fe(acac)3 by Mn(acac)3. As was found from the synthesis 

of iron phosphates at different molar concentrations, there is only a marginal difference between 

materials synthesized from 0.2 and 0.35 M solution, respectively After spray-flame synthesis the 

resultant sample was calcined at 600°C. Table 6 shows the particle sizes received from BET and 

XRD measurements of as-prepared Fe0.7Mn0.3PO4 and those calcined at 600°C. 

Table 6: Particle size of pristine and annealed FePO4 doped with 30 mol% Manganese 

Dopant con-

centration/ 

mol % 

As-prepared Calcined at 600°C 
 

Specific surface 

area /m
2
 g

-1
 

Particle size 

DBET /nm 

Specific surface 

area/m
2
 g

-1
 

Particle size 

DBET /nm 

Crystallite 

size/nm 

 

30 80 26 24 81 39  

 

As-prepared Fe0.7Mn0.3PO4 has a higher specific surface area of 80 m
2
 g

-1
 compared to the 

calcined Fe0.7Mn0.3PO4 (24 m
2
 g

-1
). Accordingly, the calculated particle sizes are 26 and 81 nm, 

respectively. As mentioned before, this is due to the fact that the particles grow during heated at 

600°C in the same manner as undoped FePO4.  
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Figure 41 shows the XRD pattern for Fe0.7Mn0.3PO4 calcined at 600°C. Regardless of 

doping, the trigonal structure with space group P321 was found similar to the undoped FePO4 

explained earlier in this thesis. However, there is one peak at 2θ = 29° which can be assigned to 

Mn3O4 as a by-product of the calcination process suggesting that the manganese doped material 

is not as thermodynamically stable as the undoped. The comparison between particle sizes re-

ceived from BET and XRD also suggests that the annealed material consists of bigger aggregates 

containing a couple of smaller crystallites of about 40 nm. Like the addition of carbon, segrega-

tion of Mn3O4 might also hamper particle growth during calcination. 
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Figure 41: XRD pattern of calcined FePO4 doped with 30 mol% Mn  

Nevertheless, the established procedure towards the carbon nanocomposite was contin-

ued. Similar to the experiments on LFPC1, Fe0.7Mn0.3PO4xH2O was mixed with Li2CO3 and 

16 wt% of glucose using a mortar. This was done in particular to compare the electrochemical 

behavior of manganese doped lithium iron phosphate with the first result obtained for the un-

doped LiFePO4/C. The synthesized sample was characterized with BET, XRD, XPS, Raman, 

TEM, EDX and SEM. Table 7 shows the particle size of LiFe0.7Mn0.3PO4/C (LFMPC1) charac-

terized using BET and XRD. Doping with 30 mol% Mn shows a high specific surface area for 

LiFe0.7Mn0.3PO4/C. The particle size calculated from BET is 54 nm, which is in line with the 
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crystal size calculated from XRD indicating that this sample is composed mostly of separate, 

single crystalline particles.  

Table 7: Physical properties of first attempt LiFe0.7Mn0.3PO4/C (LFMPC1) 

Sample 

Specific  

surface area 

/m
2
 g

-1
 

Particle size 

DBET /nm 

Crystallite size 

DXRD/nm 

Carbon  

content/ wt% 

 

LFMPC1 31 54 50 4.0  

 

Figure 42 illustrates the X-Ray diffraction pattern for LiFe0.7Mn0.3PO4/C calcined at 

600°C (similar to LFPC1). The pattern indicates that LiFe0.7Mn0.3PO4/C is highly crystalline and 

consists of pure olivine phase which could be indexed to orthorhombic structure with space 

group of Pnma and lattice constants of a = 10.355, b = 6.026 and c = 4.709 Å.  
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Figure 42: X-Ray Diffraction pattern for LiFe0.7Mn0.3PO4/C synthesized at 600°C for 

16 hours (LFMPC1)  

It is worth to mention that there is an increase in unit cell volume of about 0.7% com-

pared to LFPC1. This is in good agreement with the work of Honma et al. [66] who observed a 
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linear increase in lattice parameter when substituting iron in LiFePO4/C with manganese from 0 

to 80 mol% and can be explained by Vegard’s law. In addition, there are no peaks related to car-

bon structures or to other, manganese containing species as was observed before.  

