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1 | Abstract 

Abstract 

The growing development of renewable energies and electric vehicles in the most advanced 

societies requires new lithium-ion batteries with higher energy density and safety than the commercial 

ones. This is a significant challenge for the scientific community. The problem can be addressed by 

developing new materials or using new alternative technologies, leading to a reduction in the total 

cost and increase the energy density of the battery. Recently, increasing electrode thickness is gaining 

attention, as the associated reduction of inactive components (current collectors, porous separator) 

results in both gravimetric and volumetric capacity improvements as well as cost savings.  

In this Thesis, novel additive-free thick Li4Ti5O12 (LTO) and LiFePO4 (LFP) electrodes for 

high energy density lithium-ion battery applications are obtained. Powder Extrusion Moulding (PEM) 

technology is employed for producing (LTO) and (LFP) electrodes of ~ 500 µm thickness. On the 

other hand, LTO electrodes of ~ 250 µm thickness are manufactured by Tape Casting (TC). These 

technologies are completely different than the conventional methods used in electrode manufacturing, 

and they were selected for being widely used in the industry since they are easily scalable and 

relatively cheap. Furthermore, all the compounds used during the processes were commercial, 

including LTO and LFP powders. 

The different steps of PEM and TC processes were optimized in order to obtain defect-free 

electrodes. In the case of LTO, a reducing atmosphere (Ar/H2 gas flow) was used during the thermal 

treatments, which allowed to the incomplete decomposition of the binder, leaving some conductive 

carbon in the electrode, and to the partial reduction of Ti4+ to Ti3+. These two facts allow to obtain an 

electrode with enough conductivity and also to avoid the use of extra carbon additives. For LFP, a 

controlled inert atmosphere (N2 gas flow) was used to prevent the oxidation of the carbon coating 

already present in the starting powder. A systematic study of the sintering process and the thermal 

stability of LTO and LFP was carried out, analysing the effect of the temperature on the structure and 

microstructure of the electrodes. In the case of LTO, the effect of the sintering atmosphere (air, N2 or 

Ar/H2 for LTO) was also studied. For that, X-ray diffraction, electronic microscopy (SEM, TEM) and 

density measurements were employed. In general, the obtained electrodes present a high porosity (8-

35 %), which is beneficial for good contact with the electrolyte. 

The electrochemical properties of the additive-free LTO and LFP electrodes were tested by 

chronopotentiometry in lithium half cells. The cycling performance of the electrodes was analysed 

and, in the case of LFP, the effect of the processing, electrolyte density and sintering temperature in 

the capacity of the electrode was studied. Both LTO and LFP electrodes exhibit a very high 
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volumetric capacity (~ 300 mA·h/cm3) compared to conventional composite ones. Finally, a lithium-

ion battery with LTO and LFP (obtained by PEM) as anode and cathode, respectively, and a 

commercial liquid electrolyte was tested. For that, a liquid electrolyte was used. The cell presented 

an excellent performance at the C-rate of C/12, simulating a typical day-night charge/discharge cycle, 

and reaching an energy density of 488 W·h/l after 50 cycles. 

The novel thick electrodes obtained in this work paves the way for the development of low-

cost stationary energy storage systems, which could be integrated into smart grids. The main 

advantage of this thick electrodes is that they do not require binders either the addition of conductive 

materials for their use. By eliminating these additives, the battery energy density is raised, the safety 

is improved (increasing the working temperature range), and the cost is reduced.  
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Resumen 

Actualmente, el desarrollo de nuevas baterías de ion-litio con mayor densidad energética y 

seguridad que las comerciales, es un importante reto para la comunidad científica. Actualmente, el 

aumento del espesor de los electrodos está siendo muy investigado, ya que permite reducir la cantidad 

de componentes inactivos (como colectores de corriente y separadores porosos), dando lugar a un 

aumento de la capacidad tanto gravimétrica como volumétrica del electrodo y a una reducción del 

coste. Por lo tanto, en este trabajo se obtienen nuevos electrodos gruesos y libres de aditivos de 

Li4Ti5O12 (LTO) y LiFePO4 (LFP) con aplicaciones en baterías de ion-litio de alta densidad 

energética. 

La tecnología de Moldeo por Extrusión de Polvos se usa para producir electrodos de LTO y 

LFP de ~ 500 µm de espesor. Por otro lado, electrodos de LTO de ~ 250 µm de espesor se fabrican 

mediante colado en cinta. Estas tecnologías son totalmente diferentes a los métodos convencionales 

de fabricación de electrodos y fueron seleccionadas por ser ampliamente utilizadas en la industria, ya 

que son fácilmente escalables y relativamente baratas. Además, todos los compuestos usados durante 

el procesado, incluidos los polvos de LTO y LFP, son productos comerciales. 

Las diferentes etapas de cada uno de los dos procesos se optimizaron para obtener electrodos 

libres de defectos. En el caso del LTO, se ha utilizado una atmósfera reductora durante los 

tratamientos térmicos lo que permite la descomposición incompleta del sistema ligante, dejando una 

pequeña cantidad de carbono residual en el electrodo y la reducción parcial de Ti4+ a Ti3+. La 

combinación de estos dos factores hace que el electrodo tenga una conductividad eléctrica adecuada 

y no sean necesario añadir carbono. En el caso del LFP, se ha usado una atmósfera inerte con el 

objetivo de evitar la oxidación del recubrimiento de carbono que ya estaba presente en el polvo de 

partida. Se ha hecho un estudio sistemático de la sinterización y de la estabilidad térmica de LTO y 

LFP analizando el efecto de la temperatura en la estructura y microestructura de los electrodos. En el 

caso del LTO, también se estudió el efecto de la atmósfera (aire, N2 y Ar/H2). Para ello se utilizaron 

las técnicas de difracción de rayos-X, microscopía electrónica y medidas de densidad. En general, los 

electrodos obtenidos presentan una alta porosidad (8-35 %), lo que resulta ser positivo para asegurar 

un buen contacto con el electrolito. 

Las propiedades electroquímicas de los electrodos libres de aditivos se midieron por 

cronopotenciometría en semi celdas de litio. Se analizó el comportamiento de los electrodos durante 

sucesivos ciclos de carga y descarga y, en el caso del LFP, se estudió el efecto del procesado, la 

temperatura de sinterización y la viscosidad del electrolito en la capacidad del electrodo. Tanto los 
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electrodos de LTO como los de LFP muestran capacidades por unidad de volumen muy altas (~ 300 

mA·h/cm3) comparados con los electrodos convencionales. Finalmente, se preparó una batería de 

ion-litio utilizando electrodos obtenidos mediante moldeo por extrusión, de LTO y LFP como ánodo 

y cátodo, respectivamente y electrolito líquido comercial. La batería muestra un excelente 

comportamiento para velocidades de carga y descarga de C/12, simulando un típico ciclo día-noche, 

y alcanzando, incluso después de 50 ciclos, una densidad energética de 488 W·h/l.  

Los nuevos electrodos obtenidos en este trabajo abren el camino al desarrollo de sistemas de 

almacenamiento de energía estacionario de bajo coste que podrían ser integrados en redes eléctricas 

inteligentes. Las principales ventajas de estos electrodos gruesos es que no necesitan aglomerantes ni 

la adición de carbono conductor para su utilización. Mediante la eliminación de estos aditivos, la 

densidad energética de la batería aumenta, la seguridad mejora (incrementando el intervalo de 

temperatura de trabajo) y se reduce el coste.  
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1.1. From fossil fuels to more sustainable energies 

Since the electrification and technological evolution derived from the Industrial 

Revolution, how people move and generate goods has changed. This has led to an increase in per 

capita energy consumption, which is becoming more dramatic, as world population grows. 

Nowadays, energy production is mainly based on the combustion of fossil fuels (oil, coal or gas), 

which produce highly contaminating gases with significant climate change risks. Moreover, fossil 

fuels are not geographically evenly distributed, and often deposits' location does not coincide with 

where exploitation takes place. These are only some of the main issues that we are currently facing 

for energy production and distribution. To address them, one possible solution is to develop and 

introduce alternative energy sources, which are based on affordable, sustainable and accessible 

energy resources (green energy) [1]. In this context, renewable energies technologies are excellent 

solutions, as they are virtually unlimited and environmentally friendly. Between them, solar and 

wind-power energies are among the most promising and widespread energy sources. However, 

they are inherently intermittent. Thus, a transition from a fossil-fuels based system to a renewable 

energy economy needs efficient energy storage systems (ESS) as a bridge between energy 

generation and energy consumption. 

 Unfortunately, currently we only have capacity for storing a minimum part of the energy 

consumed worldwide and most of this energy is stored in pumped hydroelectric plants, which have 

very low energy density [2]. Besides, cost per cycle, safety, maintenance, mobility and ease of use 

must be considered for developing alternative EES. There are other options for storing energy such 

as compressed air, batteries, fuel cells, flow batteries, solar fuels, superconducting magnetic ESS, 

capacitors and supercapacitors, flywheels or thermal ESS. Between them, lithium-ion batteries 

(LIBs), considered a developed technology, are desirable candidates for both mobile and stationary 

applications mainly due to their high coulombic efficiency and high energy and power densities 

(Figure 1. 1) [3].  
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Figure 1. 1. Comparison of specific energy and specific power for several energy storage systems. The acronyms refers to: 
SMES (superconducting magnetic energy storage), VRB (vanadium redox battery), ZnBr (zinc-bromine battery) and TES 
(thermal energy storage) [4]. 

Even though they are still under development for large-scale applications, LIBs could be 

integrated into a smart green grid to properly manage the electricity production and demand 

(Figure 1. 2) [5]. More importantly, LIBs are the ESS of choice for electric vehicles (EVs), which 

can also be included in smart grids to reduce the emission of greenhouse gases. EVs, however, are 

still not widely adapted, mainly due to the limited driving range of the car between charges. For 

this reason, further development of LIBs is required in terms of energy and power density [6]. 

Besides, it is not only about power and energy; cost, safety and reliability are particularly important 

aspects to be considered for new battery generations [7]. Therefore, the interest in developing LIBs 

has been increasing from the last decades and it will most probable be a very relevant research 

topic during the next years. 
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Figure 1. 2. Schematic representation of energy storage system integrated into a smart grid with renewable energy power 
generation [5]. 

Besides the attractiveness of lithium-ion batteries, cost reduction and safety improvements 

are the main challenges to widespread their commercialization for EVs and large-scale energy 

storage applications. From one side, the low relative abundance of materials and the high cost of 

battery manufacturing are the main contributions to the total energy production cost. By designing 

cheaper electroactive materials and moving to more efficient processing, the total cost of battery 

production can be significantly decreased [2]. On the other side, safety can be improved by using 

active materials with higher thermal stability and reducing the presence of flammable and 

thermally unstable compounds in the electrode.  
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1.2. Lithium-ion batteries 

1.2.1. Fundamentals 

A lithium-ion battery is an ESS which uses electrochemical reactions to generate power, 

which means that chemical energy is converted in electrical energy. A battery is usually composed 

of several cells, connected in parallel and/or in series to provide the required capacity and voltage, 

respectively.  Each cell consists of two electrodes separated by an electrolyte. Once the electrodes 

are connected through an external electrical circuit, the reactions occur spontaneously and 

simultaneously in both electrodes generating power. The potential difference between the 

electrodes is the cell voltage and it is directly correlated to the delivered energy [8]. Despite the 

term battery usually defines a system in which several cells are assembled, it is conventionally 

used to refer the final device even if it only contains a single cell, and so it will be used in this 

Thesis manuscript. 

A lithium-ion battery is a rechargeable (or secondary) battery. The operation of a 

conventional lithium-ion battery is mainly based on the reversible insertion of lithium cations in 

the cathodic and anodic active materials. During the discharge of a battery, the oxidation of the 

anode active material releases lithium cations, which diffuse to the cathode, and electrons, which 

are conducted to the external circuit. At the same time, the cathode active material receives lithium 

ions and electrons and is reduced to compensate for the charge. Copper and aluminium foils are 

used in contact with the anode and cathode, respectively, as current collectors. On the other hand, 

during battery charge, energy is applied to force the lithium ions migration to the anode (the charge 

process is not spontaneous) [9]. A diagram of the discharge/charge of a lithium-ion cell is shown 

in Figure 1. 3. 

 

Figure 1. 3. Schematic representation of the discharge/charge process of a lithium-ion battery. Adapted from [10]. 
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In a LIB, each material is characterized by a specific quantity of charge storage capability, 

which is called capacity. It is usually expressed in A·h and can be normalized by weight, volume 

or mol. The theoretical capacity of the material (normalized by weight) can be derived from 

Faraday’s law, and it represents the amount of charge that can be stored by the material in exam. 

Considering the Faraday’s constant, the charge of 1 mol of electrons corresponds to 96485.3329 

C. Thus, considering the number of electrons involved in an intercalation reaction, the theoretical 

coulombic capacity (𝑄𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙) for an electrode can be calculated by: 

𝑄𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 (𝑚𝐴 · ℎ · 𝑔−1) =
𝑛 · 𝐹

3600 · 𝑀𝑤
 

Where 𝑛 is the number of electrons in the reaction, 𝐹 the Faraday constant and 𝑀𝑤 the 

molecular weight of the active material.  

As the active material mass is obtained from the electrode weight, the specific current 

applied for charging or discharging the battery can be calculated. The current applied is usually 

expressed as C-rate. At a C-rate of C/10 or 1C the battery is discharged (or charged) in 10 h or 1 

h, respectively. To calculate the C-rate, the theoretical capacity of the material is employed.  

Thus, the specific capacity (mA·h·g-1) of the electrode (also called gravimetric capacity) is 

calculated from the total sum of the current that is transferred to the electrode during the 

charge/discharge: 

𝑄 =  ∫ 𝐼 𝑑𝑡
𝑡2

𝑡1
      

In the same way, if it is considered the current that flows at a certain voltage 𝑈 (typically 

the average voltage) during the experiment time, the specific energy (W·h·kg-1) is obtained: 

𝐸 =  ∫ 𝐼 · 𝑈(𝑡) 𝑑𝑡
𝑡2

𝑡1

 

However, the specific power of the cell (W·kg-1) is obtained by multiplying the output 

voltage by the specific current.  Notice that the voltage depends now on the state-of-charge (SOC) 

of the battery: 

𝑃 =  𝑉(𝑄) · 𝐼 

Analogously to mass, these parameters can be converted to their corresponding volumetric 

capacity, energy and power by considering the density of the material. 
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The coulombic efficiency of the cell (𝐶𝑒𝑓𝑓) is usually given, as it provides information 

about the reversibility of the charge/discharge process: 

𝐶𝑒𝑓𝑓 (%) =
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑐ℎ𝑎𝑟𝑔𝑒
𝑥 100 

The cycling stability and the lifetime of a cell is determined by the number of 

charge/discharge cycles for which the capacity retention is higher than 80 %. The capacity 

retention is the ratio of the discharge capacity of a cycle 𝑛 + 𝑦 to the discharge capacity of cycle 

𝑛, which usually is the first cycle or the cycle following the formation stage. 

𝐶𝑒𝑓𝑓 (%) =
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (𝑐𝑦𝑐𝑙𝑒 𝑛 + 𝑦)

𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  (𝑐𝑦𝑐𝑙𝑒 𝑛)
𝑥 100 

1.2.2. Electrodes for lithium-ion batteries 

Secondary lithium batteries were born in the 1970s when the idea of using intercalation 

compounds as the active material of the positive electrode began to be explored. In a first approach, 

a lithium foil was used as the negative material and an intercalation compound as the positive one 

(lithium-metal batteries). Despite the very high specific capacity of lithium metal (3860 mA·h/g), 

it was found that dendrites grow at the metal surface resulting in serious safety problems [8]. To 

overcome the safety concern, the use of intercalation compounds for both positive and negative 

electrodes was proposed [11] leading to the as-known lithium-ion batteries. 

In the following sub-chapters, a general overview of the most used negative and positive 

electrodes for commercial LIBs is presented. As Li4Ti5O12 and LiFePO4 are the active materials 

used in this work, they are explained with more details. 

1.2.2.1. Anodes 

For the last 20 years, graphite has been the most employed negative material for LIBs due 

to its high specific capacity (372 mA·h/g), high volumetric capacity, low average voltage, good 

thermal stability and good electronic conductivity between others. However, graphite presents 

some disadvantages. It undergoes moderate volumetric expansion/contraction during 

charge/discharge of the battery, which can result in the peeling off of the active material from the 

current collector and thus battery deterioration. Besides, the low and flat working voltage profile 

(between 0.1 and 0.2 V vs. Li+/Li) makes difficult to identify the end-of-charge, which may result 
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in an overcharge of the battery and a safety hazard. An important drawback of a battery containing 

graphite as the negative electrode is the irreversible capacity loss during the first charge due to the 

formation of a passivation layer on the electrode surface, called solid-electrolyte interface (SEI). 

This layer is formed as soon as a negative potential is applied to a carbon electrode immersed in 

an electrolyte. The SEI acts as a solid electrolyte between the electrode and the liquid electrolyte, 

preventing the anode from corrosion or dissolution. Thus, it is essential for a successful operation 

and safety of a LIB [12]. 

 Other negative materials, such as lithium alloys, have recently attracted attention due to 

their high specific capacities (e.g. 3579 mA·h/g for silicon). However, these materials generally 

suffer from massive expansion during lithiation-delithiation processes (e.g. 280 % for Si), which 

is their main drawback and limits their application [13].  

In this context, the spinel-type Li4Ti5O12 (LTO), is a good alternative to graphite as it is 

considered a zero strain material, that is, the volume expansion during lithiation/delithiation is 

negligible (0.2 %) compared to that of graphite (10 %), ensuring a high cycling stability and long 

operation life [14]. Because the two-phase mechanism during battery cycling, LTO presents a flat 

discharge/charge profile, cantered at 1.55 V vs. Li+/Li and its theoretical specific capacity is 175 

mA·h/g considering that each mol of Li4Ti5O12 can accommodate 3 mol of Li+: 

𝐿𝑖4𝑇𝑖5O12 + 3𝐿𝑖+ + 3𝑒−
 
⇄ 𝐿𝑖7𝑇𝑖5O12  

During lithiation, the lithium ions move from the 8a to the 16c sites (Figure 1. 4) and, when 

all 16c sites are occupied, a rock salt type structure is formed, corresponding to the composition 

Li7Ti5O12 (Figure 1. 4). The empty 8a sites facilitate lithium diffusion through 16c→8a→16c 

pathways [15]. 

 

Figure 1. 4. Structure of Li4Ti5O12 and Li7Ti5O12. Adapted from [16] 

(8a) position
(tetrahedral)

(16c) position
(octahedral)

spinel
rock salt type
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LTO has recently attracted considerable attention due to the minimum chance of SEI 

formation and dendritic growth, which enhances its rate capability and safety. However, LTO 

exhibits a very low electronic conductivity (~ 10-7 - 10-8 S/cm) [17,18] and low lithium-ion 

diffusion coefficient (~ 10-8 - 10-13 cm2/s) [19], which limits its capacity and rate performance. To 

solve this problem, doping is used to increase the electronic conductivity and lithium diffusion of 

LTO particles accompanied by a carbon coating for enhancing the electronic conductivity between 

LTO particles [20]. The carbon coating of LTO particles is a very effective method not only for 

improving the electrical conductivity of the material but also for acting as a barrier to the contact 

between the LTO particles and the carbonated electrolytes, preventing gassing (CO, CO2 and H2 

evolution) derived from the electrolyte decomposition [21]. Another approach for increasing the 

lithium diffusion coefficient is to reduce the particle size and consequently shorten the diffusion 

length. Many works have used nanoparticles to obtain LTO materials with high rate performance 

[22]. 

1.2.2.2. Cathodes 

The current commercial cathode materials for LIBs and their characteristics 

(specific/volumetric capacities and average voltage) are collected in Table 1. 1. The different 

materials and their main advantages and limitations are described in this section, [14], [23,24]. 

Table 1. 1. Features of the modern commercial cathode materials for lithium-ion batteries (crystal structure, specific and 

volumetric capacities and average voltage). Data were taken from [14]. 

Crystal 

structure 
Compound 

Theoretical/experimental 

specific capacity (mA·h/g) 

Average 

voltage 

(V) 

Layered 

LiCoO2 274/148 3.8 

LiNi1/3Mn1/3Co1/3O2 280/160 3.7 

LiNi0.80Co0.15Al0.05O2 279/199 3.7 

Spinel LiMn2O4 148/120 4.1 

Olivine LiFePO4 170/165 3.4 

 

LiCoO2 (LCO) was firstly proposed by G.B. Goodenough in 1980 [25] and used by Sony 

to produce the first commercial LIB in the 1990s. Since then, it has been the most widely used 

positive material for LIBs. It was very attractive due to its relatively high theoretical specific and 

volumetric capacities. However, its high cost (due to the relatively low abundance of Co), low 
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thermal stability, and relatively low practical specific capacity are the main reasons for its limited 

application, nowadays. In order to overcome LCO limitations, isostructural materials with LCO 

were proposed: LiMnO2 and LiNiO2.  

LiMnO2 was presented as a substitute to LCO due to its high thermal stability and safety. 

However, its cycling performance is not satisfactory, mainly due to the phase transition it 

undergoes during lithium insertion/extraction [26]. In order to enhance its specific capacity and 

structure stability, Ni and Co are added to the composition, resulting in LiNixMnyCo1-x-yO2 (NMC). 

This material has a higher capacity than LCO and similar working voltage, also with a lower cost 

because of the reduction of Co. It presents a good compromise between energy and power density 

which makes it be one of the most popular positive materials for current commercial high power 

LIBs, including EVs [27]. The subscripts of the formula are usually called by their atomic ratios. 

Thus, for example, LiNi0.5Mn0.3Co0.2O2 is known as NMC-532. An exception is 

LiNi1/3Mn1/3Co1/3O2, which is known as NMC-111 (referred to x = y = 1/3). The electrochemical 

performance and thermal properties of NMC depends on its composition [28]. 

On the other hand, LiNiO2, despite presenting similar theoretical specific capacity than 

LCO, is not favourable as Ni2+ ions tend to substitute Li+ sites during synthesis and lithium 

extraction, blocking the Li diffusion pathways [29]. To overcome this problem, the partial 

substitution of Ni by Co and the addition of Al results in the reduction of the cationic disorder and 

the improvement of the thermal stability. As a result, LiNi0.80Co0.15Al0.05O2 (NCA) was developed 

with outstanding energy and power densities, and it has been successfully implemented in the EVs 

industry. 

Another commercial cathode material is LiMn2O4 (LMO). It benefits from the relatively 

low cost of Mn, high power density and high safety which makes it have a place in the market for 

high power tools and even for some EVs models. Nonetheless, it presents low stability during 

cycling due to side reactions with the electrolyte and Mn dissolution [30] and has the lowest 

specific capacity between the commercial cathode materials. 

LiFePO4, firstly proposed by Goodenough et al. as a positive material for Li-ion batteries 

[31], has attracted much attention due to its fairly low cost and environmentally benignity (low 

toxicity). Furthermore, it has high structural stability, (contributing to long battery life), and high 

power density. 
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LFP exhibits a flat charge/discharge voltage profile at 3.5 V, within the electrochemical 

stability window of commercial electrolytes, which minimizes the decomposition of typical liquid 

electrolytes [32]. The theoretical capacity of LFP is 170 mA·h/g according to: 

𝐿𝑖𝐹𝑒𝑃O4

 
⇄ 𝐹𝑒𝑃O4 + 𝐿𝑖+ + 𝑒− 

Eventually, it is considered the safest cathode material, presenting a very high thermal 

stability and preventing O2 evolution and thermal runaway. The high structural stability of LFP is 

explained by its crystalline structure (Figure 1. 5). PO4 tetrahedra are zigzagged along [010] 

direction and alternating a-c planes. These tetrahedra serve as a bridge between the FeO6 octahedra 

of adjacent planes by sharing one edge with FeO6 and two edges with LiO6, which gives great 

stability to the structure due to the strong P-O covalent bond.  

 

Figure 1. 5. Crystal structure of LiFePO4 along the [001] direction. On the left image, the octahedra FeO6 (in bluish-green) 
and tetrahedra PO4 (in yellow) framework is represented, with Li ions in red. On the right image, the LiO6 octahedra are 
represented in green. Image were taken from [33]. 