The carbon content determined using elemental analysis is 4.0 wt% derived from decom-

position of glucose during calcinations at 600°C, which is almost identical to the value found for 

LFPC1. A Raman measurement was conducted in order to investigate the typical structure of 

carbon in LiFe0.7Mn0.3PO4/C and again a similar pattern as obtained for all other samples was 

observed, see Figure 43.  
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Figure 43: Raman spectrum for LiFe0.7Mn0.3PO4/C (LFMPC1) 

Since the structure of carbon was already identified by Raman measurement, another im-

portant criterion worth investigating was the valence state of Fe in nanocomposite 

LiFe0.7Mn0.3PO4/C. Therefore, X-ray photoelectron spectroscopy was performed and the result is 

shown in Figure 44. From this figure it is clear that the nanocomposite LiFe0.7Mn0.3PO4/C is 

composed of only Li, Fe, Mn, P, O and C with no impurities detected. Analysis of Fe3p provides 

information about the bulk properties of the material as compared to the Fe2p peak which basi-

cally gives an overview of the surface properties as the kinetic energy of photoelectrons coming 
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into the analyzer is 770 eV for Fe2p and 1430 eV for Fe3p. This resulted in photoelectron depth 

about 1.5 times greater for Fe3p than for Fe2p [207]. As analyzed from the Fe3p peak which 

located at 55 eV, Fe
2+

 is the
 
dominating valence state indicating that good electrochemical prop-

erties are attainable with this sample. However, detailed examination of Fe2p shows binding 

energy of Fe2p3/2 and Fe2p1/2 at 712 eV and 726 eV which suggests that the valence state of iron 

is Fe
3+

. Thus, it is clear that the surface of this material was covered by Fe
3+

 instead of Fe
2+

 

probably due to oxidation with the atmosphere during handling and transporting in air.  
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Figure 44: X-ray photoelectron spectrum for LiFe0.7Mn0.3PO4/C (LFMPC1) 

Figure 45 (a) demonstrates the morphological structure of LiFe0.7Mn0.3PO4/C obtained by 

TEM measurement. The image suggests that the active material LiFe0.7Mn0.3PO4 is coated with 

an inhomogeneous amorphous layer of 1 to 4 nm. In addition to this, SEM measurements were 

conducted to study the morphology of LiFe0.7Mn0.3PO4/C in lower magnification. It can be seen 

from Figure 45 (b) that the material is composed of a lot of primary particle measuring around 50 

nm in accordance to the results from BET and XRD.  
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Figure 45: TEM (a) and SEM images of LFMPC1 

4.3.2 Electrochemical characterization of LiFe0.7Mn0.3PO4/C 

The resultant powder was formulated as a cathode material using polyacrylic acid as a 

binder which was conducted as before by Sebastian Wennig. Figure 46 (a) shows the cyclic volt-

ammetry of this sample recorded between 2.6 and 4.7 V vs Li/Li
+
 with a sweep rate of 0.01 mV 

s
-1

. Two pairs of redox reactions take place in this CV measurement involving Fe and Mn spe-

cies. Oxidation and reduction reaction for Fe species were recorded at 3.51/3.39 V, and 

4.05/3.93 V were recorded for manganese, respectively. A voltage interval of 0.12 V was calcu-

lated for the first cycle of iron and this interval value decreased to 0.07 V after the second cycle 

demonstrating reversibility and faster kinetics of the redox reaction. Similarly, the interval volt-

age of Mn species reduced gradually after the second cycle from 0.15 to 0.02 V, indicating low 

polarization that leads to enhanced redox reactions. Therefore, this result strongly demonstrates 

the successful incorporation of electrochemically active manganese into the olivine structure. It 

is also worth mentioning that the voltage of the reduction reaction of Fe species is slightly shifted 

as a result of expansion of the unit cell volume. This result is in good agreement with the work 

conducted by Kobayashi et al. [218], which also reported a shifted voltage of the iron redox pair 

for Mn-doped LiFePO4.  

(a) (b) 
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Figure 46: Cyclic voltammetry (a) and rate capability (b) of nanocomposite 

LiFe0.7Mn0.3PO4/C 
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Figure 46 (b) depicts the initial discharge capacity of nanocomposite LiFe0.7Mn0.3PO4/C 

from 0.05 C up to 16 C. A higher discharge capacity of 130 mAh g
-1

 is recorded at low currents 

(0.05 C) and this value decreased gradually to 108 mAh g
-1

 after a greater discharge current (1 C) 

was applied. The capacity degraded even lower when the current reach 16 C with capacity of 66 

mAh g
-1

. This shows that the electrode polarization resistance of LiFe0.7Mn0.3PO4/C increases 

sharply with increasing current rate. 

The electrode was further cycled at 1 C rate for 50 cycles to determine the capability of 

this material to sustain its capacity for a certain period of time. Figure 47 shows the cycling ca-

pability diagram of LiFe0.7Mn0.3PO4/C at a constant current of 1 C. Similarly as observed for the 

lithium iron phosphates investigated before, there is no capacity fading after 70 cycles and the 

capacity is stable at 114 mAh g
-1

.  
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Figure 47: Cycling performance of nanocomposite nanocomposite LiFe0.7Mn0.3PO4/C at 

1 C rate 

This indicates a great stability under high current rates that is obtained for this material. 

Earlier, Yao et al. [68] produced LiFePO4/C doped with 30 mol% Mn using the sol-gel method 

and had a bad capacity fading from 98 to 40 mAh g
-1

 after 50 cycles at 0.125 C rate while Chang 

et al. [219] reported fluctuating cycling performances with capacities around 115 mAh g
-1

 rec-
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orded at 0.2 C rate for LiFe0.7Mn0.3PO4/C obtained from solid-state reaction. Thus, this promis-

ing result of doping with Mn gave rise to further work to be done in order to vary the Mn con-

tent.  
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4.4 Influence of Mn concentration in LiFe(1–x)MnxPO4/C (x = 0.02 and 0.20) 

4.4.1 Characterization of Fe(1–x)MnxPO4 and LiFe(1–x)MnxPO4/C 

In order to investigate the influence of manganese content on the electrochemical proper-

ties, FePO4 was doped during gas-phase synthesis with manganese amounts of 1, 2 and 20 mol%. 

The initial experiments elaborated before deal with 30 mol% Mn doped into FePO4 and subse-

quent post-treatment with Li2CO3 and 16 wt% glucose to produce LiFe0.7Mn0.3PO4/C. However, 

the calcination temperature used was conducted based on the minimum temperature for FePO4 

crystallization extracted from TG measurement (see Figure 16). Firstly, the calcination tempera-

ture needed to produce nanocomposite LiFe(1–x)MnxPO4/C without any impurities is investigated 

and the results will be described. Additionally, the effect of different amounts of Mn is explored 

while applying 25 wt% of glucose which was found to provide the optimum carbon content of 

about 6% with respect to materials prepared by the method used within this thesis. Spray-flame 

synthesis was used to fabricate Fe(1–x)MnxPO4xH2O (x = 0.01, 0.02 and 0.20) by applying the 

same precursor used before. All samples were characterized using BET and XRD prior to post-

treatment with Li2CO3 and glucose.  

Table 8 shows the particle sizes received from BET and XRD measurements. While the 

samples containing 1 and 2 mol% Mn are almost identical, the sample containing 20 mol% of 

Mn shows a slight but almost negligible decrease in particle size.  

Table 8: Physical properties of as-prepared and calcined at 600°C Fe(1–x)MnxPO4 

(x = 0.01, 0.02 and 0.20)  

Dopant  

concentration/ 

mol % 

As-prepared Calcined at 600°C 

Specific  

surface area 

/m
2
 g

-1
 

Particle 

size DBET 

/nm 

Specific  

surface area 

/m
2
 g

-1
 

Particle 

size DBET 

/nm 

Crystallite 

size/nm 

1 75 28 23 86 42 

2 72 29 23 86 41 

20 82 25 25 80 36 
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Thermogravimetric measurement was performed in order to determine the temperature 

needed to remove excess water inside the samples and to produce crystalline Fe(1–x)MnxPO4.  
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Figure 48: Thermogravimetry measurement of amorphous Fe(1–x)MnxPO4 (a) and XRD 

pattern for Fe(1–x)MnxPO4 (with x = 0.01,0.02 and 0.20) after being calcined at 

600°C (b) 
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All samples show very similar behaviour, Figure 48 (a) depicts the TG diagram obtained 

from Fe0.8Mn0.2PO4. The result indicates that calcination of the materials requires at least a min-

imum temperature of 560°C. Hence, the samples were annealed at 600–800°C.  