Lithium motion in LFP mainly occurs through the 1D channels along the c axis direction 

[32]. During lithium insertion and extraction in the discharge-charge processes of a battery, the 

structural stability of LFP is excellent due to the volume restriction for the movement of the lithium 

atoms in the structure. Therefore, the volume difference between FePO4 and LiFePO4 is only 6.8% 

[34], which explains its excellent cyclability. As a consequence of this restriction for the ion 

movement, however, the lithium diffusion coefficient (D) in FePO4 and LiFePO4 is very low (10-

16-10-13 cm2/s) [35–37].  
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To give a general overview, Figure 1. 6 shows a spider chart of the main characteristics of 

the different commercial cathode materials. A score is provided for each feature so that “1” means 

the poorest performance and “5” the best one. It can be observed that NCA and NMC present high 

power and energy density, which justifies their widespread use in EVs [6]. However, safety 

associated to the risk of thermal runaway is a significant concern [38]. For LCO, as mentioned 

before, the main drawback is its low safety and high cost. On the other side, LMO is a good option 

in terms of power density and safety, but its stability is very poor and has a very low energy density. 

LFP presents an excellent performance in terms of power density, safety, stability and cost. Indeed, 

the main disadvantage of LFP lies in its lower energy density compared with other cathode 

materials. This is not due to its specific capacity (170 mA·h/g), among the highest ones, but to its 

average potential (3.5 V). Currently, experimental and commercial LFP cathodes achieve specific 

capacities close to the theoretical one (Table 1. 1). Therefore, the theoretical maximum specific 

energy is already reached. 

 

Figure 1. 6. Main challenges of cathode materials for lithium-ion batteries. The worst performance is scored as “1” and the 
best as “5”. Created from data of  [6]. 
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1.2.3. Conventional electrode manufacturing 

The different steps involved in the assembly of conventional LIBs are described in this 

section [8].  

The active materials for the anode and cathode are selected according to the final 

application of the battery. The preparation of both electrodes is very similar. First, a conductive 

agent (usually acetylene black, carbon black) is added to the powder to improve the electrical 

conductivity, and it may also mitigate the dilatation and contraction of the particles during lithium 

insertion and extraction. Then, a binder is added as plasticizer to favour the manipulation of the 

electrode. One of the most common binders is polyvinylidene fluoride (PVDF). However, it is 

dangerous for humans and the environment and, moreover, the expensive, toxic and flammable N-

N-methylpirrolydone (NMP) is used to dissolved it [39]. Next, the active material, carbon additive 

and dissolved binder are mixed and deposited on an aluminium foil (for the cathode) or copper foil 

(for the anode) usually by casting, coating or printing. After this, the film is calendared to reduce 

the porosity and, finally, they are cut to the desired dimensions.  Finally, alternate films of anode 

and cathode with a porous separator between them are stacked or rolled depending on the cell 

configuration (Figure 1. 7) and then the case is filled with the electrolyte. Usually, a period between 

12 and 24 hours is required for complete electrolyte wetting. Then, the so-called formation process 

occurs, by which an electronically passivation film forms at the electrolyte/electrode interface, 

known as the solid electrolyte interface (SEI).  

 

Figure 1. 7. Configurations for Li-ion batteries with different shapes and their components [33]. In these examples,               
Li1-xMn2O4 is the positive active material and carbon the negative one. 



19 | Chapter 1 

1.3. Beyond conventional lithium-ion batteries: thick electrodes and all 
solid-state batteries 

Since the past two decades, commercial lithium-ion batteries have achieved typical specific 

energies of ~250 W·h/kg and maximum energy densities of 690 W·h/l (see Table 1. 2) [40]. 

However, this still cannot satisfy the increasing demand for higher energy and power densities of 

large-scale energy storage and electric vehicles. Furthermore, the use of flammable, thermally 

unstable and corrosive organic liquid electrolytes of conventional batteries can lead to serious 

safety problems [41]. As a result, new manufacture of LIBs with higher energy density and safety 

toward lower cost are urgently needed.  

Table 1. 2. Theoretical and practical specific energy and energy density of commercial lithium-ion batteries [40]. 

Li-ion battery 

Theoretical 

specific energy 

(W·h/kg) 

Specific energy 

in 18650-size 

LIBs (W·h/kg) 

Theoretical 

energy density 

(W·h/l) 

Energy density 

in 18650-size 

LIBs (W·h/l) 

C/LiCoO2 420 206 1597 530 

C/LiNi1/3Mn1/3Co1/3O2 450 210 1561 530 

C/LiNi0.80Co0.15Al0.05 O2 470 265 1597 690 

C/LiMn2O4 330 132 1146 340 

C/LiFePO4 370 126 1126 325 

 

LIBs cost strongly depends on the electrodes’ chemical composition, but the non-active 

components (carbon additives, binders, separators and current collectors), which represent about 

half of the weight of the total battery, play an important role [33]. For this reason, a major LIB 

cost-cutting measure lies in the increase of electrodes’ areal capacity [42], which involves using 

much thicker electrodes than those employed in the current commercial batteries (usually no more 

than 100 µm thickness [43]). In addition, the removal of electrical inactive components leads to 

an increase of both gravimetric and volumetric energy densities. Figure 1. 8 represents a 

conventional electrode configuration, where thin anode and cathode are stacked, against a thick 

electrode configuration. By a rough calculation, if the electrode thickness is increased from 25 to 

200 µm, the inactive components can be reduced from 45 to 12 wt. % with the corresponding 

increased of active material (from 56 to 88 wt.%) [44].  
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Figure 1. 8. Schematic representation of the battery component’s ratios using conventional thin electrodes with stacking 
configuration and thick electrode (200 µm thickness) configuration. The percentages of the separator, the current collector 
and the electrode are expressed in weight %, the tap density of both anode and cathode was assumed to be 3.2 g·cm-3, and 
the packing thickness was not considered [44]. 

A good alternative to the current commercial LIBs using thick electrodes is the so-called 

all solid-state batteries (ASSBs) in which, instead of a porous separator soaked in a liquid 

electrolyte, a solid-state electrolyte (SSE) is employed. Despite solid electrolytes usually 

commonly exhibit lower ionic conductivities than liquid electrolytes, in the past years significant 

improvements have been achieved and, currently, some SSEs can reach conductivities up to ~10-

2 S·cm-1 [45], even higher than conventional organic liquids. One of the main advantages of all 

solid-state batteries is their high safety due to the substitution of combustible organic solvents by 

a solid electrolyte. Moreover, the highly cost solvents are avoided, and the time associated to 

drying, electrolyte wetting and SEI formation is not consumed. Besides, the use of solid 

electrolytes permits designing batteries with higher energy densities due to (1) the wider working 

voltage range of solid electrolytes (up to 5 V) compared to organic liquid electrolytes and (2) the 

possibility of using large specific capacity electrodes, such as lithium metal [46].  

Even if the all solid-state strategy seems to be a promising solution for developing high 

density safe lithium-ion batteries, ASSBs still face great challenges, such as (i) the high impedance 

of the electrode/electrolyte interface, (ii) the poor mechanical stability of the electrode/electrolyte 

interface due to volume changes of the electrodes during charging/discharging and (iii) the 

substantial increase in the thickness of composite electrodes frequently results in cracking and 
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delamination. Furthermore, an efficient and homogeneous transfer of electrons and ions through 

their entire volume must be guaranteed in order to avoid the performance decay of the cells (iv) 

new processing methods are needed to reduce their high manufacturing cost and allow their 

commercialization [47]. In an attempt to address the challenges associated with thick electrodes 

design, several approaches have been proposed. 

One attractive solution is using the additive manufacturing process, which allows designing 

electrodes with variable geometries. For that, a slurry containing the active material is added layer 

by layer. Thus, thick LTO (200, 450, 820 μm) [48] and LFP (1500 μm) [49] electrodes have been 

recently produced by 3D printing. These electrodes exhibit relatively high areal capacities (4.8 

mA·g·cm-2 at 0.2C for LTO and 7.5 mA·g·cm-2 for LFP at 0.1C). However, the presence of 

additives and binders in the printable inks reduces the gravimetric and volumetric electrode 

capacities and limits the thermal stability of the electrode.  

Further approaches in which binders and carbon additives are eliminated could improve 

the electrochemical performance of the battery and allow to operate at higher temperatures in 

which most of the binders are unstable, hence increasing the safety of the battery. Recently, binder-

free LTO and LFP ceramic electrodes (1 mm thickness) with high areal capacity (20 mA·h/cm-2) 

and highly porous (40 %) were fabricated by Spark Plasma Sintering (SPS), and a templating 

approach, using NaCl, and its subsequent removal by water [50]. The main drawbacks of this 

fabrication methodology (not discussed in the paper) are (i) the plausible ion-exchange reaction 

occurring, i.e., Li+ by H+ (water) and/or Na+ (NaCl), as a consequence of being in contact with 

NaCl aqueous solution, and (ii) the questionable industrial scale-up of the SPS process. 

The preparation of ceramic composites is also a common way of increasing the electrode 

thickness. In this context, Kanno et al. reported thick composite electrodes based on LiCoO2 (600 

μm) as cathode material and graphite as anode material with large areal capacity (15.7 mA·h/cm2) 

[51]. The composite electrodes were constituted by a mixture of glassy electrolyte (GE), and active 

electrode materials. Consequently, high capacity was achieved at the expense of weight increase. 

The weight increase is due to the high amount of electrolyte in the composite electrodes (36 and 

54 wt. % of GE in cathode and anode respectively). However, they are limited to the use of 

electrolytes and electrodes that do not react with each other at the sintering temperature. 

Furthermore, there are better alternatives to electrode materials than the toxic and costly LCO.  
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Although in the past years it is rapidly growing, the production of thick electrodes is still 

an unexplored field compared to, for example, the development of new active materials. However, 

the importance of new methods to obtain thick electrodes is being recognized, mainly focusing in 

avoiding the use of costly and toxic solvents, reducing the amount of inactive components and 

increasing the energy density of the battery. Thus, in this Thesis, new processing methods for the 

manufacturing of additive-free electrodes with high volumetric capacities are proposed. 
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The main objective of this work is to prepare additive-free thick electrodes with application 

in high energy density lithium-ion batteries. 

Li4Ti5O12 (LTO) and LiFePO4 (LFP) powders are selected as negative and positive active 

materials, respectively, based on their (i) outstanding cyclability, (ii) safety, (iii) environmentally 

friendly nature, (iv) almost zero-strain behaviour and (v) relatively low cost.  

To produce the electrodes, as alternatives to conventional electrode manufacturing, two 

processing methods will be proposed: (a) Powder Extrusion Moulding (PEM) and (b) conventional 

Tape Casting (TC) followed by a sintering step. We have selected these technologies because they 

are fast near-net-shape, easily scalable and relatively cost-effective manufacturing methods to 

produce thick electrodes. Both methods result in a sintered ceramic electrode with no additives 

(binders, extra conductive carbon). PEM will be used to obtain LTO and LFP electrodes (~ 500 

µm thickness), and TC will be employed to produce LTO electrodes (~ 250 µm thickness).  

The electrodes will be tested separately in lithium half cells (using lithium as the negative 

electrode). Finally, the additive-free LTO and LFP electrodes produced by PEM will be tested 

together in a full cell configuration to obtain a lithium-ion battery with high energy density.



 

 

 

 



 
 

33 | Chapter 2 

 
 

 

 

 

 

 

 

 

Chapter 2 
 

Characterization techniques 
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2.3. Differential Scanning Calorimetry (DSC) 

DSC is a thermoanalytical technique in which the changes of a material heat capacity with 

temperature are recorded as changes in heat flow. It allows the detection of thermal transitions 

such as glass transitions, melting, curing and phase changes. 

In this work, DSC was employed for identifying the melting temperature of the polymers 

employed as binder components for powder extrusion moulding. This information is very 

important for the design of the extrusion and debinding processes. 

DSC experiments were performed in a Perkin Elmer Diamond calorimeter under a dry N2 

flow. The sample under study was located into a hermetically closed aluminium pan and the heat 

changes are compared with an empty crucible as reference. Before measuring, the materials were 

heated from 30 to 180 °C at 10 ºC·min-1 and cooled down to room temperature at the same rate in 

order to remove the thermal history of the polymer and hence, to be able to compare between them. 

Then, the samples (of approximately 15 mg) were heated again in the same conditions to 180 ºC. 

Peak temperatures and melting enthalpies were determined from the second scan. 

2.4. Thermogravimetric Analysis (TGA) 

TGA experiments are employed to measure the variation in mass of a sample with the 

temperature or time using a purge gas to control the sample environment. For variable temperature 

measurements, temperature is increased at a constant rate. The results can provide information 

about loss of solvent or water, oxidation/reduction reactions or decompositions. Depending on the 

target of the experiment, the variables that can be controlled are the atmosphere (O2, N2 or a 

combination of both), the heating and cooling rate, the time at a constant temperature and the initial 

and final temperatures. 

In the case of this work, TGA was employed for different tasks: (1) to determine the 

decomposition temperature range of polymers and, consequently, for designing the heating cycles 

in different steps of the process, and (2) to study the thermal stability of different components.  

The equipment was a Perkin Elmer TGA Pyris1 analyser using air or N2 as working 

atmosphere. The temperature range was 30 to 600 °C and the heating rate was 10 °C/min. 

Polymeric samples were measured under N2 atmosphere, while ceramics were studied under air. 

The mass amount of each sample analysed was between 10 and 20 mg. 
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𝑚𝑠𝑒𝑎𝑙𝑒𝑑 is the mass of the sample sealed with the lacquer (g). 

𝑚𝑖𝑚𝑚𝑒𝑟𝑠𝑒𝑑 is the mass of the sample sealed with the lacquer and immersed in water (g). 

𝜌𝑤𝑎𝑡𝑒𝑟 is the density of water (at working temperature conditions). 

𝜌𝑙𝑎𝑐𝑞𝑢𝑒𝑟 is the density of the lacquer. 

As the materials tested in this work are porous, a lacquer (density of 1.1 g/cm3) was used 

as sealant agent. The measurement was repeated in three different samples of the same material 

and the average value was given. 

2.6. Elemental carbon determination 

The technique is based on the combustion of the sample and detection of the carbon 

released as CO2 using an infrared detector. The amount of carbon dioxide is calculated by detecting 

the reduction in the level of energy that reaches the detector. The rest of the infrared energy is 

prevented from reaching the detector by a narrow bandpass filter [4]. 

During the development of this work, elemental carbon analysis was used for determining 

the carbon content of LTO and LFP samples at the different steps of the processing. 

A Carbon/Sulfur Determinator (LECO CS-200 instrument) was used. In all cases, the 

sample weight was approximately 1 g, and the measurement was repeated five times for each 

batch, calculating the average value. For 1 g of material, the equipment can determine the carbon 

content in the range between 4 and 3.5·10-4 ppm, with a precision of 2 ppm.  

2.7. Particle size analyser 

The particle size distribution of a powder can be measured by using a particle size analyser 

based on the dispersion of a laser beam that impacts the sample. For that, the powder particles are 

suspended between a laser beam and a detector and the light dispersed by the particles is collected 

and used for calculating their size.    

The particle size and its distribution of commercial LTO and LFP powders was determined 

using a by a Malvern Mastersizer 2000. The experiments were carried out in dry conditions. 
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2.10. Impedance Spectroscopy (IS) 

Impedance is the ability of a circuit element to resist the electrical current flow. The Ohm’s 

law defines the resistance as the ratio between voltage and current. However, this is limited to one 

circuit element (the ideal resistor), the resistance is independent of frequency and the alternating 

current (AC) voltage and current through a resistor are in phase. However, real systems contain 

elements with much more complex behaviour and, for that, impedance is used instead of resistance. 

In impedance measurements, potential with constant amplitude and variable frequency is applied, 

and the resulting current is measured. The excitation potential is usually small (10-100 mV) in 

order to obtain a response at the same frequency than the excitation signal but shift in phase 

(pseudo-linear behaviour) [5]. By impedance measurements, information about capacitance and 

resistivity can be obtained. This information can be associated with a specific phenomenon that 

occurs in the electrochemical cell. Resistors accounts for all the resistive contributions of the cell, 

such as electronic or ionic movement either in the bulk or interfaces of the different materials. On 

the other hand, the double-layer capacitance due to the charge accumulation in the interfaces is 

represented by a capacitor. 

IS is a powerful technique for analysing the dynamics of charge in the bulk or interface of 

liquid and solid materials, which makes it be an excellent tool for research on materials to be used 

in a battery. IS provides information about capacitive behaviour, diffusion-limited reactions and 

electrochemical reactions. 

As the electronic conductivity of an electrode is a crucial parameter for its electrochemical 

performance in a Li-ion battery, the impedance of the manufactured LTO and LFP electrodes was 

measured to determine their conductivities at room temperature. For that, a gold paste was painted 

on both sides of the samples as blocking electrodes. The paint was spread on one surface of the 

material and dried at 150 °C for 5 min after painting the other side. Then the samples were treated 

at 800 °C for 30 min to fix the paint to the surface of the ceramics. A home-made cell was used 

for measuring the impedance (see Figure 2. 3). 

The equipment was an Impedance/Gain-Phase analyser SI 1260 (Solartron, UK) coupled 

with an Electrochemical Interface analyser SI 1287. The amplitude of the voltage applied was 100 

mV and the measurements were recorded in the frequency range between 0.1 Hz and 10 MHz.  
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Figure 2. 3. Home-made cell for impedance measurements at room temperature. 

2.11. Chronopotentiometry 

Chronopotentiometry is one of the most employed techniques for batteries electrochemical 

characterization. It consists on applying a constant current to an electrode and detect the changes 

at its interface, which causes a potential response that is recorded during time. Thus, during the 

discharge of the battery, a negative current is applied, and the current is reversed to positive for 

charging the battery when the cut-off voltage is reached or after a defined time. In this manner, 

several cycles can be measured to study the cycling performance of the cell. Charge/discharge 

voltage-time profiles of the redox active materials (either the cathodic or anodic material) can be 

analysed to obtain some key parameters as specific capacity, energy and power, efficiency and 

cycling stability. Typically, the specific capacity (Q in mA·h·g-1) of the material is reported for 

comparison with others and compared to the theoretical one.  

Ideally, the measured potential of the cell should be equal to the Open Circuit Voltage 

(OCV), i.e. the one measured when no current is applied and in a relax state. In this condition, all 

the chemical energy stored in the material would be converted into electric energy. However, as 

soon as the circuit is closed and current flows through the electrode, potential losses occur due to 

polarization effects. These effects consume part of the energy, which is lost as heat. The potential 

dependency on the discharge rate is represented in Figure 2. 4. Polarization is composed by three 

phenomena [6]. 

(1) Ohmic polarization (IR loss): it is due to the internal impedance of the electrode, which is 

the sum of the resistances of the different components of the cell. The higher the current, 

the higher the ohmic polarization. Only at very low currents the working potential 

approximates the OCV. Also, poor contact between the current collector and the working 
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electrode can produce bad current distribution along the electrode surface and hence 

increase the impedance in some parts and, consequently, the ohmic polarization. 

(2) Activation (or charge transfer) polarization: it is associated to the electrochemical reaction 

kinetics, specifically to the exchange of electrons (charge transfer). In practice, it is affected 

by several parameters, such as temperature, applied current, electrochemically active 

species concentration, reaction constants (material dependent, e.g. activation energy). 

(3) Concentration (or diffusion) polarization: it is a result from the concentration gradients 

between reactants and products at the electrode surface and inside the material, due to the 

mass transfer. The thickness of the electrode in ceramic materials is the main limitation for 

good diffusion. Therefore, in thick electrodes, porosity must be enhanced to counter for 

concentration polarization. 

 

Figure 2. 4. Representation of the cell polarization while increasing current [6]. 

For chronopotentiometry measurements, different cell configurations can be used by 

employing two or three electrodes cells. 

A two-electrodes cell consists of a working electrode (WE), which is the material under 

investigation, and a counter electrode (CE). The potential is measured between these two 

electrodes. This configuration simulates real conditions of a commercial cell, where no reference 

electrode is available. When testing materials to be applied in lithium batteries, the counter 

electrode is usually lithium metal. 
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On the other hand, a three-electrode configuration has an additional reference electrode 

(RE) among which no current flows, allowing to measure the potential of the WE and CE, 

minimizing polarization effects. As the potential of the positive and negative electrodes can be 

evaluated separately, this configuration provides a deeper understanding of the electrochemical 

processes that occur in the material. 

In this work, two-electrode cell configurations were employed (Swagelock cell and coin 

cell type CR2032). The specific conditions for chronopotentiometry measurements carried out for 

each material are specified in their corresponding chapter (see experimental procedure in Chapters 

3 and 4). 
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3.1. INTRODUCTION TO THERMOPLASTIC POWDER EXTRUSION 
MOLDING 

3.1.1. General description 

Powder Extrusion Moulding (PEM) is a processing technology for shaping 2-D pieces of 

ceramic or metallic powders. It is a close variant of Powder Injection Moulding (PIM) and 

combines the advantages of polymer extrusion moulding with those of conventional powder 

technologies. Both PIM and PEM processes use a combination polymeric and organic compounds 

(binder) with an inorganic powder to form a mixture (feedstock) that can be moulded. After 

shaping the feedstock, the binder is removed (debinding step), and the ceramic/metal is sintered. 

PIM and PEM technologies allow obtaining three-dimensional and bidimensional samples, 

respectively, with exceptionally good shape control. These processes are also cheap, easily 

scalable at the industrial level and automatable, which makes them very productive and widely 

employed [1]. 

3.1.2. Powder extrusion moulding steps 

In Powder Extrusion Moulding, the success of the process is based on the control and 

optimization of several steps. The process begins with the selection of the appropriate raw 

materials, which consist of ceramic or metallic powders, a binder system based on thermoplastic 

polymers and some additives to improve flow. The powder (usually between 45 and 65 vol. %) is 

mixed with the binder under proper conditions to obtain a homogeneous feedstock, which is fed 

to the extruder. During the extrusion, the so-called “green part” is obtained. This part already has 

the desired shape, but still contains the binder that must be removed. The debinding step can be 

performed in different ways, being the thermal debinding the most employed one. After the 

debinding, the so-called “brown part” is obtained. Due to the absence of binder, this part is very 

porous and presents low mechanical stability. Eventually, the brown part is densified by sintering 

obtaining the desired final properties of the material. Figure 3. 1 shows a schematic representation 

of the different steps of the process. 
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Figure 3. 1. Powder extrusion moulding process steps. 

3.1.2.1. Powder and binder selection 

In powder extrusion moulding, the selection of appropriated powder and binder as well as 

the optimization of the powder-binder composition are critical to ensure the success of the process. 

In order to check the suitability of a powder for PEM, a deep characterization is 

recommended. This includes analysing its composition, particle size distribution, morphology, 

density and surface chemistry (including coatings). In principle, spherical-shape powders with a 

low tendency to agglomerate are desired in order to avoid particle orientation. Moreover, a wide 

particle size distribution favours the packing of the particles to reach a high-density material [2]. 

The binder, which is responsible for the flowability of the feedstock, is usually a mixture 

of organic and polymeric compounds. Usually, thermoplastic systems are classified according to 

their main component. The most common main components are polypropylene (PP), polyethylene 

(PE), ethyl vinyl acetate (EVA) and polymethyl methacrylate (PMMA), between others [2]. Minor 

additives are normally added to modify the viscosity and to improve the powder-binder interaction. 

Low molecular weight compounds are usually employed for reducing the viscosity of the 

feedstock and easing the moulding. Between them, paraffin wax is one of the most widely used 

[3]. 
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3.1.2.2. Mixing 

During the mixing step, powder and binder must be properly mixed to obtain a 

homogeneous feedstock. For that, a specific mixing equipment (such as a rotor blade mixer or a 

screw extruder) is used. The mixture is heated until the binder melts, but without reaching its 

degradation temperature, under shear forces that favour the mixture of powder and binder. In this 

step, the powder loading, the homogeneity and the rheological properties must be controlled to 

obtain an appropriate feedstock. 

3.1.2.2.1. Powder loading 

The viscosity of the feedstock rises with the powder volume fraction (powder loading). 

The Critical Powder Volume Concentration (CPVC) is the maximum powder volume percentage 

in which the powder particles are in contact between each other and all the free volume is filled 

by the binder. If the system has a binder excess, the material is more susceptible to defects 

formation, while, if the powder loading is too high, some voids are created between the particles, 

preventing the contact with the binder. 

The CPVC depends on the binder composition and the powder characteristics. In such a 

way, the CPVC has to be estimated for each specific powder-binder system and for that, torque 

and viscosity measurements are commonly employed. 

3.1.2.2.2. Homogeneity 

A homogeneous feedstock is necessary to avoid phase separation during the extrusion 

process, to minimize geometry distortion during debinding and to favour the sintering. 

Temperature and shear stress applied during mixing are the most influent parameters in 

homogeneity. In general terms, the higher the shear stress the more homogeneous the feedstock is.  

3.1.2.2.3. Rheological properties 

The ability of a feedstock to be extruded is usually analysed by rheological measurements, 

in which the shear stress 𝜏 (Pa), defined as the resistance of a substance to flow per area unit, is 

measured at different shear rates γ̇ (s-1). Shear stress and shear rate are proportionally related by 

the viscosity 𝜂 (Pa·s), following the so-called Newtonian behaviour: 

𝜏 =  𝜂 ·  γ̇ 

The rheological behaviour of a mixture is directly related to its viscosity, which is 

characteristic of the system at a given shear rate.  
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However, when the relation between shear stress and shear rate is not linear, the fluid is 

called non-newtonian and the viscosity depends on the shear stress. One of the most common 

models for non-newtonians fluids is the power law model proposed by Ostwald and De Waele 

[4,5]: 

𝜏 = 𝜂 ·  γ̇𝑛 

where η is the viscosity, k the consistency index, γ̇ the shear rate and 𝑛 the power index. When n 

is lower than 1, the mixture presents a pseudoplastic behaviour, and the viscosity decreases when 

the shear rate increases. The value of n indicates the degree of sensitivity of viscosity with the 

shear rate. The lower the value of n the more sensitive is the viscosity to the shear rate.  

For pseudoplastic fluids, viscosity is only influenced by the shear rate. In PEM, these fluids 

are employed to favour the flow of the feedstock through the extruder. In this manner, the viscosity 

of the feedstock decreases when it encounters high shear rates inside the extruder and increases 

when the material comes out from the extrusion nozzle, allowing to retain the nozzle shape. 

The viscosity dependence with the temperature must also be studied, in order to optimize 

the temperature profile along the extrusion barrel and to control the flow of the feedstock. 

Normally, thermoplastic binders are often used, and they follow an Arrhenius-type equation:  

RTEaeT /
0)(  =  

where Ea is the flow activation energy, η0 is the viscosity at a reference temperature T and 

R is the ideal gas constant. 

3.1.2.3. Extrusion 

For the extrusion process, two kind of extruders can be used: piston extruder (or ram 

extruder) and screw extruder [2]. As the viscosity of the feedstock depends on the operating 

temperature, both systems are thermally controlled. 

In the first case, the feedstock fills a cylinder and it is forced, by means of a piston, to flow 

through a nozzle with a hole with the desired shape. Its main advantages are that it allows applying 

high pressures and the small number of moving parts permits minimizing sample contamination 

and tool wear.  
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A screw extruder, which is the most commonly used in PEM, consist in a barrel with a 

rotating screw inside. The ground feedstock is fed into the feeding zone and is then transported by 

the screw to the melting zone, in which the thermoplastic system melts allowing the flow of the 

mixture. The feedstock moves until the end of the barrel, where it comes out of the nozzle with a 

specific cross-section geometry, for example circular or rectangular. Figure 3. 2 includes a picture 

of a single-screw extruder and a schematic representation of the main parts of the equipment. 

During extrusion, the screw rotation rate and the barrel profile temperature are optimized 

in order to obtain the green parts. Moreover, the cooling rate of the extruded part can be increased 

by water immersion. 

 

Figure 3. 2. Picture of a Haake Rheomex OS Single Screw Extruder (left) and schematic representation of the different 
parts of the extruder (right). 

3.1.2.4. Debinding 

The debinding process is a critical step in thermoplastic powder extrusion moulding to 

avoid defects in the final pieces. There are different types of debinding: catalytic debinding, 

debinding using supercritical fluids, solvent debinding and thermal debinding. Between them, the 

thermal debinding is the most commonly used for thermoplastic binders. 

During a thermal debinding, temperature gradients and pressure rise inside the specimen 

may cause cracks. Moreover, debinding thermal cycles are usually very long, as the heating rates 

must be slow for minimizing bloating and blistering [2]. However, if some binder components are 

previously removed, internal channels are formed in the material, making easier the evacuation of 

the gases produced during the polymer thermal decomposition.  

An option to create an open porous structure in the sample is to use a solvent debinding 

stage before the thermal debinding. For that, the ceramic green parts are immersed in a solvent 

which dissolves one of the components of the binder, which usually are low molecular weight 
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compounds such as waxes. The removal of these components provides the creation of 

interconnected channels, favouring the evacuation of the gases coming from the subsequent 

decomposition of the rest of the binder components [6,7]. In the solvent debinding, an appropriate 

solvent must be selected, and immersion time and temperature are optimized.   

Moreover, multicomponent systems are beneficial for the thermal debinding, especially if 

their components present very different degradation temperatures, which allows removing them 

progressively. The thermal debinding is designed based on the decomposition temperature of the 

binder components that remain in the material. The heating rates programmed during the thermal 

cycle are critical to avoid cracks and defects in the brown parts. 

3.1.2.5. Sintering 

The sintering step consists in the densification of a powder by applying a heat treatment 

below the melting point of the material. During sintering, the main driving force of the process is 

the reduction of the surface energy, which can be principally due to (1) coarsening, the decrease 

of the total surface area as a consequence of grain growth and/or (2) densification, the removal of 

solid/vapor interfaces creating grain boundaries followed by grain growth, which densifies the 

material. These two mechanisms can occur simultaneously or one of them can dominate over the 

other. If the coarsening process is faster, both grains and pores become larger with the sintering 

time. On contrary, if the densification dominates, the pores decrease in size and the material 

shrinks [8,9]. 

Figure 3. 3 represents the three main stages of the sintering process. In the initial stage 

(Figure 3. 3-(a)), the contact between particles increases by neck growth. Relative densities of 

approximately 65 % can be reached during this step. The intermediate stage (Figure 3. 3-(b)) 

consists in the mass diffusion between particles, producing the formation of an open porous 

structure that leads to the creation of grain boundaries. During this stage, the material can densify 

from 65 to 90 % with respect to the theoretical density. Eventually, in the final stage (Figure 3. 3-

(c)), some pores are isolated, and the densification rate of the materials is very low. However, the 

mobility of pores and grains is high, leading to possible pore and grain growth [9].  
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Figure 3. 3. Schematic representation of different stages during sintering. The initial stage is represented by spherical 
particles in tangential contact. During the intermediate stage the particles coalesce acquiring a dodecahedral shape creating 
pore channels at the grain edges. In the final stage isolated pores are located in the edge corners. Image adapted from [9]. 

The optimization of the different parameters involved in the sintering process is 

fundamental to control the final properties of the sintered parts. Between them, heating and cooling 

rates, sintering time and temperature or sintering atmosphere are the most critical ones. 

3.1.3. Powder extrusion moulding applications 

One of the advantages of powder extrusion moulding is the capability of obtaining 

materials with different geometries, such as rods, tubes or prisms. Regarding to the applications, 

many different materials have been manufactured by PEM, such as metals (hard-metals [10], 

alloys [11] or stainless steel [12]) and ceramics (Si3N4 [13] or yttria-stabilized zirconia and ceria 

doped with gadolinium oxide [14]). 

The possibility of producing ceramics with different porosities claims a lot of interest in 

the research field of Solid Oxide Fuel Cells (SOFCs), in which high porosity is desired to favour 

gas diffusion. For example, Sotomayor et al. successfully produced 430L stainless steel supports 

with different porosities by controlling the powder loading and sintering conditions [15]. 

Moreover, the porosity can be promoted by the use of pore formers. For example, corn starch [16] 

or PMMA [17]. On the other hand, Arias et al. studied the influence of the particle size distribution 

in the porosity and final properties of Ni-YSZ microtubes [18]. 

However, no one, to the best of our knowledge, has investigated the production of ceramic 

electrodes for lithium-ion batteries by PEM yet. However, our group has a well-recognized 

experience in PEM technology [12,15–18] and we recently patented the use of this method for the 

production of lithium-ion batteries electrodes [19]. 

(a) Initial stage (b) Intermediate stage (c) Final stage
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3.2. OBJECTIVES 

The aim of the present study is to (1) obtain additive-free Li4Ti5O12 (LTO) and LiFePO4 

(LFP) electrodes with high thickness using the Powder Extrusion Moulding (PEM) technology 

and (2) prepare a full cell using the obtained LTO and LFP electrodes as anode and cathode, 

respectively, in order to obtain a high energy density lithium-ion battery. 

For the manufacturing of LTO and LFP thick electrodes by PEM, the different steps in 

which the process consists will be optimized. Firstly, composition, particle size distribution 

morphology, microstructure and density of both LTO and LFP (starting powders) will be 

investigated. Then, the binder components will be thermally characterized, and the feedstock 

composition selected according to torque and rheological measurements. Once the homogeneous 

feedstock is extruded, a debinding step will be designed based on the decomposition temperatures 

of the binder components. Eventually, LTO and LFP layers will be sintered to obtain the additive-

free electrodes. Structural, microstructural and electrical characterization of sintered LTO and LFP 

layers will be carried out to investigate the effect of sintering temperature and atmosphere in the 

final properties of the electrodes. The optimum additive-free LTO and LFP electrodes will be 

tested firstly separately in lithium half cells and finally, both electrodes will be tested together 

using a full cell configuration. 
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3.3. EXPERIMENTAL 

3.3.1. Materials 

3.3.1.1. Li4Ti5O12 and LiFePO4 powders 

Commercial Li4Ti5O12 (LTO) and LiFePO4 (LFP) powders were both provided by Linyi 

Gelon Lib Co. LTD. It is important to underline that the LiFePO4 powder presents a carbon coating 

and the total carbon content is 1.8 wt. % according to the specifications given by the provider.  

3.3.1.2. Binder system 

The binder system employed for powder extrusion moulding is a thermoplastic 

multicomponent system that consists in a mixture of polypropylene (PP), paraffin wax (PW) and 

stearic acid (SA). This system has been successfully used for PEM purpose in our laboratory 

previously. The molecular structure of each material is represented in Figure 3. 4.  

 

Figure 3. 4. Molecular structure of polypropylene (PP), paraffin wax (PW) and stearic acid (SA). 

The selected Polypropylene (Isplen PP 090 G2M, Repsol-YPF) acts as the backbone 

polymer of the binder, providing strength to the system. Its molecular weight (Mw) is in the range 

100000-150000 and the polymer presents a flow index of 55 g·10 min-1 (ISO 1133:2011, 230 

°C/2.16 kg). 

The Parafin Wax (Panreac, 99%) provides flowability by decreasing the viscosity of the 

binder compared to that of single polypropylene. This wax is a petroleum derivative formed by 

linear saturated hydrocarbon chains with variable length (n = 18-50) and few ramifications. 

The Stearic Acid (Panreac, 99%) is the surfactant agent and acts also as a lubricant helping 

to unstick from the extruder screw and cavities. The polar extreme of the chain presents high 

affinity for the powder surface, while the low polarity one is compatible with the binder system. 

In this manner, SA improves the contact between the powder and the binder. 
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3.3.2. Production of Li4Ti5O12 and LiFePO4 electrodes by powder extrusion 
moulding 

In this section, the different steps involved in LTO and LFP powder extrusion moulding 

are described. As the experimental procedure is analogous for both LTO and LFP materials, a 

common description of the process for both powders is given as follows. 

3.3.2.1. Feedstock preparation and characterization 

In order to mix the ceramic powder with the binder system and to optimize the powder 

loading, a pair roller rotor blade Haake Rheocord 252p mixer was employed. The equipment 

records the torque value during the mixing time. The chamber temperature was programmed at 

180 °C and the mixing was carried out at a speed of 40 r.p.m. for 40 min, including the addition 

of the different components. The mixture total mass was calculated for filling the 70 % of the 

chamber volume with respect to its maximum capacity (69 cm3). Figure 3. 5 shows a picture of 

the rotor blades inside the mixer chamber.  

 

Figure 3. 5. Rotor blade mixer chamber of a Haake Rheocord 252p mixer. 

Different mixtures were prepared by varying the powder/binder volume ratio. In all cases, 

the relative volumes of PP, PW and SA in the binder were maintained. The binder composition 

used in this work was optimized in previous studies [20] and was 50 vol. % of PP, 46 vol. % of 

PW and 4 vol. % of SA.  

 Table 3. 1 summarizes the volume percentage of the different components for the prepared 

mixtures. The mixtures were characterized in order to optimize the powder loading and to study 

their rheological properties for a good performance during the process. 

Rotor blades

Chamber
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Table 3. 1. Prepared mixtures and relative amounts of their components in volume percentage. 

Component Volume % 
Powder 

(LTO or LFP) 50.00 51.00 52.50 55.00 56.50 58.00 60.00 

PP 25.00 24.50 23.75 22.50 21.75 21.0 20.00 
PW 23.00 22.54 21.85 20.70 20.01 19.32 18.40 
SA 2.00 1.96 1.90 1.80 1.74 1.68 1.60 

 

3.3.2.1.1. Homogeneity 

The evolution of torque with mixing time offers information about the homogeneity and 

viscosity of the mixture. When the torque remains constant with mixing time, the steady-state 

torque (), which is a first indicator of homogeneity, is reached. However, complementary 

experiments can be developed to ensure a good feedstock homogeneity. 

First, the change in viscosity with time at a constant shear rate was measured for different 

mixtures. Feedstocks with same composition prepared in a rotor blade mixer and in a twin-screw 

extruder were measured and compared. A constant viscosity value with time is expected for 

homogeneous feedstocks, while the presence of heterogeneous parts in the mixtures would 

provoke viscosity variations. Secondly, the pycnometric density of three different fractions of the 

most homogeneous feedstock was measured and compared with the density value calculated from 

the relative volume fractions of each component and its respective density. If no material loss or 

degradation occur during the process, both density values should be equal. In addition, a low 

standard deviation of the average density value would indicate a good homogeneity while a high 

standard deviation implies a heterogeneous distribution of the powder within the binder. However, 

it must be considered that this is a qualitative approach.  

3.3.2.1.2. Critical Powder Volume Concentration (CPVC) 

Feedstocks with powder loadings very close to the CPVC have high viscosities as a 

consequence of the friction between the powder particles. For this reason, the optimal loading is 

considered to be between 2 and 5 vol. % lower than the CPVC [21]. 

Although there are several methods for estimating the CPVC, in this work a combination 

of torque and rheological measurements is employed for approaching the optimal powder loading 

of the feedstocks. 
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3.3.2.1.3. Rheological characterization 

In order to determine the ability of the feedstocks to be extruded, a deep rheological 

characterization was performed. As the binder behaves as a thermoplastic material, a capillary 

rheometer was used to measure the feedstock viscosity in a wide shear rate range and at different 

temperatures. 

3.3.2.2. Preparation of optimized feedstock 

First, the LTO and LFP powder loadings were optimized. A twin-screw extruder (Haake 

Rheomex) is used to obtain big quantities of feedstock. The twin-screw extruder can reach shear 

rates much higher than those of the rotor blade mixer, leading more homogeneous mixtures. 

Moreover, the extrusion allows obtaining big quantities of mixture by a continuous process, while 

the mixer chamber has a limited capacity. Thus, for preparing the optimized feedstocks an 

extrusion profile temperature of 160/165/170 °C for LTO and 170/175/180 °C for LFP was 

programmed and a speed of 70 r.p.m. was used. The materials were passed through the extruder 

three times to obtain homogeneous feedstocks.  

3.3.2.3. Extrusion 

To obtain LTO and LFP thick electrodes, the feedstocks were ground for feeding a single-

screw extruder. The extrusion process was done vertically through two different home-designed 

nozzles of 6 mm width and 0.5 or 1 mm thickness. A schematic representation of the 0.5 mm 

thickness nozzle is shown in Figure 3. 6-(a). The extruder machine (Figure 3. 6-(b)) was a Haake 

Rheomex OS Single Screw Extruder with four heating areas along the barrel from the feeder to 

the nozzle in which the temperature can be programmed individually. The barrel temperature 

profile was optimized and fixed to 170/175/185/155 °C and 175/178/182/185ºC for LTO and LFP, 

respectively. Green extruded electrodes of LTO and LFP of 0.5 and 1 mm of thickness were 

obtained.   
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Figure 3. 6. (a) Home-design extrusion nozzle of 0.5 mm thickness. (b) Single-screw extruder machine for LTO and LFP 
films extrusions.  

3.3.2.4. Debinding 

In this work the debinding was performed in two steps: (1st) solvent debinding and (2nd) 

thermal debinding. 

The solvent debinding was carried out by immersing the green electrodes in n-heptane for 

dissolving the binder components of lower molecular weight (SA and PW). The weight difference 

related to the initial mass of the sample was plotted against the immersion time. Thus, the extracted 

SA and PW at a certain immersion time t (𝑚𝑡(𝑆𝐴+𝑃𝑊)
) was calculated as: 

𝑚𝑡(𝑆𝐴+𝑃𝑊)
=  

𝑚𝑖𝑠𝑎𝑚𝑝𝑙𝑒−𝑚𝑓𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑖(𝑆𝐴+𝑃𝑊)

 

where 𝑚𝑖𝑠𝑎𝑚𝑝𝑙𝑒
 is the initial mass of the sample (t=0), 𝑚𝑓𝑠𝑎𝑚𝑝𝑙𝑒

 the mass of the sample after 

immersing for a specific time and 𝑚𝑖(𝑆𝐴+𝑃𝑊)
 the initial mass of SA and PW. 

The design of the thermal cycle was based on TGA experiments of the binder components 

and the optimized feedstocks. A furnace Goceram GD-DC-50 was used for the thermal debinding. 

For LTO three different batches of samples were prepared in air, N2 and Ar/H2 (5 vol. % H2). For 

LFP, the process was carried out in N2 atmosphere. After the debinding process, the carbon content 

of the extruded layers was measured. 

Extrusion nozzle
(Euroortodoncia S.L.)

(a) (b) Feeder

Nozzle

Extruded LFP/C layer
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3.3.2.5. Sintering  

The sintering process was optimized on the basis of density and shrinkage measurements. 

In all cases, a horizontal tubular furnace Carbolite STF 15/75/450 was employed and the heat 

treatment was performed under the same atmosphere used in the debinding process for each batch 

of samples. The heating and cooling rates were 2 °C/min and 5 °C/min, respectively. LTO 

electrodes were sintered at 900, 950, 1000, 1050 and 1100 °C for 1 h, while LFP was sintered at 

600, 650, 700, 750, 800 and 850 °C for 2 h. In the case of LFP, the samples were covered with the 

commercial LFP powder (the layers were buried in the powder) for preventing oxidation due to 

eventual oxygen impurities of the N2 gas.  

3.3.3. Electrochemical performances of sintered electrodes in lithium half cells 

3.3.3.1. Li4Ti5O12 electrodes 

The electrochemical properties of the LTO-extruded sintered electrodes were evaluated in 

collaboration with Instituto de Ciencia de Materiales de Madrid (ICMM-CSIC).  

The samples under study were compared with a conventional composite electrode 

composed of 80 wt. % of the starting commercial LTO powder, 10 wt. % of carbon black (Super-

P, TIMREX) and 10 wt. % of polyvinylidene fluoride (PVDF) and processed by the doctor-blade 

procedure. The maximum thickness of the cast electrodes was 110 µm and the mass loading was 

9.4 mg/cm2. In the case of the extruded electrode, the mass loading was 138 mg/cm2 (475 µm 

thickness) and a nickel grid was used as current collector in order to improve the contact with the 

sample and hence the current density distribution. 

The electrolyte was LiPF6 1M dissolved in EC:DMC (1:1 vol.%) (UBE) and a glass fibre 

separator (BSF80, Whatman) was used.  

The cell assembly was done in a glovebox (H2O and O2 < 0.1 ppm) using a coin cell type 

CR2032 with lithium metal foil as reference and counter electrodes and the material under study 

as working electrode.  

Galvanostatic measurements were carried out using a Biologic VMP3 multichannel tester 

with current densities of C/24, C/12 and C/8 from a potential of 1.0 V to 2.7 V. 
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3.3.3.2. LiFePO4 electrodes 

The electrochemical performances of the LFP-extruded cathodes were tested at Institut 

Chimie et Materiaux Paris-Est (ICMPE) of Centre National de la Recherche Scientifique (CNRS) 

in Paris (France), in collaboration with “Gruope d’Electrochimie et Spectroscopie des Matériaux” 

(GESMAT). 

The extruded cathodes were self-supported and consisted only in a sintered piece of 500 

µm thickness with a surface of (0.14) cm2, with a mass loading of 86 mg/cm2. In this case only 

two filters were employed as separators in order to reduce the thickness of the cell. The extruded 

cathodes were tested and compared with a composite electrode in which the starting LFP powder 

was the active material. Thus, the composite consisted in 80 wt. % of active material, 7.5 wt. % of 

acetylene black, 7.5 wt. % of graphite and 5 wt. % of Teflon as binder agent. This mixture was 

pressed on a stainless-steel grid (14 mm diameter) using 8 tons/cm2 of pressure. The mass loading 

was 24 mg/cm2. For cell assembly, three glass microfiber filters (Whatman GF/F) were used as 

separator.  

Two electrolytes were employed, both using a solution 1M of LiClO4 in (a) propylene 

carbonate (PC) or (b) propylene carbonate (PC), ethylene carbonate (EC) and dimethyl carbonate 

(DMC) (1:1:1 vol.%). In all the cases 150 µl were used. 

Coin cells type CR2032 were assembled inside a glovebox (H2O and O2 < 0.1 ppm), using 

a lithium foil as reference and counter electrode and the LFP-extruded material or the composite 

reference as working electrode. 

A Biologic VMP3 multichannel tester was employed for the galvanostatic tests. The 

measurements were performed at different current densities (from C/20 to C/2) in the potential 

range from 2 to 4 V and 2 to 4.5 V vs. Li+/Li at a temperature of 20 °C. 

The impedance of the cells was measured using a three-electrode cell in which a lithium 

wire and a gold wire acted as reference and counter electrodes, respectively. The lithium wire was 

in a separated compartment from the gold wire. Both electrodes were immersed together with the 

working LFP extruded electrode in an electrolyte 1M of LiClO4 in PC/EC/DMC (1/1/1 vol.). The 

impedance was measured between 8·104 and 2·10-3 Hz using an excitation signal of 5.7 mV. The 

measurements were carried out when the equilibrium potential was reached, considering a 

variation less than 1 mV during 1 h. 
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3.3.4. Electrochemical performances of a lithium-ion battery with extruded 
Li4Ti5O12 and LiFePO4 electrodes 

The electrochemical behaviour of a full cell, consisting of an LTO-extruded layer as 

negative electrode and a LFP-extruded layer as positive electrode, was investigated. The work was 

carried out at Helmholtz Institute Ulm (HIU) in Ulm (Germany) in the group “Electrochemistry 

for batteries”. 

 Firstly, the electrochemical performance of Li-LTO and Li-LFP was evaluated by using a 

two-electrode Swagelok-type cell. The sintered electrodes, which presented a surface of 0.25 cm2, 

were vacuum dried for 12 h at 120 ºC. The mass loading was 110 mg/cm2 for the LTO electrode 

and 90 mg/cm2 for the LFP electrode. 

The electrolyte was a 1M solution of LiPF6 in ethylene carbonate (EC) and dimethyl 

carbonate (DMC) in a weight ratio 1:1. A Whatman GF/A glass fibre film was employed as 

separator and a carbon felt was used as current collector. 