Figure 48 (b) illustrates the XRD pattern for Fe(1–x)MnxPO4 with x = 0.01, 0.02 and 0.2 

annealed at 600°C. All the samples are highly crystalline with a trigonal structure that matches 

well with ICDD 29-0715. The results are in accordance to the undoped FePO4 and they show that 

the materials are free from any impurities detectable by XRD. As before, it indicates that doping 

with small amounts of Mn causes no changes in the crystalline structure of FePO4. It is worth to 

mention that the peak intensity becomes lesser for Fe0.8Mn0.2PO4 compared to Fe0.99Mn0.01PO4 

and Fe0.98Mn0.02PO4 indicating a smaller crystallite size of Fe0.8Mn0.2PO4, see also Figure 48. 

Because of the similarity of Fe0.99Mn0.01PO4 and Fe0.98Mn0.02PO4, the further study upon the ef-

fect of Mn towards the electrochemical performance of LiFePO4/C will be conducted using 

Fe0.98Mn0.02PO4 and Fe0.8Mn0.2PO4 and the resultant results will be discussed hereafter. 

To determine the influence of calcination temperature, a series of the sample with 20 

mol% Mn was milled for 12 hours with LiCO3 and 25 wt% glucose before calcination and the 

annealed samples were characterized using BET and XRD before further investigation concern-

ing the influence of Mn content in LiFe(1–x)MnxPO4/C.  

Figure 49 shows the particle sizes of LiFe0.8Mn0.2PO4/C calcined at 600 to 800°C with 

50°C intervals. Regardless of the applied temperature, it is found that all the samples have a par-

ticle size that is less than 50 nm. This is an excellent indication that this route assures nanosized 

materials even under harsh calcination temperatures. It is clearly illustrated that the residual car-

bon content based on the initial glucose content of 25 wt% decreased significantly at tempera-

tures above 700°C and the particle size of LiFe0.8Mn0.2PO4/C rose gradually from 32 to 37 nm.  

Calcination at 650°C insinuates the smallest particle size and directly thus expresses the 

highest specific surface area of LiFe0.8Mn0.2PO4/C. Hence, as the smallest particle size attainable 

after calcination at 650°C, this temperature was used with respect of the investigation of Mn-

dopant content. 
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Figure 49: Particle size and residual carbon content of nanocomposite LiFe0.8Mn0.2PO4/C 

at different calcination temperatures 

Characterization of the resultant LiFe0.8Mn0.2PO4/C was further expanded to XRD after 

analysed with BET measurements. As shown in Figure 50, all samples are highly crystalline after 

calcination at 600 to 800°C. As the existence of carbon in LiFe0.8Mn0.2PO4 greatly inhibits the 

crystal growth, a lower amount of carbon in this nanocomposite proves to be insufficient to har-

ness the further enlargement of crystals at higher temperatures. It has been shown in the previous 

section that the amount of carbon begins to decrease significantly after calcination at 650°C. 

Therefore, there is chance that crystal development starts after the material is calcined at 700°C. 

The crystallite size determined from the XRD measurements was calculated to be 42 nm, 36, 41, 

43, and 45 nm for calcination temperatures of 600, 650, 700, 750, and 800°C, respectively, 

which is in reasonable accordance to the values received from BET. In addition, the figure indi-

cates no impurities except for the existence of Fe2P which is detected after calcinating at 750 and 

800°C, and no carbon peak is identified in all samples. This finding is comparable with findings 

from literature [70, 71]. Hence, a calcination temperature of 650°C was found to be the optimum 

temperature used for synthesizing high purity LiFe(1–x)MnxPO4/C (x = 0.02 and 0.20) with low 

particle size.  
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Figure 50: X-Ray diffraction pattern of LiFe0.8Mn0.2PO4/C calcined at different tempera-

ture  

In order to compare manganese doped LiFe(1–x)MnxPO4/C, two samples with 2 and 

20 mol% of Mn were milled with Li2CO3 and 25 wt% glucose for 12 hours prior to calcination at 

650°C producing nanocomposite LiFe(1–x)MnxPO4/C with x = 0.02 and 0.20. The results obtained 

from BET and electrical conductivity measurements are shown in Table 9. As observed before 

(annealing of Fe(1-x)MnxPO4xH2O, see Table 8), increasing in dopant concentration from 2 to 20 

mol% leads to a slight increase in specific surface area and a respective reduction of the particle 

size This result is also in parallel to the work conducted by Nakamura's group [62] who stated 

that the particle size of Mn-doped iron phosphate was insignificantly affected by the amount of 

Mn. The electrical conductivity of the sample with 2 mol% of Mn is almost identical to the best 

values obtained for undoped LiFePO4/C (48 and 60 mS cm
-1

, resp.) while the electrical conduc-

tivity of the sample with 20 mol% Mn is about the double in accordance to the fact that its car-

bon content is slightly higher.  
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Table 9:  Specific surface area, particle size and electric conductivity of nanocomposite 

LiFe(1–x)MnxPO4/C at different manganese contents 

Sample 

Dopant con-

centration/ 

mol % 

Specific 

surface 

area /m
2
 g

-1
 

Particle 

size DBET 

/nm 

Crystallite 

size 

DXRD/nm 

Carbon 

content/ 

wt% 

Electrical 

conductivity/ 

mS cm
-1

 

LFMPC02 2 47 35 32 5.45 48 

LFMPC20 20 50 33 31 5.99 125 

 

Figure 51 shows the crystalline structure of the two different LiFe(1–x)MnxPO4/C samples 

indicating no impurities such as Fe2P, FeP or Mn2P2O7. Both samples show similar crystallinity 

and crystallite size, see also Table 9.  
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Figure 51: X-Ray diffraction pattern of LiFe(1–x)MnxPO4/C synthesized at 650°C for 

16 hours 
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As Mn
2+

 has a bigger ionic radius of 0.83 Å compared to Fe
2+

 with a radius of 0.78 Å 

[31], Mn incorporation into the lattice structure should directly influence the lattice parameters. 

Based on Rietveld refinement using the MAUD program [188], the lattice parameters were cal-

culated and plotted in the manner presented by Figure 52. It can be seen that the lattice parame-

ters of LiFe(1–x)MnxPO4/C system vary almost linearly with the amount of Mn
2+

 replacement 

which obeyed Vegard's law and is in good agreement with previous findings [31, 56, 62, 66, 69, 

220].  
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Figure 52: Dependence of the lattice parameters of LiFe(1–x)MnxPO4/C on the Mn con-

tent 

Figure 53 shows the XPS spectrum for LiFe(1–x)MnxPO4/C for 2 and 20 mol% Mn. The 

pattern show peaks associated with Li, Fe, Mn, P, O and C. Following a detailed analysis on 

Fe2p (see Figure 53 (b)) shows that the valence state of iron species in LiFe(1–x)MnxPO4/C is 

mainly dominated by Fe
3+

 as Fe2p3/2 and Fe2p1/2 located at 711 and 724 eV, respectively [69]. It 

is observed that the peak belonging to Mn2p significantly rises for the sample with 20 mol%. An 

enlarged spectrum of Mn2p reveal that Mn2p3/2 and Mn2p1/2 located at 641.6 and 653.8 eV, cor-
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respondingly is shown in Figure 53 (c) indicating that Mn
3+

 is the dominating oxidation state of 

Mn [221]. The main possible reason for the oxidation of iron and manganese species is short 

exposure during handling or transportation in air. 
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Figure 53: XPS spectra of LiFe(1–x)MnxPO4/C (a), enlarged Fe2p (b) and Mn2p (c) spec-

tra  

  

(
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4.4.2 Electrochemical characterization of LiFe(1–x)MnxPO4/C 

The promising result of preliminary made LiFePO4/C doped with 30 mol% Mn leads to 

further investigation of Mn content in LiFe(1–x)MnxPO4/C in order to determine more precisely 

the effect of manganese doping towards the electrochemical properties of LiFe(1-x)MnxPO4/C. 