The cell assembly was carried out in a glove box with O2 and H2O content below 1 ppm. 

The battery cycler was a Maccor 4000 and the experiments were performed at 20 ºC using 

a constant current of C/24 during the first two cycles and C/12 for the following ones (1C = 170 

mA·g-1). The voltage range (vs. Li+/Li) for LTO and LFP half-cells was 1.0 - 2.0 V and 2.6 - 4.0 

V, respectively, and 1.0 – 2.8 V for the full-cell. 
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3.4. RESULTS 

3.4.1. Characterization of starting materials 

3.4.1.1. Li4Ti5O12 and LiFePO4 starting powders 

3.4.1.1.1. Carbon content and its distribution 

For Li4Ti5O12 and LiFePO4 materials, carbon coating is one of the most critical features to 

achieve the necessary electronic conductivity and hence obtain suitable electrochemical properties 

to be used as active materials in battery applications. Moreover, the distribution of carbon in the 

material is important for obtaining a homogeneous current distribution. 

The carbon content of the starting powders was measured by elemental carbon analysis 

resulting in a negligible carbon content for LTO (less than 0.05 wt. %) and 1.70 ± 0.01 wt. % for 

LFP. The results are in good agreement with the values supplied by the manufacturer (zero for 

LTO and 1.8 ± 0.3 wt. % for LPF). 

In order to analyse the carbon distribution and morphology on LTO and LFP particles, 

TEM analysis was conducted. In Figure 3. 7 it can be appreciated that both LTO and LFP present 

high crystallinity. LFP presents a homogeneous layer surrounding the crystalline particle, which 

is identified as amorphous carbon because of the characteristic contrast in the edge of the crystal 

[22]. This well-distributed carbon film around the ceramic particles is beneficial for obtaining a 

continuous pathway for the electrons motion throughout the electrode. As observed in the image, 

the thickness of the carbon coating is around 2 nm. According to previous studies [23], a thin layer 

between 1 and 2 nm is enough to supply electronic connectivity to the electrochemical active 

surface of the material, and a higher amount of carbon may introduce a barrier to the lithium 

diffusion and electrolyte penetration. Hence, during the processing of the LFP powder, special 

care must be taken to preserve the integrity of the amorphous carbon film over LFP particles. 

On the other hand, LTO particles, as expected, do not present any carbon coating. As no 

electronic conductivity is expected, a specific strategy will be employed during the processing of 

the LTO material in order to improve electronic conductivity. 
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Figure 3. 7. TEM images of Li4Ti5O12 and LiFePO4 particles from the corresponding starting powders. 

3.4.1.1.2. Particle size distribution and morphology 

The powders’ morphology was examined by SEM, using secondary electrons. In Figure 3. 

8 (left) it can be observed that both LTO and LFP particles present irregular shape, high 

agglomeration and a relatively wide distribution of particle size (1-3 µm). 

The particle size distribution was quantitatively measured by using a particle size analyser. 

The measurement determines the volume percentage of particles with a specific diameter and the 

percentage of particles with less than a specific diameter, represented as cumulative frequency. 

Figure 3. 8 (right) shows the particle size distribution for LTO and LFP powders. In both cases, a 

bimodal particle size distribution is observed. The two maximums are centred in 1.4 and 207 µm 

for LTO and 1.1 and 256 µm for LFP. However, a higher quantity of small particles is measured 

for LFP than for LTO, and the presence of agglomeration is more significant for LTO than for 

LFP. All these observations are in good agreement with the SEM images. 
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Figure 3. 8. Secondary electrons SEM image (left) and particle size distribution of starting Li4Ti5O12 and LiFePO4 powders 
(right). 

Powders with wide particle size distributions are easier to pack, as the small particles can 

occupy the void volume between the bigger ones. Thus, for obtaining high packing densities, a 

powder with a wide particle size distribution and big particles would be desirable. However, a very 

wide particle size distribution could provoke the collapse of the piece during the debinding step. 

The 𝑆𝑤 parameter, which indicates the width of the particle size distribution, is calculated 

from the following equation:  

𝑆𝑤 =  
2.56

log (
𝑑90

𝑑10
)
 

For each powder, 𝑑90, 𝑑50, 𝑑10 values are acquired from the graphs and, using these data, 

the parameter 𝑆𝑤 is obtained (Table 3. 2).  

The value dx indicates the diameter value for a given “x” (volume percentage) and indicates 

the “x” percentage of particles with a diameter lower than dx. For example, for LTO, d50 is 4.6, 

which means that 50 vol. % of particles have less than 4.6 µm of diameter. In this manner, the 
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values collected in Table 3. 2 show that bigger LTO particles are measured in comparison with 

LFP ones. The main difference between LTO and LFP powders comes from the volume percentage 

of agglomerates. The much higher d90 value for LTO than for LFP indicates the more significant 

agglomerate presence in LTO powders.  

On the other hand, this difference does not have a relevant effect on Sw. The lower the Sw 

parameter, the higher the particle size distribution width and, consequently, the easier the package 

of the powders. It is considered that 𝑆𝑤 value close to 2 represent easy moulding powders [1]. The 

results for 𝑆𝑤 show that both powders would be easily moulded and hence they are appropriate for 

powder extrusion moulding. 

Table 3. 2. Particle size distribution parameters for Li4Ti5O12 and LiFePO4 powders. 

Powder 𝒅𝟗𝟎 
(µm) 

𝒅𝟓𝟎 
(µm) 

𝒅𝟏𝟎 
(µm) 𝑺𝒘 

Li4Ti5O12 241.4 4.6 0.8 1.0 

LiFePO4 12.3 1.6 0.5 1.8 
 

3.4.1.1.3. Energy dispersive spectroscopy and X-ray diffraction 

The elemental composition of the as-received LTO and LFP powders was studied by 

Energy Dispersive Spectroscopy (EDS) using a scanning electron microscope equipped with an 

Energy-Dispersive X-ray (EDX) detector. The resulting spectra are reported in Figure 3. 9. In the 

case of LFP, peaks corresponding to the elements that compose the material (Fe, P, O and C) were 

identified. However, for LTO, apart from the expected elements (Ti and O), a signal identified as 

Al was observed and a relative weight of 1.7 % was measured. The origin of the Al is uncertain 

but could be attributed to LTO powder contamination during the synthesis process probably due 

to the use of alumina refractory crucibles or grinding instruments. In our case, as EDS is a surface 

technique, most of the measured aluminium content is expected to come from synthesis 

contamination and the Al presence inside LTO particles should be much lower than 1.7 wt. %  
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Figure 3. 9. SEM images of LTO and LFP powders and the corresponding EDS spectra of the marked areas. 

The possible presence of secondary phases was studied by powder XRD. Figure 3. 10 

shows x-ray diffraction patterns of LTO (left) and LFP (right) powders. In both cases, the 

diffraction maxima were identified with the corresponding diffraction planes (hkl) of pure 

Li4Ti5O12 (JCPDS #40-0207) and LiFePO4 (JCPDS #40-1499), respectively. LTO was indexed in 

a cubic spinel-type structure with space group Fd-3m. No secondary phases were identified in the 

XRD pattern. On the other hand, LFP crystallizes in an orthorhombic system with olivine-type 

structure based on the Pnma space group. No secondary phases are observed, and carbon 

identification is not possible due to its small quantity in the phase and its amorphous structure. 

 

Figure 3. 10. X-ray diffraction patterns of Li4Ti5O12 (left) and LiFePO4 (right) powders and their corresponding reference 
pattern JCPDS #40-0207 and #40-1499, respectively. 
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As the commercial LTO powder presents a small quantity of Al (1.7 wt. %), its presence 

may affect LTO structural and electrical properties. In octahedral coordination, the ionic radius of 

Al3+ (0.53 Å) is smaller than that of Ti4+ (0.605 Å) or Li+ (0.74 Å), so a partial substitution of Ti 

or Li by Al may occur. This chemical substitution could produce oxygen vacancies, which would 

increase the ionic conductivity of the material. This fact improves the electrochemical performance 

of the electrode, reaching higher initial discharge capacity and rate capability than Li4Ti5O12 

[24,25]. Despite the presence of aluminium in the acquired LTO powder could result beneficial 

for the electrochemical performance of the final anode, high aluminium contents can lead to the 

formation of a secondary phase, identified as LiAlO2 [26]. In order to study the effect of Al in the 

structure of LTO, the X-ray diffraction pattern was analysed by the Rietveld’s method using the 

Fullprof Suite program [27] and considering a partial substitution of x=0.27 in Li4Ti5-xAlxO12 

according to the Al quantity detected by EDS and considering that all the aluminium detected is 

in the LTO structure. On the other hand, the XRD refinement of LFP was also done using the same 

method. 

The parameters of LTO and LFP were successfully refined by using the space groups Fd-

3m (Nº 227) and Pnma (Nº 62), respectively, considering the atomic positions given by Leonidov 

et al. for LTO [28] and Rousse et al. for LFP [29] (see Supplementary information-Table S3. 1). 

A summary of the structural parameters obtained from the Rietveld analysis of LTO and LFP 

powder XRD patterns is collected in Supplementary information-Table S3. 2 and the diffraction 

patterns of the refinement are illustrated in Supplementary information-Figure S3 .1. 

In the case of LTO, the calculated cell parameter (8.3305(7) Å) is slightly lower than that 

reported in the literature for Li4Ti5O12 (8.354 Å) [28]. This is attributed to a partial substitution of 

Ti by Al. Related to the position in which Al is substituted, there is some controversy in the 

literature between the 8a position for Li and the 16d position for Ti. In this work, the XRD patterns 

of Li4Ti5-xAlxO12 (x=0.25) and Li4-xAlxTi5O12 (x=0.25) were simulated (see Supplementary 

information-Figure S3.2). However, no changes in the relative intensities of the diffraction 

maxima were observed, which indicates that the XRD results are not sensitive to the occupancies. 

Anyway, in the literature it is reported that independently of the position in which the substitution 

occurs, the cell parameter decreases [30,31]. For LFP, the cell parameters refined in the present 

study are a = 10.3210(2) Å, b = 6.0002(3) Å and c = 4.6897(2) Å. The calculated parameters show 

good agreement with those reported in the literature, varying less than 0.05 Å when compared with 

refined data from neutron diffraction [32]. 
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3.4.1.1.4. Density 

The pycnometric density of LTO and LFP powders was measured and the results were 

compared with the crystallographic density obtained from the Rietveld analysis carried out for the 

XRD patterns (Table 3. 3). In both cases the values obtained by the two different methods are 

similar. However, as expected, the pycnometric density is slightly lower than the crystallographic 

one due to the presence of defects in the crystalline structures. Hence, the pycnometric density is 

considered the maximum one that can be obtained, and normally it is referred as theoretical 

density. 

Table 3. 3. Theoretical and crystallographic densities of LTO and LFP powders. 

Material 
Density (g/cm3) 

Helium pycnometry 
(Theoretical) 

Rietveld Refinement 
(Crystallographic) 

Li4Ti5O12 3.49 ± 0.01 3.531 

LiFePO4 3.57 ± 0.01 3.607 
 

3.4.1.2. Binder system 

The characterization of the binder components was carried out by means of DSC and TGA. 

Melting temperatures of the binder components were determined by DSC experiments, while 

decomposition temperature ranges were estimated by TGA. In Figure 3. 11, the DSC and TGA 

curves of each component are included. The melting temperatures were identified in the DSC 

curves as endothermic peaks. For PP and SA, a single endothermic peak was observed at 164 and 

73 ºC, respectively, while PW present two endothermic peaks at 32 and 53 ºC. The first peak 

corresponds to a solid-solid transition from hexagonal to orthorhombic structure of PW [33], while 

the second one is related to the melting process of the crystals. On the other hand, the 

decomposition temperature ranges were determined from the temperature in which the weight loss 

starts (T1) until the end of the weight loss (T2). Table 3. 4 collects the melting temperature, the 

decomposition temperature range and the pycnometric density of each binder component. 



 

 
72 | Additive-free thick Li4Ti5O12 and LiFePO4 electrodes manufactured by Powder Extrusion Moulding 

 

Figure 3. 11. DSC (left) and TGA curves (right) for polypropylene (PP), paraffin wax (PW) and stearic acid (SA).  

Table 3. 4. Pycnometric density, melting temperature, onset temperature, offset temperature and decomposition 

temperature range of PP, PW and SA. 

Component Pycnometric density 
(g·cm-3) 

Melting 
temperature 

(°C) 
Decomposition 

temperature range  
(°C) 

Polypropylene (PP) 0.89 ± 0.01 164 300-475 
Paraffin wax (PW) 0.91 ± 0.01 53 200-350 
Stearic acid (SA) 1.01 ± 0.01 73 200-300 
 

The decomposition of the three components takes place in different temperature ranges, 

which will allow designing a thermal debinding cycle which ensures their progressive removal. 

From the melting temperatures of PP, PW and SA and the corresponding decomposition 

temperature range, the mixing temperature was selected as 180 ºC in order to guarantee the melting 

of all binder components without degradation of any of them.  
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3.4.2. Li4Ti5O12 electrodes 

3.4.2.1. Feedstock characterization 

The different prepared LTO-feedstocks were characterized in terms of homogeneity and 

the Critical Powder Volume Concentration (CPVC). For that, torque, viscosity and density 

measurements were carried out. 

3.4.2.1.1. Torque measurements 

The mixing torque, which corresponds to the effort required by the rotor blade mixer, is an 

indicator of the viscosity of the powder-binder mixture. So, the homogeneity of the mixture is 

estimated by the variation of the mixing torque over a period of time. Torque curves for mixtures 

with different powder loadings are plotted in Figure 3. 12-(a). At the beginning of mixing process, 

small portions of binder components are added in the following order: polypropylene, paraffin 

wax and stearic acid. Subsequently, powder is progressively incorporated into the mixture, while 

an increment of torque is registered due to a bad distribution of the powder within the binder. 

When all the powder is added, the torque started decreasing until reaching a constant value, called 

the steady state (τ), which indicates a good mixture homogeneity. In this work, τ is calculated as 

the average torque values in the last 5 minutes of mixing for all mixtures except the one with 60 

vol. % of LTO, which does not reach the steady state torque, indicating poor homogeneity. In 

Figure 3. 12-(b), τ values are plotted against different powder loadings. In the graph, two regions 

are clearly distinguished. In the first one, below 55 vol. % of LTO, the steady-state toque remains 

almost constant. In the second region, however, a pronounced increase of the steady-state torque 

occurs while increasing the powder loading. 
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Figure 3. 12. (a) Torque against mixing time for mixtures with different LTO vol.%. (b) Steady-state toque variation with 
LTO powder charge. 

It must be underlined that, in all cases, τ remains almost constant for low powder loadings, 

as there is enough binder to cover all the ceramic particles and reduce the friction between them. 

However, an abrupt growth occurs when a certain powder loading is reached, caused by the friction 

between the powder particles because the too low binder content.  

This behaviour was observed before in mixtures of other ceramic powders prepared in our 

laboratory using the same mixing equipment and procedure. Figure 3. 13 collects the results of τ 

for different powder loadings of Li4Ti5O12 prepared in this work (d10=0.8, d50=4.6 and d90=241.4 

µm), NiO-YSZ (d10=0.3, d50=1.1 and d90=14.3 µm) [18] and alumina (d10=0.8, d50=45.0 and 

d90=170.0 µm) [7]. Comparing different particle diameters of a given powder, in the case of Ni-

YSZ it was reported that the steady-state torque increases with the particle diameter [18]. Thus, 

the difference in τ between the feedstocks could be related in principle with their particle size 

distribution. However, the relation between the particle size distribution and the steady-state torque 

is not clear. Also, the particle morphology and the binder composition can affect the torque 

response of the system.  

For determining the CPVC different criteria can be used, and no standard criteria was found 

in the literature. In powder injection moulding, some authors determine the CPVC from the point 

in which the slope sharply changes, and the optimal loading is considered to be between 2 and 5 

vol. % lower than the CPVC [1,34]. In our case, we think the CPVC could be considered as a 
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region and not a single value. Feedstocks with slightly different powder loadings located in the 

slope change region can all be suitable for being extruded. For the feedstocks prepared previously 

in our laboratory, the optimal solid loading was 65 vol. % for Ni-YSZ and 58 vol. % for alumina. 

In this manner, and based on our previous experience, we propose that the CPVC is slightly higher 

than the powder loading value at the inflection point of the τ graph. Thus, a powder loading of 55 

vol. % was selected as the CPVC for LTO feedstocks.  

 

Figure 3. 13. Steady-state torque (τ) variation with powder loading for feedstocks of alumina and Ni-YSZ powders [7,18] 
and LTO feedstocks prepared in this work. 

3.4.2.1.2. Homogeneity 

The homogeneity of the feedstock is an important feature which influences the different 

parts of the process as well as the final properties of the sintered samples. The presence of 

agglomerates influences the flow behaviour of the feedstock and may cause defects in the sintered 

bodies. A homogeneous feedstock with no segregation between the powder and the binder is 

desired. Thus, to evaluate the homogeneity of the prepared feedstocks, viscosity and density 

experiments were performed. 

As the agglomerates can influence the viscosity of a mixture, a homogeneous feedstock 

should have constant viscosity during mixing time. The viscosity variation with the time of three 

different feedstocks prepared in a rotor blade mixer was measured. The measurements were carried 

out at the extrusion temperature (180 ºC) and at a constant shear rate of 1000 s-1, which is a typical 

shear rate value usually reached in PEM process, as mentioned before. Figure 3. 14-(a) shows the 

results for feedstocks with 50, 55 and 58 vol. % of powder loading. As the polymeric binder cannot 

surround perfectly all the particles, the viscosity increases with the powder loading as a 
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consequence of the higher friction between the powder particles. For the feedstock with the lowest 

powder loading (50 vol. %), the viscosity remains constant with the mixing time, indicating a good 

homogeneity. On the other hand, for higher powder contents the viscosity changes during the 

measurement, which can be explained by the presence of powder agglomerates in the feedstocks. 

This means that during mixing, these agglomerates are not broken, and this phenomenon is more 

significant in the mixtures with high powder loadings. From these results, it can be deduced that 

using a rotor blade mixer employed for preparing the feedstocks results in a not completely 

homogeneous mixing of powder and binder. In addition, torque measurements using the rotor 

blade mixer resulted to be not sensitive enough to determine the presence of agglomerates in a 

mixture and reaching the steady-state torque is not always enough to demonstrate a good mixture 

homogeneity. Consequently, this experiment shows approximately the maximum powder loading 

admitted by the system. 

To improve the mixing of the powder within the binder and to reach a good feedstock 

homogeneity, a twin-screw extruder was employed for preparing the feedstock. The evolution of 

viscosity with the time for the feedstock with 55 vol. % of powder loading is displayed in Figure 

3. 14-(b). It can be observed that the viscosity remains constant during the time, indicating a high 

homogeneity. This is attributed to the high shear rates that the feedstock encounters inside the 

extruder, which led to a more homogeneous powder distribution within the binder, reducing the 

agglomerates. 

 

Figure 3. 14. Variation of viscosity with time for feedstocks with (a) 50, 55 and 58 vol. % of LTO prepared in a rotor blade 
mixer and (b) 55 vol. % of LTO prepared in a twin-screw extruder. The experiments were carried out at 180 ºC and at a 
constant shear rate of 1000 s-1. 

The homogeneity of the feedstock prepared in the twin-screw extruder was also analysed 

by measuring its density on a helium pycnometer, resulting in 2.346 ± 0.002 g/cm3, while the 
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theoretical density, obtained by the mixture rule and the theoretical density of each component, is 

2.380 g/cm3. This fact indicates that no significant feedstock compositional change occurred 

during the mixing step, keeping the ratio between the different components. Moreover, the low 

standard deviation indicates that the different fractions (at least three) of feedstock have very 

similar density and, hence, the feedstock is homogeneous. 

According to these results, the twin-screw extruder was selected for preparing a 

homogeneous feedstock of 55 vol. % of LTO, which will be used for obtaining extruded layers. 

3.4.2.1.3. Rheological characterization 

A rheological characterization of a feedstock is crucial to determine its ability to be 

extruded and allows to calculate useful parameters such as flow index or activation energy, can be 

calculated. However, due to the poor homogeneity of the feedstocks prepared in the rotor blade 

mixer, a high dispersion of the values in the viscosity curves was obtained, not being possible to 

fit the data and calculate the rheological parameters. Figure 3. 15 shows the difference in the 

rheological curves of two different feedstocks of same composition prepared separately in a rotor 

blade mixer and in a twin extruder. By using the mixer, erratic data were obtained at the different 

temperatures, with random variations of viscosity in the shear rate interval. On the other hand, 

when the extruder is used for mixing, the viscosity decreases with the shear rate following the 

power law model proposed by Ostwald and De Waele [4,5] and previously mentioned: 

η = k γ̇𝑛−1 

As the viscosity decreases with the shear rate, the feedstock presents a pseudoplastic 

behaviour, which is the most convenient for extrusion process since (i) the viscosity decreases with 

the shear rate, which is higher when feedstock is forced to pass through the nozzle and (ii) the 

viscosity increases when the shear rate ceases, that is, when the feedstock get out of the extrusion 

nozzle, allowing to maintain the geometry of the layer. Furthermore, all the values are lower than 

1000 Pa·s between 100 and 2000 s-1. These values are considered as a reference for a successful 

PIM process and in our specific case of powder extrusion moulding the maximum shear rates 

encountered in the twin-screw extruder is around 1800 s-1 [35]. 
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Figure 3. 15. Evolution of viscosity with shear rate at different temperatures for feedstocks with 55 vol. % of LTO prepared 
(a) in a rotor blade mixer and (b) in a twin-screw extruder. 

As the viscosity of the different feedstocks follow the Ostwald and De Waele power law 

model, the power law index was obtained from the slope of linear regression of the logarithmic 

representation of the viscosity versus the shear rate between 100 and 2000 s-1. The corresponding 

linear fittings are plotted in Figure 3. 15-(b). The preparation of several feedstocks with different 

powder loadings using a twin-screw extruder was not practicable in this work due to the large 

amount of material needed for loading the extruder equipment. Therefore, the rheological 

characterization was done only for the feedstock of 55 vol. % of LTO prepared in the twin-screw 

extruder. 

The calculated power indexes at each temperature are collected in Table 3. 5. It is observed 

that n increases with the temperature, which means that the feedstock at high temperatures is less 

pseudoplastic. Comparing with other feedstocks prepared with similar binder formulation, such as 

injected YSZ [20] or Ni-YSZ [18], the n value of LTO-feedstock is higher, which indicates it is 

less sensitive to shear rate. 

Table 3. 5. Calculated power law indexes of 55 vol. % LTO feedstock for temperatures between 160 and 190 ºC. The 

regression coefficients of the linear fittings are also indicated in brackets. 

T (ºC) 160 170 180 190 

n  

(R) 

0.46 

(0.986) 

0.55  

(0.992) 

0.57  

(0.995) 

0.64 

(0.988) 

 

The variation of viscosity with the temperature is also important in extrusion process 
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mentioned, the viscosity in a thermoplastic system displays an Arrhenius-type dependence with 

temperature, following the equation:  

RTEaeT /
0)(  =  

where Ea is the flow activation energy, η0 is the viscosity at a reference temperature T and 

R is the gas constant. As seen in Figure 3. 15-(b), the viscosity decreases with the temperature, 

which is explained by: (1) the viscosity of the binder decreases with temperature, due to a higher 

mobility of the polymeric chains and (2) the thermal expansion of the binder, reduces the contact 

between the powder particles [1]. The activation energy (Ea), calculated from the linear fit of ln 𝜂 

versus 1/T for viscosity values between 160 and 190 ºC at a constant shear rate of 1000 s-1, (Figure 

3. 16) is 73.2 kJ/mol. This value is relatively high compared to those previously reported. For 

example, for extruded Ni-YSZ feedstocks Ea values were in the range of 27-39 kJ/mol for powder 

loadings of 55 to 65 vol. %. However, a similar activation energy than that obtained for LTO was 

reported before for successful injection moulding of alumina using a powder loading of 55 vol. %  

(69.2 kJ/mol) [3]. This means that the LTO-feedstock prepared in this work is highly sensitive to 

temperature changes. Thus, as the feedstock comes out of the nozzle, the temperature decreases 

and consequently the viscosity increases, leading to optimal shape retention. If the viscosity does 

not increase quickly, the cross-section of the extruded material could be reduced leading to a 

geometry distortion. For this reason, a high activation energy is beneficial for the process. 