Figure 54 (a) shows the CV diagram of LiFePO4/C doped with varied amount of Mn at the first 

cycle with a sweeping rate of 0.01 mV s
-1

. Referring to the CV diagram, it can be seen that there 

are two phases of reaction that occur involving oxidation and reduction of Fe and Mn species at 

3.44 and 3.98 V vs. Li/Li
+
, respectively. Clearly, the oxidation peak for Fe species occurred 

steadily at a potential of 3.51 V vs. Li/Li
+
 while the potential recorded for reduction peak in-

creased from 3.36 to 3.41 V vs. Li/Li
+
 accordingly with increasing amount of Mn. This is in 

good agreement with work done by Nakamura et. al [62] who reported a similar CV behavior for 

doped LiFePO4/C which describes that Mn doping had a larger impact on the discharging reac-

tion than on the charging reaction. Figure 54 (b) depicts the subsequent cycle of redox reaction 

for doped LiFePO4/C recorded at potentials ranging from 3.0 to 4.3 V vs. Li/Li
+
. Sharp peaks for 

both, the oxidation and reduction reactions were obtained for LiFe0.98Mn0.02PO4/C and 

LiFe0.80Mn0.20PO4/C samples indicating an improved kinetic of the redox reaction. This is also 

presented by the small potential difference between the anodic and cathodic peaks, doping with 

20 mol% Mn provides the lowest polarization. Thus, by doping with a certain amount of Mn, the 

electrochemical properties of LiFePO4/C are enhanced compared to the undoped materials. It is 

not surprising that the manganese-related redox process of the sample with 2% Mn cannot be 

identified due to the low concentration. 
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Figure 54: Cyclic voltammetry of LiFe(1-x)MnxPO4/C at first (a) and second cycle (b) 

Figure 55 illustrates the rate capability for doped LiFePO4/C recorded at different C rates. 

All the samples were cycled three times at each C rate between current intervals. The capacity 

for each sample is found to decrease gradually with increasing discharge current from 0.05 C to 

16 C. Doping with 2 mol% of Mn proved to cause insignificant changes in the electrochemical 
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properties of LiFe(1–x)MnxPO4/C while the Mn content of 20 mol% leads to increased discharge 

capacities at higher C rates. These results are also in line with findings from Li et. al [222] and 

Nakamura et. al [62] who reported excellent electrochemical behavior at high C rates for  

LiFe(1–x)MnxPO4/C prepared by the modified mechanochemical activation method and the solid-

state reaction method, respectively. 
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Figure 55: Rate capability of LiFe(1–x)MnxPO4/C at different C rates  

The cycle performance of LiFe(1–x)MnxPO4/C (x = 0.02 and 0.20) at a constant current of 

1 C is shown in Figure 56. Both samples with 2 and 20 mol% Mn shows a similar capacity of 

120 mAh g
-1

 at 1 C rate. As it can be seen, the electrode is extremely within the measured inter-

val of 75 cycles without any significant capacity fading which is considerably better than results 

reported from literature [71] based on doped LiFePO4/C with 40 mol% Mn. Thus, it can be stated 

that the nanocomposite LiFe(1–x)MnxPO4/C prepared from gas-phase Fe(1–x)MnxPO4 and subse-

quent solid-state reaction is capable of producing highly stable cathode materials with excellent 

electrochemical properties which are suitable for the utilization in Li-ion batteries. 
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Figure 56: Rate retention of LiFe(1–x)MnxPO4/C at a constant discharge current of 1 C 
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4.5 Comparison of LiFePO4/C and LiFe0.8Mn0.2PO4/C and discussion 

In order to determine the effect of Mn doping towards the electrochemical performance 

of LiFePO4/C, the optimum results obtained for bare and doped LiFePO4/C are compared. Fac-

tors taken into account are kinetics of the electrochemical reaction, capability of producing high 

capacity at elevated current rate and cycling stability at higher C rates. Figure 57 (a) shows the 

CV diagram of bare and doped LiFePO4/C scanned with 0.01 mV s
-1

 at the first cycle. It can be 

seen that two pairs of redox reactions occur at 3.45 V for Fe
2+/3+

 and 3.98 V for Mn
2+/3+

. Both 

anodic and cathodic peaks are found to be slightly shifted for doped LiFePO4/C with a broader 

shape at the first cycle indicating slow kinetics reaction for the initial charging/discharging pro-

cess. Polarization resistance for bare and doped LiFePO4/C was found to be 0.13 V and 0.10 V 

respectively. This clearly indicates that Mn
2+

 substitution helps to lower the polarization re-

sistance leading to a faster charge/discharge process. Broad redox peaks of the Mn species at 

about 4 V suggests in this respect a sluggish reaction during the first cycle of delithia-

tion/lithiation process.  

However, after the second cycle Figure 57 (b) the redox peaks became symmetrically 

sharper and provided also a reduced further decreased polarization difference of 0.11 V and 

0.08 V for bare and doped LiFePO4/C, respectively. In both cases, polarization of the doped ma-

terial is reduced compared to pure LiFePO4/C. This result strongly suggests that the reaction ki-

netics can be improved by doping with manganese and might be attributed to the change in lat-

tice constants thus widening the transport channels for lithium ions. This result is in good agree-

ment with the preceeding work done by Nakamura et. al [62] who described the redox reaction 

of bare and doped LiFePO4/C with 20 mol% Mn. As mentioned earlier, faster kinetics of dis-

charging/charging is mainly related to an increase in electronic and ionic conductivity. 
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Figure 57: Comparison of cyclic voltammetry of LiFePO4/C and LiFe0.8Mn0.2PO4/C at the 

first cycle (a) and the second cycle (b) 

The rate capability or galvanostatic cycling of bare and doped LiFePO4/C at various C 

rates is depicted in Figure 58. At low C rates (below 1 C), bare LiFePO4/C produces a slightly 

higher capacity than the doped one while around 1 C both, bare and doped LiFePO4/C, provide a 
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similar capacity of 120 mAh g
–1

. As the particle size of both materials is almost identical, it indi-

cates that the doped cathode material probably does not provide as many accessible sites for lith-

ium ions as the undoped one. Nevertheless, manganese substitution significantly starts to en-

hance the rate performance with increasing discharge current, especially at extreme current rates 

of 16 C. Bare LiFePO4/C is reported to provide 44 mAh g
–1

 while the doped LiFePO4/C provides 

almost 80 mAh g
–1

. Similar phenomena are reported earlier also indicating that Mn
2+

 substitution 

promotes excellent rate capability especially at high C rates [59, 72].  
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Figure 58: Galvanostatic cycling of LiFePO4/C and LiFe0.8Mn0.2PO4/C at various C rates 

Additional examination concerning the cycling capability of bare and doped LiFePO4/C 

was investigated and the results are illustrated in Figure 59. Both samples were taken through 75 

cycles at a constant discharge current of 1 C. The capacities are very similar and only slight deg-

radation is observed. To summarize, these results clearly indicate the importance of doping and 

nanostructure towards the electrochemical behavior of LiFePO4/C, especially at high current 

rates and indicates that the manganese doped material is highly suitable for high power applica-

tions. 
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Figure 59: Rate retention of LiFePO4/C and LiFe0.8Mn0.2PO4/C at 1 C rate 

Moreover, high energy applications also benefit from the addition of manganese as 

shown in Figure 60 (a). Due to the higher voltage of the Mn
2+

/Mn
3+

 redox reaction, the energy 

density of the doped material is in all cases higher than those of bare LiFePO4/C. As a result, 

nanoscale LiFe0.8Mn0.2PO4/C is found to be a material of choice with respect to high power and 

high energy demand. Figure 60 (b) shows the impressive result that the energy density of this 

material at 16 C is 44% higher than those of the undoped material.  
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Figure 60: Energy density of LiFePO4/C and LiFe0.8Mn0.2PO4/C at 1 C rate (a) and 16 C 

rate (b) 
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5 Summary and future work  

5.1 Summary 

Lithium-ion batteries are of high interest for energy storage in portable and stationary ap-

plications. Current and future applications mainly require safe, cheap, high-energy and high-

power Li-ion batteries with long lifetimes. The development of cathode material with enhanced 

electrochemical properties is one of the key factors towards improved batteries. Cost and per-

formance of the cathode materials heavily rely on the synthesis route. Conventional methods 

namely solid- and solution-based routes provide materials with good electrochemical perfor-

mance. Nevertheless, there is room for improvement especially with respect to less conducting 

but potentially high-power materials that demand short diffusion and transport lengths. Nano-

scaled cathode materials can meet these requirements thus widening the potentially suitable ma-

terials diversity.   