 

Figure 3. 16. Linear fit for the activation energy calculation of the optimized LTO feedstock. 
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3.4.2.2. Extrusion and green pieces 

Based on torque measurements and the rheological characterization, the feedstock with 55 

vol. % of powder loading was selected as the optimum for powder extrusion moulding. Therefore, 

larger quantities of feedstock were prepared in a twin-screw extruder. Inspection of the feedstock 

was performed by SEM in order to check the distribution of the powder and the binder (see Figure 

3. 17). In the BSE image, the bright parts correspond to LTO while the dark zones represent the 

binder. LTO particles are embedded in the binder which is homogeneously distributed through the 

material. SEM inspection was carried out in different fractions of the same feedstock and 

analogous images were observed, which confirms the good homogeneity of the mixture. 

 

Figure 3. 17. SEM images of 55 vol. % LTO feedstock using SE and BSE detectors. 

Extrusion moulding allowed obtaining the so-called green layers of 0.5 and 1 mm of 

thickness.  The temperature profile along the barrel was optimized to obtain defect-free samples. 

From the feeding area to the nozzle, four resistors were programmed at 170, 175, 185 and 155 ºC, 

respectively. 185 ºC was the maximum programmed temperature to avoid binder degradation. The 

last resistor, placed adjacent to the nozzle, was found to be of critical importance to achieve the 

desired film geometry. As mentioned before, in vertical extrusion, a reduction of the cross-section 

of the film may happen associated to a low viscosity of the feedstock when getting out of the 

nozzle. This defect is usually known as necking. In such a way, temperature and extrusion speed 

are important control parameters. On one side, the higher the temperature the lower the viscosity 

and the more probable is the necking to happen. Therefore, the temperature was gradually 

decreased along the extrusion barrel from 185 ºC in the feeding area to 155 ºC in the nozzle to 

minimize the necking. As calculated before, the feedstock has a very high activation energy (73.2 

kJ/mol), so a fast cooling of the extruded layers would reduce substantially the viscosity of the 

extruded material and help it retain the geometry. Therefore, the samples were cooled down to 

room temperature by immersion in water just in the output of the nozzle in order to drastically 
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reduce the viscosity. Figure 3. 18-(a) includes an example of LTO green layers of 0.5 and 1 mm 

thickness and 6 cm length. Longer samples were not produced, as the collapse of the geometry 

happened. The first inspection of the layers showed flat pieces with good geometry retention and 

no macroscopic defects. The cross-section of a green LTO layer was further inspected by SEM 

(Figure 3. 18-(b)). Firstly, the dimensions of the cross-section were measured and, with respect to 

the nozzle dimensions (0.5 mm thickness and 6 mm width), a contraction of the extruded layer is 

observed. In addition, it is observed that the thickness of the layer considerably decreases from the 

centre of the piece to the extremes, from approximately 480 µm to 400 µm. These facts can be 

attributed to the fast cooling of the material coming out from the nozzle and being immersed in 

water, which provokes a contraction of the binder and, therefore, a reduction of the layer size. The 

anisotropic contraction of the thickness is attributed to the nozzle geometry, as the feedstock 

supports higher tension in the corners of the nozzle than in the centre zone. Thus, when this tension 

is released, a higher contraction is expected in the corners.  

 

Figure 3. 18. (a) Picture 0.5 and 1 mm thickness LTO extruded layers. (b) SEM image of the cross-section of a 0.5 mm 
thickness LTO extruded layer. 

3.4.2.3. Debinding 

After the debinding step the so-called “brown” layers were obtained. As previously 

described, this step consisted of two parts: solvent debinding and thermal debinding. 

In the solvent debinding step, the binder components with the smallest molecular weight, 

paraffin wax and stearic acid, are dissolved in n-heptane by immersion of the green part in order 

to create channels along the layer that accelerate the thermal decomposition of PP, decreasing the 

total debinding time. Thus, the immersion time and the temperature were optimized. Figure 3. 19 

collects the weight percentage of PW and SA removed at different immersion times at 30 and 50 

ºC. At both temperatures, it can be observed that the elimination of PW and SA increases with 

time. Moreover, during the first minutes, the removal rises very fast and then increases very slowly, 

remaining almost constant for the rest of the time. The maximum amount removed is 95 wt. %, 
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reached at 50 ºC. On the other hand, at 30 ºC the elimination of SA and PW was lower (87 wt. %). 

This difference is attributed to the increase of solubility of the components with the temperature. 

 

Figure 3. 19. PW and SA removal as a function of immersion time in n-heptane at 30 and 50 ºC.  

In this manner, two mechanisms can be clearly distinguished according to a fast and slow 

removal of the soluble components. In a first stage, which occurs during the first minutes, the fast 

removal is attributed to the fact that the solvent is directly in contact with PW and SA. While the 

dissolution is occurring, a porous surface is being generated in the material. However, in the 

second stage, the removal is very slow, as the solvent penetrates the compact by the capillary effect 

and the components must diffuse out through the pores, which are longer as the removal increases, 

resulting in a slow process [36].  

Shivashankar and German proposed a model to describe this process, based on the 

following equation [37]: 

ln (
1

𝐹
) =  

𝐷𝑒𝑡𝜋2

(𝜓)2 + 𝐾          Eq. 3.X 

where 𝐹 is the fraction of the remaining soluble component, 𝐷𝑒 is the interdiffusion 

coefficient of the soluble component and solvent, 𝑡 is the solvent debinding time, 𝐾 is a constant 

that counts for the change of mechanism during the removal and 𝜓 is the effective length scale, 

which is given by the volume to surface area ratio of a compact and for a prismatic layer it is 

defined as: 

𝜓 =  
𝐻𝐵(2𝐿)

2[𝐻𝐵 + 𝐵(2𝐿) + (2𝐿)𝐻]
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where 2𝐿, 𝐵 and 𝐻 are the thickness, width and length of the compact, respectively. It can 

be noticed that according to this geometrical factor, the higher the volume/surface ratio, the slower 

the removal is. 

By representing 1

𝐹
 versus the solvent debinding time 𝑡, the interdiffusion coefficient can be 

calculated for the two stages of the process. Thus, the interdiffusion coefficients of paraffin wax 

and n-heptane were calculated considering a geometrical factor 𝜓 of 0.22 mm. Figure 3. 20 

represents 1

𝐹
 against the immersion time at 30 and 50 ºC and the linear fittings corresponding to 

the two different stages of the process. In both cases the behaviour is similar. A slope change is 

observed from low immersion times to longer times confirming that the process takes place in two 

steps. Moreover, the slope of the first part is clearly higher than the one of the second part, which 

indicates that the interdiffusion process is faster. Figure 3. 20 evidences that the mechanism change 

occurs earlier at 30 ºC (after 10 minutes) than at 50 ºC (after 20 minutes). This can be attributed to 

the better solubility of the paraffin wax in n-heptane with the temperature.  

 

Figure 3. 20. Representation of 𝟏
𝑭
 versus solvent debinding time for LTO layers immersed in n-heptane at 30 and 50 ºC. The 

linear fitting in the two regions of the graphics are included. 

The calculated interdiffusion coefficients for paraffin wax and n-heptane at both 

temperatures are collected in Table 3. 6. In the first stage, 𝐷𝑒 is higher than in the second stage at 

both temperatures, as expected. As mentioned before, in the first stage the solvent is directly in 

contact with the wax, while in the second stage both the solvent and the dissolved component need 

to penetrate in and out through the created channels. Thus, the first stage is controlled by the 

dissolution of the components and the second one is controlled by the diffusion, which is a slower 

process. By comparing the calculated interdiffusion coefficients, during the first stage very similar 

0 50 100 150 200 250
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

ln
 (1

/F
)

Time (min)

T = 30 ºC

0 50 100 150 200 250
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

ln
 (1

/F
)

Time (min)

T = 50 ºC



 

 
84 | Additive-free thick Li4Ti5O12 and LiFePO4 electrodes manufactured by Powder Extrusion Moulding 

values were obtained at both temperatures. On the other hand, the coefficient is slightly higher in 

the second stage at 50 ºC than at 30 ºC, as the diffusion through the channels is favoured by the 

temperature. 

Table 3. 6. Interdiffusion coefficients of stearic acid and paraffin wax in n-heptane in green LTO layers. 

 𝑫𝒆 (cm2/s) 

 30 ºC 50 ºC 

1st stage 

(dissolution) 
5.78·10-8 5.83·10-8 

2nd stage 

(diffusion) 
5.20·10-10 1.10·10-9 

 

Thus, the immersion in n-heptane was carried out at 50 ºC for 1 h to ensure the maximum 

removal of paraffin wax and stearic acid. 

The following thermal debinding, which completely degrades the rest of the binder, was 

then performed. As SA and PW degradation starts around 200 ºC, a first step was programmed by 

heating to 200 ºC, using a heating rate of 5 ºC/min. Then, to degrade PP, the samples were heating 

to 450 ºC, using a heating rate of 1 ºC/min. The samples were kept at 450 ºC for 1 h to ensure the 

complete PP decomposition. The designed thermal debinding has a total time of approximately 8 

h (Figure 3. 21). This cycle was used for three separated batches of samples using three different 

atmospheres: oxidant (air), inert (N2) and reducing (Ar/H2).  

 

Figure 3. 21. Debinding thermal cycle for green extruded electrodes. 
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After the debinding process, the brown electrodes were inspected by SEM. The images of 

Figure 3. 22 show a homogenously distributed LTO powder with high porosity due to the lack of 

binder. In the image corresponding to BSE, no polymer residues were observed. 

 

Figure 3. 22. SEM images of LTO brown electrodes after the thermal debinding under Ar/H2 and using SE and BSE 
detectors. 

As mentioned before, the poor electronic conductivity and low ionic lithium diffusion in 

LTO are a major problem that can compromise the electrochemical performance of the electrode. 

Thus, covering LTO particles with conductive carbon is a useful approach for overcoming this 

problem. By using an inert or reducing atmosphere during the debinding step, incomplete polymer 

degradation may occur leaving some residual carbon in the material. The carbon content of 

samples treated in the debinding process under air, N2 and Ar/H2 was measured and the results are 

shown in Figure 3. 23. In all the cases, some carbon was detected, and the highest carbon content 

(determined by elemental analysis), of approximately 0.32 wt. %, was obtained under Ar/H2.  

 

Figure 3. 23. Carbon content of LTO samples after debinding under air, N2 and Ar/H2. 
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3.4.2.4. Sintering 

LTO samples were sintered at temperatures between 900 and 1100 ºC under the same 

atmosphere used during the thermal debinding (air, N2 and Ar/H2). A slow heating rate (2 ºC/min) 

was used in order to avoid the presence of any crack, defect or bending of the layers. Firstly, the 

density of the sintered parts was measured by the Archimedes method and the porosity was 

evaluated by Helium pycnometry and SEM. Then, the effect of sintering temperature and 

atmosphere in the composition was evaluated by means of XRD. Colour changes are evident 

between the samples treated in air/N2 and those sintered under Ar/H2 reducing atmosphere, as 

shown in Figure 3. 24. The materials treated under a reducing atmosphere presented a dark-violet 

colour. Thus, elemental carbon analysis was performed to determine the carbon content of the 

samples. Moreover, as Ti3+ compounds typically present a characteristic dark-violet colour [38], 

XPS measurements were carried out in order to determine the possible Ti4+ reduction. 

 

Figure 3. 24. LTO samples sintered at temperatures between 900 and 1100 ºC and under air, N2 or Ar/H2 atmosphere. 

3.4.2.4.1. Density and shrinkage 

The Archimedes density of samples sintered between 900 and 1100 ºC in different 

atmospheres is shown in Figure 3. 25. A similar tendency in the density variation with the sintering 

temperature is observed for the three atmospheres. The density increases with temperature from 

900 to 950 ºC, temperature at which the maximum density is already reached (84 % of the 

theoretical density). From 950 to 1100 ºC the density remains basically constant.  
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density 3.47 ± 0.01 g/cm3 (which is the pycnometry density of the starting LTO powder). This is 

an indicator that the helium gas is flowing through all the material by interconnected pores and 

negligible close porosity is detected. Thus, according to the average density value obtained for 

sintering temperatures between 950 and 1100 ºC (84 %), the total porosity is 16 %. 

 

Figure 3. 25. Density of extruded LTO samples sintered at different temperatures under air, N2 and Ar/H2.  

These results are in good agreement with the microstructure of the materials, as can be seen 

in the SEM images for samples sintered in Ar/H2 included in Figure 3. 26. At 900 ºC the particles 

are highly packed, and no particle growth is observed compared to the starting LTO powder, 

confirming that the porosity is very high and density does not significantly change. However, by 

increasing the temperature to 1000 ºC, the grain size becomes larger and the porosity decreases, 

corresponding to a contraction of the material. From 1000 to 1100 ºC the grain size increases. The 

porous decrease in number but increase in size, so the total porosity remains almost constant.  

 

Figure 3. 26. SEM images of materials sintered in Ar/H2 at different temperatures are included in the plot. 
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In batteries, electrodes porosity is an important feature that directly affects the 

electrochemical performance of the device. High porosity is usually desired for the easy electrolyte 

infiltration through the compact material and hence wet the maximum electrode surface for an 

efficient Li exchange between the liquid and the solid. 

The cross-section of sintered samples was also characterized by SEM. An example is 

shown in Figure 3. 27. For all sintering temperatures and in all the atmospheres it is observed that 

the thickness of the layer is not homogeneous, as observed before in green LTO layers (see Figure 

3. 18-(b)). As expected, the shape is maintained when sintering. In order to avoid high standard 

deviation in the shrinkage results, the thickness was always measured in the centre of the layer. 

 

Figure 3. 27. SEM Cross-section images of LTO layers sintered at 900 ºC (left) and 1100 ºC (right) under Ar/H2. 

The shrinkage of extruded LTO materials with respect to the green parts is plotted in Figure 

3. 28 as a function of the sintering temperature and atmosphere. In all the cases the shrinkage 

evolution with the temperature is very similar. A maximum contraction between 10 and 12 % is 

reached in each measured magnitude and a maximum total volume contraction of 40 % was 

calculated for all the atmospheres.  
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Figure 3. 28. Shrinkage variation of width, length and thickness of the extruded LTO samples prepared under (a) air, (b) 
N2 and (c) Ar/H2 as a function of the sintering temperature. The volumetric shrinkage is shown in (d). 

The pore distribution was also analysed by SEM, by looking at higher magnifications of 

the sample cross-section. The maximum sintering temperature (1100 ºC) was selected for a better 

identification of the pores. The porosity was evaluated along the samples thickness.  Figure 3. 29. 

shows a representation of the examined area. Several areas were examined, and the presented 

images are displayed as representative examples of the entire sample. The porosity was found to 

be homogeneously distributed over the full surface and no significant change in their size 

distribution was detected.  
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Figure 3. 29. SEM images from the inside of a LTO sample in three different points sintered at 1100 ºC in air. 

3.4.2.4.2. X-Ray diffraction 

Sintered LTO electrodes were studied by X-ray diffraction. According to the Li2O-TiO2 

phase diagram in air, firstly proposed by West et al. [39], the spinel Li4Ti5O12 decomposes at 1015 

± 5 ºC to meta-titanate (Li2TiO3) and ramsdellite (Li2Ti3O7) (see Figure 3. 30). As in this work 

LTO layers were sintered from 900 to 1100 ºC, LTO decomposition is expected to occur at the 

highest sintering temperatures. Moreover, the different atmospheres employed (air, N2 and Ar/H2) 

may also affect the formation of secondary phases. Thus, the effect of temperature and atmosphere 

in the electrode composition was analysed by means of powder X-ray diffraction. 

 

Figure 3. 30. Li2O-TiO2 phase diagram. Image taken from [40]. 
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In Figure 3. 31 the XRD patterns of LTO electrodes sintered at different temperatures are 

collected in three different separated graphs according to the sintering atmosphere. The starting 

LTO powder XRD pattern is also represented as reference. Firstly, it can be observed that the 

patterns obtained for electrodes sintered in air and N2 are very similar. In all the cases the main 

phase is identified as LTO. Only the sample sintered in air at 1100 ºC presents an additional peak 

with low intensity (< 10 %) at 2θ = 20.06 º identified as ramsdellite. On the other hand, in Ar/H2, 

the presence of secondary phases is observed from 1000 to 1100 ºC. The main peaks identified as 

ramsdellite are marked as (*) in the diffractograms. However, the identification of meta-titanate 

needs a deeper inspection of the XRD patterns. Li2TiO3 crystallizes in a rock salt structure and, as 

well as Li4Ti5O12. The structure is based on a cubic close packing of oxide ions, and titanium 

occupies octahedral positions in both materials, resulting in similar diffractograms with peaks 

overlapping at several 2θ values. Thus, the two phases cannot be easily discriminated. As the 

sintering temperature increases, the ramsdellite content decreases, while the meta-titanate content 

increases. This is in good agreement with the relative intensity of the highest intensity peaks of 

both meta-titanate and ramsdellite at 2θ around 18 and 20 º, respectively. 

To sum up, XRD results suggest that no significant decomposition occurs in LTO 

electrodes sintered in oxidant or inert atmospheres in the studied temperature range but, in reducing 

atmosphere, 950 ºC is the maximum temperature at which no decomposition takes place. 

Moreover, given what previously discussed, and that decomposition must be avoided, a 

quantitative analysis of the decomposition products is not performed, as it is considered out of the 

scope of this study. 
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Figure 3. 31. Powder XRD patterns of sintered LTO from 1000 to 1100 ºC in air, N2 and Ar/H2. Ramsdellite peaks are 
marked as (*).   
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3.4.2.4.3. Carbon content and its distribution 

The carbon content of the samples sintered at 950 ºC in air, N2 and Ar/H2 was measured 

by elemental analysis. The maximum content of carbon is found for the materials sintered under 

Ar/H2, which is (0.14 ± 0.02) wt. %. The results indicate that under reducing atmosphere, some 

residual carbon coming from the binder decomposition remains in the electrodes. 

On the other hand, for N2 atmosphere a value of (0.05± 0.02) wt. % was measured. This 

unexpectable low carbon content could be attributed to the very small O2 impurities in the N2 gas 

flow used for sintering (< 10 ppm of O2, according to the supplier) or to the not well sealed furnace. 

Eventually, negligible carbon (< 0.01 wt. %) was detected for the samples treated in air 

atmosphere, as expected from the carbon oxidation. 

In this manner, the samples sintered at 950 ºC under Ar/H2 reducing atmosphere were 

deeper investigated. Firstly, the carbon distribution was analysed by means of EDS mapping in a 

SEM microscope. As it can be observed in Figure 3. 32, the carbon is homogeneously distributed. 

 

Figure 3. 32. EDS mapping of C, Ti and O of extruded LTO electrode sintered at 950 ºC under Ar/H2. 

By means of High Resolution-Transmission Electron Microscopy (HR-TEM), the carbon 

coating of LTO particles was analysed. In Figure 3. 33, a TEM image of the extruded sintered 

sample is shown and compared with the starting LTO powder. The micrographs suggest that an 

amorphous carbon layer of around 2 nm thickness homogeneously covers the LTO particles. 

Similar results were previously obtained by Y. Wang et al. [41] using polyaniline as carbon source 

and Ar/H2 atmosphere (5 % H2), in which the prepared LTO powder was covered with a carbon 

layer coming from the polymer pyrolysis. Moreover, during the heat treatments under Ar/H2 

atmosphere, as we will see later, Ti is reduced from Ti (IV) to Ti (III). Both carbon coating and 

presence of Ti3+, improve electron conductivity. This is in agreement with other examples reported 

in the literature [42–44]. 
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Figure 3. 33. TEM images of particles of starting LTO powder (left) and a LTO samples obtained by PEM sintered at 950 
ºC under Ar/H2. 

3.4.2.4.4. X-Ray photoelectron spectroscopy 

In order to study the effect of the reducing atmosphere on the oxidation state of Ti in LTO 

samples, X-ray photoelectron spectroscopy was conducted in two different extruded LTO samples 

sintered at 950 ºC in air and Ar/H2. The measurements were carried out in the surface of the pieces 

and the fittings of the obtained results are shown in Figure 3. 34. 

The spectra of the sample sintered in air shows a Ti 2p doublet with strong intensities at 

464.4 and 458.7 eV, corresponding to Ti4+ and a less intense doublet at 462.7 and 457.1 eV for 

Ti3+ [45]. On the other hand, in the sample sintered in Ar/H2 the signal identified as Ti3+ is 

predominant with respect to that of Ti4+. Song et al. [46] reported a carbon-free LTO electrode 

prepared by conventional casting with good electrochemical performance. The good response of 

the electrode was explained by the presence of Ti3+, which increases the electronic conductivity. 

Also, they monitored the colour of the electrode at different discharge and charge stages. The as-

prepared electrode was white and as soon as some Li+ is inserted the colour changed to bluish 

black. When the battery is full discharged, the electrode was completely black. They suggested 

that the progressive change from white to black could be related to the occupation of the 3d 

orbitals. This indicates that, despite the carbon coating improves the electrical conductivity of LTO 

particles, it is not mandatory for working in a battery. Similar conclusions were obtained 

previously by Zaghib et al. for very fast charge/discharge LTO//LFP batteries [47]. 

By fitting the XPS spectra, it was determined that the samples sintered in air present 87.4 

% of Ti4+ respect to the total Ti, while a 12.6 % corresponds to Ti3+. This result indicates that, even 

after sintering under an oxidant atmosphere, there is some Ti3+ in the material. On the other hand, 

the extruded samples sintered under Ar/H2 has 2.7 wt. % of Ti4+ and 97.3 wt. % of Ti3+, due to the 

reducing power of the H2. It must be highlighted that XPS is a surface technique and, in this case, 
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the penetration of detectable photons is around 10 nm. This means that these results cannot be 

extrapolated to the whole sample and a homogeneous reduction along the material is uncertain. 

Thus, by using the material sintered in reducing atmosphere, the discharge of the battery 

would not start from insulating Li4Ti5O12 but from a more electron conductive material. Previous 

studies concluded that a reducing atmosphere improves the charge/discharge kinetics (reduced 

polarization) of the material, due to the Ti reduction [48]. 

 

Figure 3. 34. XPS curves for LTO samples sintered at 950 C in (a) air and (b) Ar/H2. 

3.4.2.4.5. Impedance spectroscopy 

Impedance measurements of LTO electrodes sintered at 950 ºC under air, N2 and Ar/H2 

were performed at room temperature in order to determine the conductivity of the different samples 

and to study the effect of the atmosphere in the impedance of the materials. 

Figure 3. 35-(a) collects the Nyquist diagrams of samples prepared in air and N2. The 

Nyquist plot in air shows a flattened semicircle with an associated capacitance of 4 pF in the top 

of the semicircle, which is attributed to the bulk resistance of the material. At lower frequencies, 

another semicircle can be guessed which, in principle, could be attributed to the grain boundary 

resistance. In the low frequency region, impedance follows a linear trend with a 45 º spike, 

corresponding to the diffusion in the electrode interphase with the gold electrode and characteristic 

of an ionic conductor with blocking electrodes. In the case of the Nyquist plot in N2, an analogous 

response is observed, in which a more distorted semicircle with an associated capacitance of 3.5 

pF appears at slightly higher impedance values and another semicircle seems to appear at lower 

frequencies, which could correspond to the grain boundary contribution. As expected, the 
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impedance of these samples is very high, as the typical conductivity value for LTO is reported to 

be around 10-7 S/cm [28,49]. 

On the other hand, the Nyquist diagram of the sample sintered under Ar/H2 presents a 

different response (Figure 3. 35-(b)). Most of the data points overlap in a single point at the Z’ 

axes intersection at 6.5·103 Ω·cm, which indicates typical response of an electronic resistor. At 

higher frequencies, a semicircle is intuited, which could correspond to a small capacitance 

contribution due to the ionic character of LTO. Moreover, the impedance of this sample is much 

lower than that of the samples prepared in air or N2. The frequency dependent conductivity plot in 

Figure 3. 35-(c) shows that the conductivity of the sample sintered in Ar/H2 is more than three 

times the conductivity of those materials sintered in air or N2. This difference can be attributed to: 

(i) the residual carbon present in the sample prepared in a reducing atmosphere coming from the 

debinding treatment and/or (ii) the partial reduction of Ti4+ to Ti3+. For a better understanding, the 

starting commercial LTO powder was pelletized by uniaxial pressing and sintered under reducing 

Ar/H2 atmosphere at 950 ºC for 1 h in order to reproduce same sintering conditions than the 

extruded electrode. It is worth noting that the colour of the obtained pellet is dark-bluish, which 

may suggest that a partial reduction of Ti occurs. The frequency dependence of the conductivity 

of this pellet is compared in Figure 3. 35-(d) with the extruded sample. The conductivity of the 

uniaxially pressed material decays drastically compared with the extruded electrode. This result is 

unexpected, as it was reported before that the impedance of a reduced LTO sample can increase 

until ~10-5 S/cm due to Ti partial reduction [38]. However, it must be considered that the sintering 

temperature used leads to highly porous materials. Therefore, even if the bulk conductivity 

increases, the grain boundary impedance could be increasing, resulting in an overall decrease in 

conductivity. Thus, our result indicates that the high conductivity of the extruded sample is not 

only due to the partially reduced Ti but also to the residual carbon. This carbon coating could 

provide an interconnected pathway between the particles for electron motion, decreasing the grain 

boundary impedance associated to the porous microstructure. On the other side, the partial 

reduction of Ti contributes to the bulk conductivity of the material. In this manner, the overall 

conductivity of the material increases tremendously to ~ 10-4 S/cm. This result is of major 

importance as proves that carbon coated porous LTO electrodes with considerably improved 

electronic conductivity can be obtained by PEM and makes this process very attractive for the 

scalable production of LTO thick electrodes. 
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Figure 3. 35. Electrical response for LTO samples sintered at 950 ºC (a) Nyquist diagram air and N2. (b) Nyquist diagram 
in Ar/H2. (c) Frequency variation of the real part of the complex admittance in air, N2 and Ar/H2. (d) Frequency variation 
of the real part of the complex admittance in Ar/H2 comparing extrusion and uniaxial pressing processes. 

After impedance experiments it was concluded that the optimum extruded sample is that 

one sintered under Ar/H2 as is the one with the highest conductivity. This material was therefore 

selected to be used as negative electrode in a Li-ion battery, hence its performance in Li/LTO half-

cell was evaluated.  
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3.4.2.5. Application to lithium-ion batteries 

The electrochemical performance of extruded electrodes sintered at 950 ºC in Ar/H2 

(labelled as LTO-extruded) was studied in lithium half cells [50]. In order to assess the advantages 

of these thick LTO-ceramic electrodes, their electrochemical performances are compared with 

those electrodes prepared by the conventional casting method from a mixture of the same 

commercial LTO powder used to elaborate the PEM samples (80 wt. %), carbon black (10 wt. %) 

and PVDF (10 wt. %) using the doctor-blade technique (labelled as LTO-composite). The 

maximum thickness reached for the composite electrodes without cracks and peeling off the 

current collector is 110 µm with an LTO active material loading of 9.4 mg/cm2 of the electrode. 

On the other hand, the mass loading of the extruded electrode is 138 mg/cm2. This value is huge 

compared to the composite reference electrode. It is reached due to (1) the lack of binder and extra 

carbon additives and (2) the relatively high density of the sintered material. 

As the LTO-extruded anodes are additive-free and they have large thickness (475 µm) and, 

in order to minimize kinetic hindrances, it was decided to apply a low constant current of C/24 for 

the galvanostatic tests. In Figure 3. 36-(a), the discharge curves for the first charge-discharge cycle 

of LTO-extruded and LTO-composite electrodes are represented. In both cases the shape of the 

curves is comparable, displaying a flat plateau at approximately 1.5 V. The maximum discharge 

capacity is as high as 120 mA·h/g at the first cycle. The LTO-extruded average voltage (1.45 V 

vs. Li+/Li) is close to that of the LTO-composite anode (1.53 V) and it remains almost constant, 

as for the composite electrode, during the discharge. The small polarization observed in the 

ceramic electrode with respect to the composite could be mainly attributed to the slow kinetics of 

the charge transfer process at the electrode surface, due to the very low carbon content in the 

electrode and the limited lithium diffusion in the thick electrode. 

Electrode cyclability was evaluated at C/24. Figure 3. 36-(b) shows the discharge curves 

during the first 20 charge-discharge cycles. After 20 charge-discharge cycles, the thick ceramic 

electrode maintains relatively a flat plateau and no significant increase in polarization is observed. 

Figure 3. 36-(c) shows the specific capacity evolution during 20 cycles. The specific capacity only 

decreases from 119 to 107 mA·h/g which corresponds to a capacity retention of 90 %, a promising 

result giving that the extruded electrode does not contain any binder nor any conductive additive. 

No increase of specific capacity is observed when comparing the extruded electrode to the 

conventional one. However, it should be noted that the extruded negative electrodes’ performance 
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is expected to be greatly improved as the process is optimised, and binders/additives are included 

in the formulation. 

 

Figure 3. 36. (a) Discharge curves of the first cycle at C/24 for LTO-composite and LTO-extruded electrodes. (b) For the 
LTO-extruded electrode, discharge curves at C/24 for 20 cycles. (c) Capacity evolution as a function of cycle number at 
C/24 for LTO extruded (empty markers) and composite (full markers) electrodes. 

3.4.2.5.1. Volumetric capacity and thickness effect 

The reversible volumetric capacity of the LTO-extruded anode and the LTO-composite 

electrode, calculated according to their respective geometrical densities (2.9 and 1.1 g/cm3), is 

shown in Figure 3. 37-(a) for 20 charge-discharge cycles. Interestingly, the volumetric capacity of 

the additive-free electrode is 310 mA·h/cm3, almost 2.5 times higher than that of the LTO-

composite electrode. The latter, 131 mA·h/cm3, is calculated, as usual, from the electrode 

formulation without taking into account its swelling by the liquid electrolyte, which means that its 

actual capacity is lower than 131 mA·h/cm3, while the LTO-extruded electrode volume is not 

modified by the electrolyte. This neat increase in volumetric capacity is ascribable to the higher 

density of the extruded electrode due to both the absence of additives and the sintering step. 
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The high cycling performance of the LTO-extruded electrode is also observed when higher 

charge/discharge currents of C/12 and C/8 are used (Figure 3. 37-(b)). When the current is 

increased at C/12, the reversible volumetric capacity (ca. 270 mA·h/cm3) is slightly smaller (ca. 

15 %). The loss in reversible capacity can be ascribed to kinetic limitations when high current 

densities are applied. On one side, the high thickness of the electrode hinders ion motion. On the 

other side, the low carbon content limits the distribution of high current densities. However, the 

cyclability at C/12 is better than at C/24. From the 2nd to the 20th cycle and from the 2nd to the 50th 

cycle, the LTO-extruded electrode retains 97.8 % and 88.7 % of its nominal capacity at C/12, 

respectively. Further increase of the rate to C/8 results in a more severe capacity loss with the 

reversible capacity being 130 mA·h/cm3. It should be indicated that this value is similar to the 

volumetric capacity of the LTO-composite electrode recorded at a lower current of C/24 (Figure 

3. 37-(a)). As for the other two rates tested, the cyclability at C/8 is also promising, with capacity 

retentions of 98.4 % after 20 cycles and 92.5 % at the end of the 30 cycles performed. In Figure 3. 

37-(b), the evolution of the coulombic efficiency during cycling is also plotted. For all the rates 

tested, the coulombic efficiency values are very high, close to 100 % for every cycle. 

The influence of the thickness on the electrochemical properties and on cycle life of the 

electrodes was also evaluated. For this study, an extruded LTO electrode, 850 µm thick, was used 

in a lithium half cell. Due to severe problems of cell polarization, mainly ascribed to the extremely 

high thickness of the ceramic electrode, the current intensity was decreased to a relatively very 

low value of C/50 for the galvanostatic test. Figure 3. 37-(c) collects the discharge/charge profiles 

for different cycles of the 850 µm thickness extruded anode. In spite of the extremely high 

thickness of the ceramic electrode and that it is additive-free, it was possible to reversibly 

insert/extract lithium in/from this electrode. However, an increase in thickness leads to a reduce 

reversible capacity, i.e. 90 mA·h/cm3, much lower than that of the thinner (475 µm) LTO-extruded 

electrode (Figure 3. 37-(a)). This result is in agreement with previous studies reported in the 

literature which have shown that several electrochemical parameters such as capacity or cyclability 

notably decrease on increasing the electrode thickness, especially at high charge-discharge rates. 

For example, Singh et al. reported a capacity loss at C/2 due to kinetics limitations in NMC and 

graphite electrodes of 300 µm thickness [51]. On the other hand, Zhao et al. studied the effect of 

the electrode thickness on the electrochemical and thermal response of LiMn2O4 commercial 

lithium-ion batteries [52]. Apart from the diffusion limitations, high-thickness electrodes have 

more intense and uneven temperature distribution inside the electrode, especially at high C-rates. 
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This fact may cause capacity fading, lower power output and security risks between other 

problems.   

 

Figure 3. 37. (a) Evolution of volumetric discharge capacity vs. cycle number for additive-free LTO-extruded and LTO 
composite electrodes at C/24. (b) Evolution of volumetric discharge capacity vs. cycle number and coulombic efficiency for 
the LTO-extruded electrode registered at C/24, C/12 and C/8 rates. (c) Discharge/charge profiles of additive-free LTO 
extruded electrode of 850 µm thickness at C/50 rate. 

3.4.2.5.2. Areal capacity 

Regarding the areal capacity, the performance improvement is even much higher than the 

volumetric capacity gain, exceeding one order of magnitude, being 15.2 mA·h/cm2 for the 

extruded electrode compared to 1.42 mA·h/cm2 for the conventional electrode. In this case, in 

addition to the higher density, the greater thickness of the LTO-extruded electrode (475 vs. 110 

µm) explains this outstanding improvement. It must be underlined again that the high thickness of 

the ceramic electrode together with the absence of binder permits getting a much larger LTO mass 

loading in the PEM electrode than in the conventional composite (138 vs. 9.4 mg/cm2). All these 

results indicate that an effective percolation of the electrolyte into the bulk of the LTO-extruded 

electrode takes place. This result contrasts with the study of Suna et al., who showed that a sintered 
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LTO electrode with 92 ± 11 µm thickness and a 7 % porosity had a very poor electrochemical 

response, only 1.5 mA·h/g at the very low rate of C/40 [53].  

 

Figure 3. 38. Evolution of discharge areal capacity vs. cycle number for additive-free LTO-extruded and LTO-composite 
electrode at C/24. 

The superior electrochemical response of our LTO-extruded electrodes is explained by 

their greater porosity (16 % as determined from the experimental/theoretical density ratio). This 

result is in agreement with the studies of Lai et al., who reported that additive-free sintered LiCoO2 

cathodes made by uniaxial pressing with porosity between 13 and 30 % exhibited ultrahigh 

volumetric energy densities (from 350 to 650 W·h/l at C/3) [54].  

In conclusion, the Powder extrusion moulding process allows obtaining LTO-ceramic 

electrodes that, due to the absence of additives and their high thickness, reaches volumetric and 

areal capacities much higher than a conventional LTO-composite electrode. 

 

 

 

 

 

 

 

0 5 10 15 20 25 30
0

4

8

12

16

20

Cycle number

A
re

al
 c

ap
ac

ity
  (

m
A

h/
cm

2 )

LTO-extruded

LTO-composite

C/24



                                             
103 | Chapter 3 

3.4.3. LiFePO4 electrodes 

3.4.3.1. Feedstock characterization 

The prepared LFP feedstocks were characterized by means of torque, viscosity and density 

measurements. Their homogeneity was analysed and the Critical Powder Volume Concentration 

(CPVC) was estimated.  

3.4.3.1.1. Torque measurements 

Torque variation with time was used for estimating the homogeneity of the LFP feedstocks, 

using the same procedure than that carried out for LTO feedstocks. Figure 3. 39-(a) shows torque 

curves of feedstocks with different powder loadings. In all the cases, the steady-state torque is 

reached, and it increases with the powder loading due to a higher mixture viscosity. Figure 3. 39-

(b) represents the variation of the steady-state (τ) with the powder loading. In the graph, two 

different regions are identified at low and high powder loadings and a linear fit of the points of 

each region reveals an abrupt slope change. Firstly, from 50 to 52.5 vol. % of LFP, a pronounced 

increase of torque occurs because of the increased powder loading in the mixture, indicating a 

higher viscosity. However, for powder loadings above 52.5 vol. %, the steady-state torque remains 

almost constant. This behaviour is totally unusual in powder-binder mixtures for PIM/PEM 

process, since generally the steady-state torque remains almost constant at low powder loadings 

and sharply increases above a certain value, as observed for the LTO feedstock prepared in this 

work as well as other ceramic and metal feedstocks previously prepared in our group such as 

austenitic-ferritic stainless steel [55], 430L stainless steel [12,15], Ni-YSZ [16,18] and alumina 

[7]. In the case of LFP feedstock, the steady-state increase at low powder loadings could be related 

with the fact that there is not enough binder to cover the surface of powder particles and a fraction 

of them are in contact with each other. Secondly, all the LFP particles are coated by a very thin 

carbon layer. This carbon coating acts as lubricant between particles reducing the friction and 

allowing to increase the powder loading without increasing the steady-state torque value. It is 

worth to note that, experimentally, in the case of the feedstock with a 58 vol. % of powder loading, 

the visual aspect is slightly different from the rest of the feedstocks prepared, observing clearly 

lack of powder coated by the polymer. 

Compared to LTO feedstock, the steady-state torque values are considerably much higher. 

Specifically, for LFP feedstocks, τ varies between 3.78 and 8.62 N·m, while for LTO ones the 

variation was between 0.17 and 1.27 N·m. This difference could be attributed to different facts (i) 

particle size distribution of the starting materials. By comparing with the dataset resented in section 
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3.4.1.1.2., it is evident that LPF presented a higher content of small particles than LTO and less 

agglomerates. In previous studies, the torque value increased as the particle size decreased for an 

injected stainless steel powder [56], especially at high powder content (above 55 vol. %) which is 

in good agreement with our results. (ii) the carbon coating of LFP particles may hinder the 

adhesion between binder and powder, so some LFP particles are not covered by the binder, 

increasing the friction between each other and thus raising the registered torque. 

 

Figure 3. 39. (a) Torque against mixing time for mixtures with different LFP content and (b) steady-state toque (τ) variation 
with LFP powder loading. 

3.4.3.1.2. Homogeneity 

The homogeneity of the LFP feedstocks prepared in this work was analysed by viscosity 

and density measurements. Figure 3. 40-(a) shows viscosity values against time for feedstocks 

with powder loadings of 52.5 and 58 vol. % prepared in a rotor blade mixer. The measurements 

were carried out at the extrusion process temperature (180 ºC) and at a share rate of 1000 s-1. As 

expected, the viscosity increases with the powder loading due to the higher friction between the 

powder particles. In both cases, a slight increase of viscosity was registered during the first 40 

seconds of the experiment and trends to a constant value at longer times, which indicates a good 

homogeneity of the feedstocks.  

On the other hand, the effect on viscosity of employing a twin-screw extruder in the mixing 

step was checked, and the viscosity variation with time for a feedstock with 55 vol. % of LFP was 

registered, as shows Figure 3. 40-(b). As a consequence of the higher shear rates encountered in 
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the twin-screw extruder compared with the rotor blade mixer, the viscosity shows a more constant 

value during the measurement time. Thus, in the case of LFP feedstocks, and contrary to LTO 

feedstocks, the use of either a rotor blade or a extruder leads to homogeneous mixtures. 

 

Figure 3. 40. Variation of viscosity with time for feedstocks with (a) 52.5 and 58 vol. % of LFP prepared in a rotor blade 
mixer and (b) 55 vol. % of LFP prepared in a twin-screw extruder. 

The pycnometric density of the feedstock with 55 vol. % of powder prepared in the 

extruder, measured in three different fractions of the same mixture, was 2.362 ± 0.001 g/cm3, 

while the theoretical density of the mixture is 2.369 g/cm3. The results indicate that no 

compositional change occurred during processing and confirms a good feedstock homogeneity. 

3.4.3.1.3. Rheological characterization 

The rheological characterization of the prepared feedstocks was performed to determine their 

ability to be extruded. Figure 3. 41 shows the variation of the viscosity with the shear rate for four 

feedstock formulations. As expected, the viscosity increases with the powder loading, achieving 

the maximum viscosity for feedstock with 58 vol. %. All the samples display a pseudoplastic 

behaviour and all the viscosity values were lower than 1000 Pa·s between 100 and 2000 s-1. As 

discussed for LTO feedstocks rheological characterization, these conditions are the most 

convenient for extrusion process.  

The viscosity curves of the mixtures were fitted to the Ostwald and De Waele power law. 

The power law indexes were calculated from the slope of logarithmic plots of shear stress versus 

shear rate for feedstocks with different powder loadings in the shear rate range between 100 and 

10000 s-1 (Figure 3. 41). 
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Figure 3. 41. Flow curves for LFP feedstocks with powder loadings of 50, 52.5, 55 and 58 vol. % at temperatures between 
160 and 190 ºC. 

In Table 3. 7 the power law indexes (n) are collected. The value of n decreases slightly 

with both the powder loading and the temperature, that is, the higher the powder loading and the 

temperature, the more pseudoplastic the feedstock is. This means that the polymer chains of the 

binder are more able to reorganize with high powder loadings during the moulding process and 

the feedstock is more sensitive to the shear rate at high processing temperatures. Comparing with 

LTO-feedstock prepared with similar binder formulation, the n value is lower (0.35-0.22 for LFP 

vs. 0.46-0.54 for LTO), being consequently more sensitive to shear rate. Moreover, similar values 

were obtained for injected YSZ [20] and extruded Ni-YSZ [18] electrolytes, in which the flow 

index were in the range 0.31-0.41 for YSZ and 0.17-0.30, respectively. In addition, in the case of 

Ni-YSZ, the flow index also decreased with the powder loading. 
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Table 3. 7. Power law index (n) and activation energy (Ea) of LFP feedstocks with different powder loads. The regression 

coefficient associated to the linear fit is given between brackets. 

 n 
Ea (kJ·mol-1) 

Powder load (vol. %) 160 ºC 170 ºC 180 ºC 190 ºC 

50 0.35 
(0.997) 

0.34 
(0.9997) 

0.30 
(0.9990) 

0.30 
(0.9994) 

11.2 

52.5 
0.33 

(0.994) 
0.31 

(0.991) 
0.29 

(0.98) 
0.28 

(0.9999) 20.0 

55 0.29 
(0.996) 

0.25 
(0.993) 

0.22 
(0.996) 

0.22 
(0.991) 

33.1 

58 
0.29 

(0.993) 
0.26 

(0.993) 
0.24 

(0.996) 
0.22 

(0.992) 
33.1 

 

Otherwise, as expected, the viscosity of all the feedstocks decreases with the temperature 

(Figure 3. 41), following the same behaviour than LTO feedstocks. Ea was calculated from the 

slope of plots of the logarithmic viscosity against temperature (Figure 3. 42) considering the 

viscosity values at a shear rate of 1000 s-1. It is observed that the activation energy increases with 

the powder loading. This is explained by the different thermal expansion coefficients of powder 

and binder [1]. For feedstocks with lower powder loading, the ceramic particles are less close and 

there is less friction between them.  Thus, a temperature rise produces a thermal expansion of the 

binder, increasing the distance between particles and decreasing their friction, facilitating the flow 

and, therefore, decreasing the viscosity. However, this effect is not as marked as in a feedstock 

with higher powder content in which the particles are much closer. A small increase in temperature 

contributes to decrease the friction between the particles facilitating the flow. Therefore, the effect 

of temperature on the viscosity in feedstocks with high powder loadings is greater, that is, the 

activation energy increases with the powder content [57]. 

 

Figure 3. 42. Variation of viscosity with temperature for the different feedstocks. The data are adjusted following a linear 
fit according to an Arrhenius-type equation. 

2.16 2.20 2.24 2.28 2.32

4.4

4.8

5.2

5.6

6.0  = 1000 s-1

ln
 

(1/T)·103 / K-1

58 vol. %

55 vol. %

52.5 vol. %

50 vol. %



 

 
108 | Additive-free thick Li4Ti5O12 and LiFePO4 electrodes manufactured by Powder Extrusion Moulding 

During vertical extrusion, a feedstock with a high activation energy is desired for rapidly 

increasing the viscosity when it exits from the nozzle and the temperature decreases. Therefore, 

the feedstock with the highest activation energy would be the most suitable for PEM, which are 

those with powder loadings of 55 and 58 vol. %. Moreover, their activation energies (33.1 kJ/mol 

in both cases) are similar to others reported before in our group for extruded Ni-YSZ solid 

electrolytes (27.4 kJ/mol for a feedstock with 55 vol. % of powder) [18]. Compared to LTO 

feedstock, previously described in this Chapter, the activation energy of LFP-feedstock is 

approximately half than that of LTO (Ea (LTO, 55 vol. %) = 73.2 kJ/mol). Thus, LFP feedstock would 

be expected to be less viscous after moulded and more susceptible of suffering deformation. 

However, the more pseudoplastic behaviour (lower index flow values) of LFP compared to LTO 

leads to a greater increase of the viscosity when the shear rate ceases, and geometry is well 

retained. Thus, it can be concluded that the pseudoplastic character of the feedstock is more 

influent than its activation energy. 

On the other hand, in terms of powder loading and temperature, the highest possible powder 

loading and the highest temperature would be the most convenient conditions for PEM [58], 

provided that the viscosity achieve values lower than 1000 Pa·s at a shear rate equal or higher than 

100 s-1 [59]. Also, high powder loadings present the highest activation energies. Consequently, 55 

and 58 vol. % would be the most convenient powder loadings. Between them, we decided to select 

a powder loading of 55 vol. %, which is the most conservative value considering that the viscosity 

is close to 1000 Pa·s at 100 s-1 for both feedstocks and in order to minimize the wear of the 

extrusion tools. Therefore, the selected feedstock was prepared in a twin-screw extruder. 

3.4.3.2. Extrusion and green pieces 

Before extrusion, a microstructural inspection of the selected feedstock (55 vol. % powder 

loading) was performed by SEM in order to analyse the quality of powder/binder dispersion. 

Figure 3. 43 shows SEM images of the feedstock. LFP particles, with higher molecular weight 

than the binder, were observed as bright particles, while darker parts corresponded to the binder. 

In any case, the powder was found to be well distributed in the polymer matrix, showing a good 

microstructural homogeneity. 
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Figure 3. 43. SEM images of 55 vol. % LFP feedstock using SE and BSE detectors. 

LFP green layers were obtained by extrusion moulding using a single screw extruder. The 

thickness of the extruded layers was 0.5 mm, while the width slightly decreased from 6 mm to 5.8 

mm. Nevertheless, this contraction was homogeneous along the layer. The temperature profile of 

the barrel was optimized at 175/178/182/185ºC. Comparing to the programmed temperatures for 

extruding LTO (170, 175, 185 and 155 ºC), the temperature for LFP extrusion are, in general, 

higher than those for LTO. LFP feedstock presents higher viscosity than LTO for shear rates 

between 100 and 1000 s-1, so higher temperatures were needed for the material to flow properly 

through the extruder.  

It is to be noted that very long LFP layers were obtained, as can be seen in the picture of 

Figure 3. 44 (a). In fact, the extruder layers were extruded continuously and uninterruptedly at a 

constant screw speed of 10 mm-1. This fact becomes important for industrial applications, as it 

leads to reduced processing time and cost. The reason for this behaviour has to do with the 

remarkable pseudoplastic behaviour of LFP feedstock. Thus, when the shear rate becomes zero at 

the end of the nozzle, the viscosity decreases drastically. The relatively high activation energy of 

the feedstock also contributes to increase the viscosity when the temperature decreases after 

extruding. Consequently, an excellent geometrical retention was achieved, as reveals the cross-

section image of an extruded LFP layer in Figure 3. 44-(b). Comparing to LTO green layers (see 

Figure 3. 18-(b)), it can be observed that LFP layers are more homogeneous along the cross-section 

perimeter.  
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Figure 3. 44. (a) Picture of a 0.5 mm thickness LFP extruded layer. (b) SEM image of the cross-section of a 0.5 mm thickness 
LFP extruded layer. 