This work establishes a new approach towards the synthesis of nanoscaled cathode mate-

rials based on lithium iron phosphate. Nanoscaled raw materials are prepared by cost-efficient 

and scalable gas-phase synthesis followed by a single-step solid-state reaction. Spray-flame syn-

thesis is used to prepare FePO4 from different concentrations of iron(III)acetylacetonate mixed 

with tributylphosphate in toluene. Even high precursor concentrations of up to 0.35 mol l
–1

 are 

suitable to produce amorphous iron phosphate nanoparticles with mean particle sizes well below 

25 nm. Heating of the pristine powder at 600°C leads to pure, nanocrystalline FePO4 with crys-

tallite sizes below 100 nm suitable for the subsequent solid-state reaction. Annealing of this raw 

material with Li2CO3 and glucose leads to phase-pure LiFePO4/C with olivine structure when 

applying a temperature in the range of 650–700°C, while milling of the powder mixture in ad-

vance provides a homogeneous distribution of carbon in the final product. Investigations with 

respect to a carbon content that provides sufficient electrical conductivity and good electrochem-

ical performance indicate that at least 5 wt% of residual carbon is required for optimized electro-

chemical properties. Moreover, residual carbon also suppresses the formation of bigger crystal-

lites and aggregates thus resulting in a typical crystallite and particle size of 30–50 nm. Further 

physicochemical characterization of the materials by Mößbauer and XPS spectroscopy reveal 

that the oxidation state of iron is mostly Fe
2+

 as required with a slight oxidation at the surface 
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resulting in some Fe
3+

. Raman measurements related to the carbon coating indicate a mixture of 

amorphous disordered as well as graphite-like carbon in all samples. 

A way towards an increase in energy density is investigated by partial substitution of iron 

by manganese based on its higher redox potential compared to iron. Fe1-xMnxPO4 raw materials 

are made by spray-flame synthesis using a mixture of the respective iron and manganese precur-

sors. Due to solubility limits of manganese-acetylacetonate it is not possible to use as high pre-

cursor concentrations as before, nevertheless, it is possible to synthesize materials with almost 

identical particle size and morphology as before. The resulting structure after the solid-state reac-

tion is always olivine even at manganese concentrations of up to 30 mol% while the lattice con-

stants increases with increasing Mn content in accordance with Vegard’s law. Cyclovoltammetry 

clearly indicates the electrochemical functionality of manganese within the sample. The redox 

kinetics of manganese doped samples is faster compared to undoped LiFePO4/C leading to sig-

nificantly decreases the material’s polarization. These findings are attributed to the increase in 

lattice constants thus leading to a widening of the pathways for lithium ions. The detailed inves-

tigations towards the properties of undoped and doped LiFePO4/C presented in this thesis show 

that electrochemical properties can be improved by utilizing methods that can affect the structure 

as well as the composition of materials. The combination of gas-phase synthesis of nanoparticles 

and subsequent solid-state reactions is suitable for synthesizing undoped and doped LiFePO4/C 

with excellent electrochemical properties. 

5.2 Future work 

Despite the fact that (doped) LiFePO4 is one of the preferred cathode materials for Li-ion 

batteries due to low costs and high availability, it cannot overcome certain (physical) limits in 

terms of energy density. A great leap forward could be achieved if one succeeds to incorporate 

more than one electrochemically active Lithium ion per formula unit. This would require the 

incorporation either cations or anions or both towards multivalent compositions, i.e., Li2MnO3 or 

Li3V2PO4. Unfortunately, most of the principally suitable systems lack of poor ionic conductivity 

therefore limiting the achievable charge and discharge currents. The methods presented in this 

thesis enable for further material development where nanostructuring helps to overcome poor 

bulk properties. Especially the formation of nanoscaled raw materials providing structures with 

short diffusion pathways and the homogeneous incorporation of carbon supplying the required 



- 108 - 

 

electronic conductivity while hampering the formation of aggregates can help to develop new, 

promising cathode materials. 
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