3.4.3.3. Debinding 

The debinding process for LFP green layers was based on the previously optimized 

debinding process of LTO layers (see section 3.4.2.3), as the binder composition and content are 

equal for both LTO and LFP green layers. Thus, the solvent debinding conditions were 50 ºC 

temperature and an immersion time of 1 h. However, the removal of SA and PW was calculated 

at different immersion times, as shows Figure 3. 45-(a). During the first minutes, the removed 

weight percentage of the soluble components increases drastically, and after 20 minutes a complete 

removal is reached.  

In order to calculate the interdiffusion coefficients of the dissolution process, the model 

proposed by Shivashankar and German (previously explained for LTO debinding) was employed 

[37]. Thus, the representation of 1
𝐹
 versus the solvent debinding time 𝑡 (geometrical factor 𝜓 = 0.22 

mm) is plotted in Figure 3. 45-(b). During the first 5 minutes, the debinding rate is higher, leading 

to a loss of 92 wt. %, which means that the first stage is controlled by the dissolution of the soluble 

components while the second stage is governed by diffusion. This is coherent with the inclination 

of the slopes corresponding to the linear fittings of the points of each region. 
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Figure 3. 45. For LFP green layers (a) PW and SA removal as a function of immersion time in n-heptane at 50 ºC and (b) 
representation of 𝟏

𝑭
 versus solvent debinding time at 50 ºC. The linear fittings in the two regions of the graphics are included. 

The interdiffusion coefficients of the dissolution-controlled and diffusion-controlled stages 

are calculated and are compared with those of LTO in Table 3. 8. As expected, the coefficient for 

the first stage is higher than the one for the second stage, as the dissolution is a faster process than 

diffusion. By comparing the results for LTO and LFP at 50 ºC, it must be noticed that the 

interdiffusion coefficients are higher for LPF in both stages, which means that the solvent 

debinding process is faster in LFP layers than in LTO ones. This could indicate that the adhesion 

between the binder and the powder is stronger for the LTO feedstock probably due to the absence 

of a carbon coating around the ceramic particles. 

 

Table 3. 8. Interdiffusion coefficients of stearic acid and paraffin wax in n-heptane in green LTO and LFP layers. 

 𝑫𝒆 (cm2/s) 

 LTO LFP 

 30 ºC 50 ºC 50 ºC 

1st stage 5.78·10-8 5.83·10-8 4.53·10-7 

2nd stage 5.20·10-10 1.10·10-9 2.58·10-8 

 

The completed removal of SA and PW was checked by comparing DSC curves of the green 

LFP layers before and after the immersion. As can be observed in Figure 3. 46, before the solvent 

debinding, three endothermic peaks were obtained. The two peaks at low temperatures (44 and 60 

°C) were assigned to the paraffin wax melting. These two peaks are not observed in the curve 

obtained for the material after the solvent debinding, so it can be concluded that the paraffin wax 

was eliminated. The endothermic peak corresponding to the melting of the SA is not detected 
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probably due to the low amount of this compound in the layer. On the other hand, a peak appears 

at 151 °C before the debinding process and at 164 °C after the n-heptane immersion. Both signals 

are related to the endothermic melting process of polypropylene. The shift of the peak is attributed 

to the plasticizer effect of paraffin wax in polypropylene. 

After solvent debinding, a thermal cycle was carried out in order to degrade the remaining 

PP in the binder. As the same binder is used for preparing LFP and LTO feedstocks, the same 

thermal debinding cycle of LTO was used for LFP layers. 

 

Figure 3. 46. DSC curves for pristine polypropylene and green LFP layer before and after 1 h immersion in n-heptane at 
50 ºC. 

All thermal treatments were performed under N2 atmosphere to prevent Fe2+ oxidation and 

carbon combustion. Elemental analysis of five different samples after debinding (carbon content 

(2.10 ± 0.03) wt. %) confirmed that the carbon content is not only maintained, but also increased 

in comparison with the starting LFP powder ((1.7 ± 0.01) wt. %).  This fact is explained by the 

incomplete decomposition of the PP, which leaves some residual carbon in the material. 

Eventually, the absence of polymer after the debinding step was verified by SEM, as can be 

observed in Figure 3. 47. The powder was homogeneously distributed, and a with high porosity is 

expected due to the absence of binder. 
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Figure 3. 47. SEM images of LFP brown electrodes after the debinding under N2 and using SE and BSE detectors. 

3.4.3.4. Sintering 

LFP brown parts were sintered at temperatures between 550 and 850 ºC for 2 hours. 

Analogously to LTO, a slow heating rate (2 ºC/min) was used for preventing the bending of the 

layers. The density of the materials was determined by the Archimedes method, helium 

pycnometry and SEM images. On the other hand, the structure and composition were determined 

by XRD. Elemental carbon analysis was carried out to confirm the retention of the initial carbon 

content and TEM was employed to check the preservation of the carbon coating. Finally, the 

conductivity was evaluated by IS. 

3.4.3.4.1. Density and shrinkage 

The density of the sintered materials was measured by the Archimedes method and resulted 

to be practically the same for all sintering temperatures, with an average value of 65 % with respect 

to the theoretical one, as illustrated in Figure 3. 48-(a). In addition, helium pycnometric density 

was measured and in all cases the density value was 3.58 ± 0.01 g/cm3, very close to the theoretical 

one (3.57 ± 0.01 g/cm3). This indicates that all the porosity in the material is open and, thus, the 

porosity of the electrode can be calculated as the difference between the theoretical density and 

the density measured by Archimedes, resulting in a total porosity of 35 %. 

The geometry of the electrodes was retained after sintering and, contrary to LTO 

electrodes, a constant thickness of 0.5 mm was measured along the layer (Figure 3. 48-(b)). As 

mentioned before, this good geometry retention has to do with the strong pseudoplastic behaviour 

of the feedstock, which allows increasing quickly the viscosity of the feedstock when it comes out 

of the nozzle. 
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Figure 3. 48. (a) Density and relative density values for extruded LFP electrodes sintered between 550 and 850 ºC. (b) Cross-
section SEM image of sintered LFP electrode at 650 ºC. 

The microstructure of extruded LFP electrodes sintered between 550 and 850 ºC are shown 

in Figure 3. 49 and compared with the starting LFP powder as reference. The microstructure of 

the extruded samples sintered at different temperatures is very similar, presenting a high porosity. 

However, from 750 ºC to 800 ºC a small grain growth is observed and at 850 ºC bigger grains are 

clearly seen. Nevertheless, below 750 ºC negligible variation was observed in the particle size of 

the extruded materials compared to the starting LFP powder, which is in good agreement with the 

constant density values measured at different sintering temperatures. The lack of sintering of LFP 

particles can be explained by the presence of the carbon coating. Lin et al. compared the effect of 

carbon coating on the microstructure of LFP particles prepared by sol-gel method. They found 

much larger particles and density in the sample without carbon. On the other hand, the samples 

with carbon presented very high porosity and small particle size [60]. In the case of the high 

thickness extruded LFP electrodes, high porosity is necessary to achieve the liquid electrolyte 

infiltration into the pores and enable all the active material participate in the electrochemical 

reactions. Moreover, small particles are preferred to larger ones, due to high surface area favouring 

the contact with electrolyte and lithium diffusion will be shorter during the discharge-charge 

process and the specific surface area will be higher.  
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Figure 3. 49. SEM images of starting LFP powder and extruded LFP electrodes sintered between 550 and 850 ºC. 

3.4.3.4.2. X-ray diffraction 

XRD experiments were performed for the extruded layers sintered at temperatures between 

550 and 850 ºC and compared with the diffraction pattern of the commercial LFP powder (Figure 

3. 50).  For sintering temperatures between 550 and 800 ºC, the diffraction peaks of the patterns 

are assigned to LiFePO4 and no evidence of any secondary phase was detected. However, at 850 

ºC, the main diffraction peak of a secondary phase is observed and identified as iron phosphide 

Fe2P, (JCPDS #89-3680). In addition, as it can be observed in the SEM image of Figure 3. 50-(b), 

small particles with bright contrast are clearly distinguished in BSE micrograph of samples 

sintered at 850 ºC, indicating the presence of segregated secondary phase. EDS analysis of this 

bright particles indicate that Fe/P atomic ratio is 1.95 which is compatible with Fe2P phase as 

revealed also by XRD. On the other hand, darker particles Fe/P atomic ratio was 1.03, which 

corresponds to LFP. 

Iron phosphide segregation during LFP sintering commonly occurs in presence of carbon 

and in inert atmosphere at high sintering temperatures ( > 700 ºC), and it is attributed to the 

reducing character of the carbon [61,62]. The presence of iron phosphides can improve the 

electronic conductivity of LFP electrodes due to the metallic nature of iron phosphides [63]. Lin 

et al. studied the influence of the presence of iron phosphides (FeP, Fe2P, Fe3P) in the 

electrochemical performance of LFP electrodes. They concluded that a suitable amount of these 

compounds (~ 3.7 wt. %) favours the reaction kinetics and the high rate performance of the 

electrode. However, high quantity (~ 16 wt. %) slows the kinetics and leads to poor 

electrochemical performance, as iron phosphides are not electrochemically active toward Li 

insertion/deinsertion [49]. In this context, even if the presence of an appropriate amount of Fe2P 

could be beneficial for the electrochemical response of the electrode, it is out of the scope of this 
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work to include this variable. Moreover, above 850 ºC the particle growth observed by SEM could 

be detrimental for the material, reducing the specific surface area and probably damaging the 

carbon coating. Thus, sintering temperatures above 850 ºC will be avoided. 

 

Figure 3. 50. (a) XRD diffraction patterns of starting LFP powder and extruded LFP electrodes sintered under N2 at (a) 
550, 650 and 750 °C and (b) at 800 and 850 °C. Fe2P secondary phase is marked in the figure inset as (↓). A SEM image of 
extruded LFP electrode sintered at 850 ºC is also included. 

3.4.3.4.3. Carbon content and distribution 

Elemental carbon analysis was performed in the sintered electrodes. Figure 3. 51 shows the 

results from the elemental analysis of samples sintered at different temperatures. The carbon 

content of the commercial LFP powder and the brown material are also included in the 

representation. As explained before, the carbon content increases from 1.7 wt.% (commercial LFP 

powder) to 2.1 wt.% after debinding due to the incomplete PP decomposition. Then, the materials 

are sintered at different temperatures and, as observed in Figure 3. 51, the same carbon content 

measured after debinding is obtained. This means that during the sintering process no carbon loss 

occurs.  
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Figure 3. 51. Carbon content of commercial LFP powder (“powder”), LFP samples after the debinding (“brown”) and LFP 
electrodes sintered from 550 to 850 ºC. 

HR-TEM images of a particle of starting LFP powder and a particle of extruded LFP layer 

sintered at 650 °C are compared in Figure 3. 52. In both cases, crystalline LiFePO4 is well 

distinguished from the amorphous carbon layer, which covers the ceramic particle. The carbon 

coating was homogeneous in both cases and its thickness was ~3 nm. The thickness of the electrode 

carbon coating is usually minimized in order to reduce the inactive carbon content. Carbon 

coatings of just ~2 nm thickness homogeneously distributed were reported to be sufficient for 

achieving high electronic conductivity and good electrochemical performance [64]. The results 

evidence that the carbon coating is preserved during the extrusion process and that it has an 

adequate thickness. 

 

Figure 3. 52. HR-TEM images of a particle of starting LFP powder (left) and extruded LFP electrode sintered at 650 ºC 
(right). 
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3.4.3.4.4. Impedance spectroscopy 

The impedance of a sintered LFP electrode (sintering temperature 800 ºC) was measured 

by IS in order to check the conductivity of the material. For that, gold blocking electrodes were 

employed, and the measurement was performed in the frequency range between 0.1 Hz and 10 

MHz with an input signal amplitude of 100 mV. The obtained Nyquist plot for the impedance and 

real admittance (Y’) as a function of the frequency are collected in Figure 3. 53.  

In the Nyquist diagram (Figure 3. 53-(a)) most of the data points are in the intersection 

with the abscissa axis at ~ 70 Ω·cm, indicating an electronic conductor behaviour. The admittance 

response at variable frequency (Figure 3. 53-(b)), shows a DC plateau at 1.4·10-2 S/cm in all the 

frequency range. Thus, the electrode behaves as a pure resistor and no ionic contribution is detected 

but probably masked by the electronic contribution. 

The high electronic conductivity of the electrode can be attributed to the carbon content of 

the material (2.1 wt. %) and to the homogeneous carbon coating of the particles, previously 

observed by TEM. Therefore, the LFP particles are electrically connected, leading to a continuous 

pathway for electron motion through the material. This is very important for a good 

electrochemical response of the cathode in a lithium-ion battery, as ensures that all the LFP 

particles participate in the charge transfer reactions during the charge and discharge of the battery. 

 

Figure 3. 53. For an extruded LFP electrode sintered at 650 ºC (a) Nyquist plot for complex impedance and (b) real 
admittance (Y’) for variable frequency. 
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3.4.3.5. Application to lithium-ion batteries 

The electrochemical performance of sintered LFP samples (labelled as LFP-extruded) was 

analysed by means of chronopotentiometry and compared with a composite electrode used as 

reference (labelled as LFP-composite), using lithium half cells. The influence of the processing 

and the sample thickness on the electrochemical activity of the cathodes was evaluated. 

Furthermore, the effect of the electrolyte viscosity, the sintering temperature and the cut-off 

voltage on the electrodes capacity was studied. Eventually, the impedance of a sintered electrode 

was studied at different discharge states of the battery.  

3.4.3.5.1. Electrochemical performance dependence on processing and on 
samples thickness 

In order to check the influence of PEM on the LFP powder, an extruded sample sintered at 

600 ºC was grinded in an agate mortar and its electrochemical performance was tested as 

composite electrode and compared with that of the conventional LFP powder, used as the reference 

electrode. In both cases the LFP-composite electrodes were prepared using a mixture of active 

powder and additives. The ratio between these additives and active material was the same in both 

electrodes: 80 wt. % of active material, 7.5 wt. % of acetylene black, 7.5 wt. % of graphite and 

5 wt. % of Teflon. Figure 3. 54-(a) shows the corresponding charge/discharge curves for the first 

cycle at a low C rate (C/20). Both samples exhibit a flat voltage plateau at 3.48 and 3.39 V for the 

charge and discharge, respectively. Moreover, a similar low hysteresis is observed. Both materials 

have a reversible capacity of 162 mA·h·g-1, corresponding to a lithium uptake of 0.95 Li per 

LiFePO4, and display similar cycling behaviour (Figure 3. 54-(b)) confirming again that the 

manufacturing process, here proposed, does not modify the original characteristic of the starting 

powders. 

Figure 3. 54-(c) depicts the typical charge-discharge curves, achieved respectively at C/20 

and C/100 for an LFP-extruded electrode sintered at 600 ºC. The shape of the curve is basically 

the same than that of the conventional composite electrodes prepared with the starting powder 

(Figure 3. 54-(a)). A reversible gravimetric specific capacity of about 170 mA·h·g-1, close to the 

theoretical one, is obtained. This suggests that most of the active material in the 0.5 mm thickness 

electrode is electrochemically active. While the lithiation process carried out at C/100 takes place 

at a potential value close to the composite electrodes ones,  the charge process at C/20 indicates 

the existence of a slight polarization phenomenon (3.55 V instead of 3.48 V vs. Li+/Li) probably 

due to a much lower carbon content compared to composite electrode and to the higher thickness 

of the extruded material. 
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Figure 3. 54. (a) Charge/discharge first cycles registered at C/20 in 1M LiClO4 in PC for the starting LFP powder electrode 
(dashed black curve) and for a ground-600°C extruded LFP powder electrode (full red curve). (b) Capacity evolution as a 
function of cycle number at C/20 for a ground-600 ºC extruded LFP powder electrode (empty markers) and for the starting 
powder composite LFP electrode (full markers). (c) First charge (C/20) and discharge (C/100) curves registered in 
PC/LiClO4 1 mol L-1 for a 600°C extruded LFP 0.5 mm thick electrode. 

This hypothesis is confirmed by the evolution of the cycling curves as the C rate increases 

(Figure 3. 55-(a)). The hysteresis between charge and discharge rises from 340 mV to 900 mV 

while C rate increases from C/10 to C/2. Because of this, the system reaches the upper cut-off 

voltage before the end of the charge process. Hence, the higher the C rate the lower the efficiency 

of the charge that drastically impacts the recovered available capacities (118, 94 and 10 mA·h/g 

for respectively C/10, C/5 and C/2). Besides, at C rates exceeding C/2, the polarization of the 

electrode is so high that no capacity is achieved. 

By reducing the sample thickness to 0.3 mm (Figure 3. 55-(b)), obtained by polishing the 

0.5 mm thickness electrode, electrode kinetics are markedly improved. At C/10, the capacity 

increases (from 118 to 138 mA·h/g) and the polarization decreases (from 330 to 280 mV). At 

higher C rates, while the hysteresis remains about the same, capacity values are also significantly 

improved (112 mA·h/g at C/5 and 41 mA·h/g at C/2). 
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Figure 3. 55. Charge/discharge curves registered in 1M LiClO4 in PC at C/10 (black), C/5 (red) and C/2 (blue) with a (a) 
0.5 mm thickness and a (b) 0.3 mm thickness LFP-extruded-600ºC electrodes. 

3.4.3.5.2. Dependence of LFP-extruded electrodes performances on 
electrolyte viscosity 

Besides unoptimized electronic contacts in these extruded electrodes, another limitation 

might arise from their unoptimized impregnation with the electrolyte, especially as their thickness 

increases. In order to assess the dependence on LFP-extruded electrode performances on their 

wetting by the electrolyte, we have compared two electrolytes. The cycling curves presented so 

far have been recorded using a molar solution of LiClO4 in propylene carbonate (PC). This solvent 

has, at 25°C, a viscosity higher than the usual electrolytes based on mixtures of carbonates [23]. 

For these reasons, we have tested the electrochemical performances of our extruded electrodes in 

a molar solution of LiClO4 in a mixture of propylene carbonate (PC), ethylene carbonate (EC) and 

dimethyl carbonate (DMC) (1/1/1 in volume). 

Figure 3. 56-(a) clearly depicts the advantages of using the ternary electrolyte. Higher 

capacities than with the PC electrolyte (see Figure 3. 55-(a)) are reached, with an improvement of 

30 – 50 %. For the lowest C rates, values comparable to those obtained with the LFP-composite 

electrode are obtained (156 and 137 mA·h/g compared to 158 and 146 mA·h/g respectively at C/10 

and C/5). However, as soon as the current densities exceed C/2, this ternary electrolyte does not 

enable the decrease in polarization and available capacities, although improved, always remain 

lower than those obtained in the case of the LFP-composite electrode. As a conclusion, a decrease 

in the viscosity of the electrolyte led to improved performances that we ascribe to a better 

penetration of the electrolyte and to a decreased polarization, improving the rate capability of the 
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0.5 mm thick extruded material. In this way, all the experiments that follow were carried out using 

the ternary electrode (1 M LiClO4 in PC/EC/DMC). 

 

Figure 3. 56. Charge/discharge curves registered in 1M LiClO4 in PC/EC/DMC for (a) a 0.5 mm thickness LFP-extruded-
600°C electrode and for (b) an LFP-composite electrode at C/10 (black), C/5 (red) and C/2 (blue). 

3.4.3.5.3. Dependence of LFP-extruded electrodes performances on the 
sintering temperature 

The effect of the sintering temperature of extruded electrodes on electrochemical 

performances has also been studied. Cycling curves registered at C/5 for different sintering 

temperatures are shown in Figure 3. 57-(a). The lowest temperature of 550 °C leads to a limited 

capacity of 120 mA·h/g at C/5, against 130 mA·h/g and more for 600-650 °C. A higher 

polarization is also observed (about 850 mV against 600 mV for 600 and 650 °C, respectively). 

When the sintering temperature is fixed at 750 °C, polarization is quite the same as those observed 

for 600 or 650 °C while the capacity is lower, comparable to the capacity obtained for 550 °C. On 

contrary, the electrode sintered at the highest temperature of 850 °C is unable to deliver any 

capacity. 

These results can be correlated to the electrodes morphologies previously discussed. 

Indeed, SEM images (Figure 3. 49) highlighted that in the case of 850 °C, the biggest particle size 

was obtained. This large grain size could make the carbon coating thinner or heterogeneous, so 

that the continuous pathway for electronic conduction could be interrupted, worsening the 

electrochemical response of the electrode. The larger LFP grain size also has a detrimental effect 

on the kinetics of lithium transport since the length of diffusion pathway increases. Moreover, the 

XRD pattern indicated the presence of Fe2P in the electrode sintered at 850 °C (see Figure 3. 50) 

that is known to be non-active for lithium insertion/extraction.  
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On the other hand, at C/5, between all the extruded electrodes, the one sintered at 650 °C 

presented the highest capacity values. However, at C/2 the extruded materials presented very low 

capacity associated to high polarization (Figure 3. 57-(b)). Hence the sample sintered at 650 °C 

was selected as the one with the best electrochemical response at low C rates (C/10 and C/5) and 

was used for further characterizations. 

 

Figure 3. 57. Influence of sintering temperature for 0.5 mm thickness LFP-extruded electrodes in 1M LiClO4 in 
PC/EC/DMC on (a) the shape of cycling curves registered at C/5 and on (b) rate capability. 

As the self-supported LFP-extruded electrodes present capacities comparable to those 

obtained with LFP-composite electrodes (at C/10), cycle life of the two electrode formulations 

(LFP-extruded and LFP-composite) was evaluated. The results are reported in Figure 3. 58-(a). 

Clearly, at this moderate C rate, both methods allow to reach the same performances, indicating 

the good mechanical stability of the extruded electrode over at least 20 cycles. Moreover, the 

coulombic efficiency of the extruded electrode is always higher than 95 %, slightly higher than the 

composite one. 

The capacity of the extruded and composite electrodes referred to the total mass of the 

electrode is represented in Figure 3. 58-(b). Due to the absence of additives and binder in the 

extruded electrode, the gravimetric capacity increases ~25 %. 

On the other hand, the areal capacity evolution, calculated considering the mass loading of 

the electrodes, is plotted in Figure 3. 58-(c). It is noticeable that areal capacity is greatly enhanced. 

Indeed, with values between 12 and 14 mA·h·cm-2, it is about 4 times higher than the composite 

one.  
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Figure 3. 58. (a) Specific capacity, (b) specific capacity referred to the total electrode mass and (c) areal capacity evolution 
as a function of cycle number at C/10 in 1M LiClO4 in PC/EC/DMC for a 0.5 mm thickness LFP-extruded-650 °C electrode 
(empty red markers) and for a LFP-composite electrode (full black markers). 

3.4.3.5.4. Cut-off voltage 

As already mentioned, the intrinsic polarization observed in the extruded electrodes, 

impede the charge process at 4 V, especially at C/2. Hence, a higher oxidation voltage as new 

upper limit could allow to complete the charge process at C/2 and then to enhance the recovered 

capacity. To get a qualitative idea of the voltage limits that can be applied to the electrolyte, 

different density currents were applied to an electrolyte solution of LiClO4 1M in PC:EC:DMC 

(1:1:1 vol. %) into a coin cell, using a stainless-steel spacer and a lithium metal disc as working 

and negative electrodes, respectively. Figure 3. 59 shows the evolution of the potential with the 

time for different C rates. Around 4.7 V, a constant potential value is registered, which indicates a 

very significant electrolyte decomposition. In this manner, it was decided to limit the voltage to 

4.5 V in order to limit the electrolyte decomposition. 
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Figure 3. 59. Chronopotentiometry of an electrolyte solution of LiClO4 1M in PC:EC:DMC (1:1:1 vol. %) at different 
current densities for reduction and oxidation. 

The rate capability of extruded 650 ºC electrodes in the enlarged 4.5 V - 2 V potential 

window is reported in Figure 3. 60-(b) with some of the corresponding typical cycling curves 

selected for C/10, C/5 and C/2. The results are compared with those achieved in the previous 4V-

2V range reported Figure 3. 60-(a). For moderate C rates (C/10), no significant change in the 

capacity value around 165 mA·h/g is observed. However, for C/5 the capacity already increases 

from 138 to 156 mA·h/g. At C/2 more than twice the capacity is obtained in the extended potential 

range with 82 mA·h/g against about 35 mA·h/g. 

 

Figure 3. 60. Charge/discharge curves registered in 1M LiClO4 in PC/EC/DMC with a 0.5 mm thickness LFP-extruded-
650°C at C/10 (black), C/5 (red) and C/2 (blue) (a) between 2.0 V and 4.0 V and (b) between 2.0 V and 4.5 V. 
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3.4.3.5.5. Impedance spectroscopy 

A study by IS has been carried out in a three electrodes cell, on a 0.5 mm thickness LFP-

extruded-650 °C electrode, for different lithium contents in LixFePO4 (with x = 0, 0.2, 0.5, 0.9 and 

1). The measurements have been carried out during the second cycle. The corresponding Nyquist 

diagrams are represented in Figure 3. 61-(a). Such diagrams are typical of insertion compounds 

[65]. They all exhibit different contributions characterized by (see inset): (1) the electrolyte 

resistance Relec, given by the intercept of the abscissa and the starting point of a semicircle at high 

frequencies; (2) a well-defined semicircle at high frequencies corresponding to the charge transfer 

resistance RCT; (3) a Warburg region for diffusion process at medium frequencies, characterized 

by a 45 º line with respect to the real axis; (4) a quasi-vertical line ascribed to the finite diffusion 

at low frequencies. All these characteristic values have been determined and compared to those 

obtained in the case of the LFP-composite electrode, which contains exactly the same amount of 

active material (13.7 mg in both electrodes). At first, it can be noticed that the electrolyte resistance 

is comparable for both electrodes. This point is interesting because discards a possible poor contact 

between our self-supported electrode and the current collector due to its rigidity, hypothesis that 

could have explained the huge polarization observed and already discussed as soon as the C rate 

increases.  

About the charge transfer resistance, a quite stable value of 250 Ω is obtained for 0 ≤ x < 

1. It is a little bit higher for x = 1 with 282 Ω but all these values are higher, by one order of 

magnitude, than for the LFP-composite electrode (see Table 3. 9). This indicates a slower kinetics 

for the electron transfer in the extruded electrode than in the composite one, and such a discrepancy 

could be related with the lower carbon content in the extruded sample (2.1 wt. % against 16.7 wt. 

% in the composite electrode). This fact is in agreement with the evolution of the total impedance 

|Z| of the extruded electrode (Figure 3. 61-(b)) much higher by a factor 4, than the composite one, 

whatever the x value in composite. This well illustrates the difference in the electrode technology 

used in both cases. 
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Table 3. 9. Frequency at the top of the semi-circle, charge-transfer resistance and double layer capacity of for LFP-

composite and LFP-extruded-650 ºC electrodes at different x values. 

Electrode x in LixFePO4 fmax (Hz) Rct (Ω) CdL (µF) 

LFP-composite 

1 

100.16 34 48 

0.9 

0.5 

0.2 

0 

LFP-extruded 

1 10.00 282 56 

0.9 

12.60 251 
50 

 
0.5 

0.2 

0 12.60 255 49 

 

Besides, the characteristic frequency at the top of the semicircle (fmax according to the 

scheme Figure 3. 61-(a) inset) is in both cases independent of the lithium content in the material, 

being about 100 Hz for the LFP-composite electrode and close to 10 Hz for the extruded one. It is 

possible to deduce the double layer capacitance (CDL) from this frequency and the charge transfer 

resistance, using the relation: 

CDL = 
1 

2RCTfmax
  

The same capacitance is found, 48 µF and 50 µF for the composite electrode and for the 

extruded electrode, respectively. This indicates that the electroactive surface areas are equivalent 

for the same involved active material mass (13.7 mg) while geometrical areas are very different 

(ratio composite/extruded ≈ 3). This finding justifies that capacities close to the theoretical one are 

achieved with this kind of additive-free electrode where all the LFP grains take part to the 

electrochemical lithium extraction-insertion. The additive-free electrode obtained by PEM 

technology proposed here with our extruded LFP homogeneously and quantitatively works. 



 

 
128 | Additive-free thick Li4Ti5O12 and LiFePO4 electrodes manufactured by Powder Extrusion Moulding 

 

Figure 3. 61. (a) Nyquist diagrams of an LFP-extruded-650 °C electrode (S = 0.4 cm2) for different charge states. (b) 
Comparison of total impedance |Z| between LFP-composite electrode and LFP-extruded-650 °C electrode for different 
charge states. 

The Warburg domain can be exploited over the composition range 0.2 ≤ x ≤ 0.9, with the 

following equation [65]: 

DLi = 






 

VM

2 n F S 
  x  

dE
dx   x  

1
As

  2 

where VM is the molar volume of the compound (44.8 cm3/mol); n the number of electron; 

S is the geometric surface area of the electrode (S = 0.4 cm2); dE
dx  is the slope, at fixed x, of the 

curve E = f(x) (Figure 3. 54-(c)) that corresponds to the equilibrium potential composition curve 

and As the slope of the line obtained by representing Re (Z) as a function of  1
   corresponding 

to the Warburg region.  

For the extruded electrode, lithium diffusion coefficient around 5·10-12 cm2/s is found in 

the 0.2 ≤ x ≤ 0.9 composition range. The dE
dx  slope value is 8.9·10-2 V in this range of composition 

corresponding to the biphasic domain where LiFePO4 and FePO4 coexist. It is also possible to use 

the limiting frequency fL*, defined by the intercept between the Warburg line and the quasi vertical 

line, as illustrated in the inset Figure 3. 61-(a) using the following equation: 
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in which L is the maximum length of the diffusion pathway corresponding to half the grain 

size (100 nm). Very close DLi values are obtained (8·10-12 cm2/s for x = 0.2 and x = 1). Higher DLi 

values by one order of magnitude are found in the case of the starting LFP powder. We think this 

apparent difference in the lithium diffusion kinetics is not to be related to an intrinsic property of 

the LFP material but rather reflects the electrode technology used in each case. 

3.4.4. Design of a lithium-ion battery with extruded Li4Ti5O12 and LiFePO4 
electrodes 

To complete the electrochemical characterization of the additive-free electrodes, an LTO-

extruded/LFP-extruded Li-ion cell configuration was characterized [66]. In that way, the cell 

configuration is more realistic than a lithium half-cell (using lithium as negative electrode) and the 

result could be better compared with commercial systems. 

Extruded LTO and LFP electrodes, sintered at 950 ºC in Ar/H2 and 800 ºC in N2, 

respectively, were selected as anode and cathode for the LTO/LFP full cell. The characteristics of 

the additive-free, LTO and LFP ceramic electrodes produced by PEM process are given in Table 

3. 10. The density of the LTO and LFP electrodes, measured by Archimedes method, is 2.7 g cm-

3 (77 % of theoretical density), and 2.3 g cm-3 (64 % of theoretical density), respectively. After 

sintering, the LTO and LFP electrodes contained 0.14 and 2.03 wt. % of carbon, respectively. The 

mass loading was 110 mg cm-2 for LTO and 90 mg cm-2 for LFP. 

Table 3. 10. Characteristics of extruded LTO and LFP electrodes. 

Electrode 
Carbon content 

(wt. %) 

Density 

(g/cm3) 

Porosity 

(%) 

Mass loading 

(mg/cm2) 

LTO 0.14 2.7 23 110 

LFP 2.03 2.3 36 90 

 

A three-electrode configuration was selected for preparing the LTO/LFP full cell. Before 

measuring the electrochemical performance of the full cell, Li/LTO and Li/LFP half cells were 

evaluated by galvanostatic tests in order to check that this configuration is appropriate for the thick 

electrodes. Figure 3. 62 and Figure 3. 63 show, respectively, the electrochemical response of 

Li/LTO and Li/LFP half cells, employing a thin sputtered gold coating as current collector. The 

voltage vs. capacity profiles of selected charge-discharge cycles of the Li/LTO half cell are 

reported in Figure 3. 62-(a). A flat plateau around 1.55 V is observed. The average voltage of cell 
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is only slightly lower than the theoretical value, indicating similar polarization than that previously 

obtained in two-electrode configurations (coin cells). During the first discharge of the LTO half 

cell, a capacity of 143 mA·h/g is recorded. The comparison with the following delithiation cycle 

evidences the first cycle irreversible capacity to be only about 5.7 mA·h/g, with a relatively high 

coulombic efficiency (96 %) compared with commercial graphite electrodes of 90-94 % [67]. 

Furthermore, the voltage profiles at C/12 rate upon both the charge and discharge are practically 

overlapping, indicating for the high reversibility of the lithium insertion process in the following 

cycles. Also, a good capacity retention at 10th cycle is achieved (∼101 mA·h/g, corresponding to 

60 % of the nominal capacity) while the coulombic efficiency is as high as 99.7 % (Figure 3. 62-

(b)). It is important to note that the capacity reached after 15 cycles at C/12 is similar to that 

obtained at C/24 using a two-electrodes configuration. Thus, this three-electrodes configuration 

seems to be more appropriate for the cell performance. These results are extremely promising 

considering the use of lithium metal as the counter electrode, which introduces unstable 

decomposition products in the electrolyte by direct chemical reactions. 

 

Figure 3. 62. Performance of Li/LTO-extruded half-cell in 1M LiPF6 in EC:DMC (1:1, in weight). 1st and 2nd cycles at C/24 
and the following at C/12. (a) Voltage vs. capacity profiles of Li/LTO at 20 ºC. (b) Specific capacity retention and coulombic 
efficiency upon cycling of Li/LTO-extruded. 

In Figure 3. 63-(a) the voltage profiles of some selected charge-discharge cycles of the 

Li/LFP-extruded half cell are displayed, showing the characteristic features of LFP upon 

delithiation (charge) and following lithiation (discharge), i.e., a rather flat voltage plateau around 
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3.4 V. In the first cycle (C/24 rate) a discharge capacity of 142 mA·h/g is observed. Even under 

increasing the current density (C/12), the discharge capacity (see the 7th cycle) still reaches 123 

mA·h/g, with a coulombic efficiency close to 98 % (Figure 3. 63-(b)). 

 

Figure 3. 63. Performance of Li/LFP-extruded half cell in 1M LiPF6 in EC:DMC (1:1, in weight). 1st and 2nd cycles at C/24 
and the following at C/12.  (a) Voltage vs. capacity profiles of Li/LFP at 20 ºC. (b) Specific capacity retention and coulombic 
efficiency upon cycling of Li/LFP-extruded. 

The performance of the LTO-extruded/LFP-extruded lithium-ion cell upon charge-

discharge tests is illustrated in Figure 3. 64. Selected cell voltage profiles are shown in Figure 3. 

64-(a) while Figure 3. 64-(b) shows the capacity retention upon long-term testing carried out at 

two different rates, C/24 and C/12. The flat charge-discharge profiles are centred in 1.9 V. The 

cell delivers an initial discharge capacity of about 148 mA·h/g, which decreases, after 50 cycles, 

to ca. 112 mA·h/g, still corresponding to a volumetric capacity of 257 mA·h/cm3. 
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Figure 3. 64. Performance of LTO/LFP LIB in 1M LiPF6 in EC:DMC (1:1 in weight). 1st and 2nd cycle at C/24 and the 
following at C/12. (a) Voltage vs. capacity profiles at 20 ºC. (b) Specific capacity retention and coulombic efficiency under 
cycling (the specific capacity is referred to the LFP cathode). 

In summary, the electrochemical performance of the LIB composed of LTO and LFP thick 

self-supported extruded electrodes with a mass loading of ∼100 mg/cm2 opens the door to develop 

a new generation of safe LIB with high volumetric and areal capacities. The proposed 

manufacturing procedure of the thick, additive-free electrodes is easily scalable, allowing for the 

fast-commercial development of this new generation of high performance LIBs. 
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3.5. CONCLUSIONS 

In this investigation, the optimization of the powder extrusion moulding of LTO and LFP 

thick layers as electrodes for lithium-ion batteries has been successfully developed. For that, a 

thermoplastic binder system with composition PP/PW/SA (50, 46, 4 vol. %) and LTO and LFP 

commercial powder were employed. The different steps of the process were optimized, and the 

main conclusions are summarized: 

- In the mixing step, the powder loading of the LTO and LFP feedstocks was optimized 

using torque measurements and feedstocks with a powder loading of 55 vol. % for both materials 

were successfully processed. By capillary rheology it was determined that the selected mixtures 

presented a pseudoplastic behaviour and a viscosity lower than 1000 Pa·s, being suitable for 

extrusion moulding. In general terms, LFP feedstocks presented higher viscosity and more 

pseudoplastic behaviour than LTO ones. This could be attributed to the LFP powder carbon 

coating. 

- During the extrusion step, the LFP layers were cooled down in air, while the LTO ones 

were cooled down in water (immersion), due to the lower pseudoplastic behaviour of the LTO 

feedstock. After extrusion, defect-free green layers of approximately 0.5/1 mm thickness, 6 mm 

width and different length were obtained. The microstructure of the green layers reveals a 

homogenous distribution of the powder in the binder. 

- The removal of the paraffin wax by dissolution in n-heptane was studied in the green 

layers. For LFP layers, a complete removal was obtained after 1 h of immersion at 50 ºC. On 

contrary, for LTO layers the removal was incomplete (84 wt. %).  The elimination of the rest of 

the binder was carried out in both cases by a thermal treatment, obtaining defect-free brown layers. 

- The effect of the sintering temperature (900-1100 ºC) and sintering atmosphere (air, N2 

or Ar/H2) in LTO electrodes were investigated in terms of composition, microstructure and 

electrical properties. On the other side, the effect of the sintering temperature (550-850 ºC)  was 

studied in LFP electrodes in N2 atmosphere. Eventually, sintered LTO and LFP were tested 

together in a full-cell. The main conclusions regarding to each material are specified as follows: 

LTO-extruded electrodes 

The density variation with the sintering temperature follows the same tendency for the three 

sintering atmospheres. The maximum density, already reached at 950 ºC, is 84 % and the total 
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open porosity is 16 %. The inspection of the electrodes by SEM revealed a homogeneous porous 

distribution. This porosity is necessary for the electrolyte penetration into the thick electrode in 

the lithium cell. 

By XRD, high purity LTO is identified when oxidant or inert sintering atmospheres are 

used. However, in reducing atmosphere, 950 ºC is the maximum temperature without LTO 

decomposition. For this reason, 950 ºC was selected as the optimum sintering temperature in Ar/H2 

atmosphere. 

As a consequence of an incomplete binder decomposition, some residual carbon was 

detected in electrodes sintered in inert and reducing atmospheres. The carbon content was higher 

in Ar/H2 (0.14 ± 0.02 wt. %) than in N2 (0.05 ± 0.02 wt. %) for electrodes sintered at 950 ºC. HR-

TEM images reveals the presence of a homogeneous carbon coating of approximately 2 nm 

thickness in electrodes sintered in Ar/H2. Moreover, the used of XPS allowed identify a partial 

reduction of Ti4+ to T3+ in those electrodes sintered in the reducing atmosphere. This, together with 

the presence of conductive carbon, suggests that this electrode could be the most appropriate for 

battery applications. 

Impedance spectroscopy measurements confirmed that the maximum conductivity is 

reached when Ar/H2 atmosphere is used. In this manner, the LTO electrode sintered at 950 ºC in 

Ar/H2 was selected for battery tests. 

The LTO-extruded electrode was tested during 20 cycles at C/24. The additive-free 

electrode reaches the same specific capacity than LTO-composite electrode, which means that all 

the active material in the extruded layer is inserting and extracting lithium. This is attributed to the 

interconnected porosity of the electrode, which allows the electrolyte to soak all the LTO particles. 

Furthermore, and as a consequence of LTO being a zero-strain insertion material, the sintered 

ceramic electrode retains its shape after intercalation/deintercalation cycles. It explains its 

remarkable cycling performance, with a 90 % of capacity retention after 20 cycles at C/24 and 

88.7 % and 92.5 % after 30 cycles at C/12 and C/8, respectively. 

The absence of additives maximizes the active material powder content in the electrode. 

As a direct consequence of this latter feature, the volumetric discharge capacity of the LTO-

extruded electrode (310 mA·h/cm3 at C/24) is almost three times higher than that of the LTO- 

composite electrode (131 mA·h/cm3) prepared by conventional casting. This result is explained by 

the higher density of LTO-extruded electrode and its additive-free nature. Moreover, due to the 
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absence of additives and especially due to the very high thickness of our LTO-extruded electrode, 

the areal capacity (15.2 mA·h/cm2) exceeds by more than one order of magnitude that of the LTO-

composite electrode (1.42 mA·h/cm2). 

LFP-extruded electrodes 

The density of the electrodes sintered at different temperatures is very similar and reached 

the maximum value of 65 %. The total open porosity is 35 % and the porous microstructure of the 

samples was confirmed by SEM images.  

For sintering temperatures higher than 800 ºC, the segregation of Fe2P was identified by 

XRD.  This phase is non active for Li insertion/deinsertion. 

The carbon elemental analysis revealed an increase of the carbon content from the initial 

LFP powder (1.7 wt. %) to the sintered electrodes (2.1 wt. %). This means that (i) the use of an 

inert-N2 sintering atmosphere resulted successful for preventing oxidation of the LFP carbon 

coating and (ii) some residual carbon results from the incomplete binder elimination. TEM was 

used to confirm the preservation of the homogeneous carbon coating of ~ 3 nm after sintering. 

The total conductivity of the electrode was measured by IS resulting in ~ 10-2 S/cm. This 

relatively high conductivity is attributed to the percolative and conductive carbon coating 

previously observed. 

The LFP-extruded electrodes (0.5 mm thickness) were tested in lithium half cells and the 

effect of processing, electrode thickness, electrolyte viscosity and sintering temperature were 

investigated. It was confirmed that the manufacturing process does not affect the characteristics of 

the original powder. However, an increase in the electrode polarization was detected from C/10 to 

C/2, which can be strongly limited using thinner electrodes. The decrease in the electrolyte 

viscosity led to a better electrolyte penetration and decreases the polarization, improving the rate 

capability of the 0.5 mm thickness extruded electrode. The electrolyte 1 M LiClO4 in PC/EC/DMC 

(1/1/1 in volume) was used for further investigations.  

The highest capacity values were obtained for the LFP-extruded electrode sintered at 650 ºC. 

Over 20 cycles at C/10 the electrode reaches same performance than the LFP-composite electrode, 

indicating the good mechanical stability of the extruded material. However, due to the absence of 

additives and binder, the gravimetric capacity is increased by a 25 % compared to the composite 

electrode. Furthermore, the increase in the areal capacity is even more significant, reaching 14 
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mA·h/cm2, which is approximately 4 times the areal capacity of the composite electrode used as 

reference. It must be highlighted that, with roughly the same thickness, the extruded LFP 

demonstrates improved cycling performances compared to LTO. 

LTO-extruded/LFP-extruded lithium-ion battery 

A LIB using sintered LTO and LFP extruded electrodes as anode and cathode, respectively, 

was tested. The large mass loading of the electrodes (∼100 mg/cm2) lead to high areal (> 13 

mA·h/cm2) and volumetric (340 mA·h/cm3) capacities. Thus, the manufacturing of thick additive-

free ceramic electrodes by powder extrusion moulding pavs the way to a new generation of high 

performance LIBs. 
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a consequence of a higher packing of the particles. Moreover, the narrower the particle size 

distribution is, the more uniform the pores are distributed in the final layer [4]. 

On the other hand, the particle shape of the initial powder affects to different parameters 

during the process. For example, slurries with spherical particles present lower viscosities than 

those with platelet shaped particles. Spherical particles lead to high packing densities as they allow 

easier particle rearrangement. On contrary, particles with specific shapes, such as rod-like 

particles, can produce orientation effects under the shear rate of the blade and thus produce non 

isotropic shrinkage [5].  

4.1.1.2. Solvents  

The selected solvent must dissolve the organic additives of the slurry (deflocculant, binder 

and plasticizers). On the other side, it must not react with the ceramic powder and should form a 

suspension of the powder in the homogeneous fluid. Solvents used in tape casting are classified as 

aqueous or organic. 

Despite organic solvents can present toxicity, they can be selected in order to have low 

boiling point, low viscosity and high vapour pressure compared to aqueous solvents. Thus, the 

drying step is faster than in water and the total time of the process is reduced. Also, the low 

superficial tension of organic liquids reduces crack formation in the layer during their evaporation. 

Organic solvents also provide high solubilization of the organic additives, providing a 

homogeneous slurry after mixing. Furthermore, the low viscosity easies the casting of the slurry. 

Sometimes mixtures of solvents are used, such as azeotropic mixtures, which result in a decrease 

of the vapor pressure of the mixture compared with its separated components, letting the system 

dry faster at a given temperature. Also, both components evaporate as one, allowing a homogenous 

evaporation through all the mixture with no solvent composition changes [6]. For safety and health 

concerns, mixtures of alcohols are desired. Thus, one of the most common solvents is the 

azeotropic mixture of Methyl Ethyl Ketone (MEK) and Ethanol (Et) [7]. 

On the other hand, aqueous solvents present the advantages of being cheap, non-toxic and 

thermally stable. Thus, water-based tape casting is well developed for some materials, such as 

Al2O3 [8]. On contrary, complete water elimination from the cast layers is sometimes a big issue, 

especially in thick layers. Thus, only thin green layers are usually produced [9]. Moreover, some 

ceramics are unstable in presence of water, for example the Li-ion conductors Li0.44La0.52TiO3 [10] 

and Li7La3Zr2O12 [11].  
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4.1.1.3. Deflocculants 

The ceramic particles present a tendency to be in contact with each other due to Van der 

Waals forces. The most used method for avoiding agglomeration is using a deflocculant agent, 

which usually is a liquid that creates an electrical double layer around each particle generating a 

repulsion between the particles. When the repulsive force is higher than the attraction one, the 

suspension is stabilized. 

The role of the deflocculant is to disperse the powder particles throughout the slurry and 

avoid agglomeration. In this manner, the slurry viscosity decreases, and the powder loading can 

be increased for improving the packing of the particles.  

The most widely employed deflocculant is ether phosphate. Due to its high acidity, it 

ionizes and provides high positive charge to the particles surface, which favours the linkage to the 

organic molecules and hence, prevents the double layer repulsion. However, other compounds as 

oleic or stearic acid have been also successfully employed [7].  

4.1.1.4. Binders and plasticizers 

The binder/plasticizer system is critical for achieving the desired mechanical properties of 

the film in the green stage. The specific role of the plasticizer is to provide flexibility to the layer 

for an easy handling, while the binder must form a robust and consistent layer after solvent 

evaporation, permitting to store and to manipulate the material. The general requirements for 

selecting an appropriate binder are high effectivity at low concentrations, low glass transition 

temperature, easy burnout, no interference with solvent evaporation or trapped air and act as 

lubricant between particles. For cost considerations, it is always advisable to choose polymers that 

can be dissolved in an inexpensive and environmentally friendly solvent. Binders are usually 

polymers either natural or synthetic that form organic bridges between the ceramic particles. In 

general terms, polymers with long chains will contribute positively to achieve high strength and 

toughness. The most common binder used in tape casting is Poly Vinyl Butyral (PVB) and the 

most employed plasticizers are glycols and phthalates [12]. On the other hand, the plasticizer 

addition provokes a decrease in the binder glass transition temperature, as the movement of the 

polymer chains is enhanced, increasing the flexibility of the layer. Nevertheless, this is 

accompanied by a decrease in the layer strength. Thus, the relative concentration of binder and 

plasticizers must be properly adjusted.  
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agglomeration, it must be added in the initial phase of the milling step. Once the ceramic particles 

are homogeneously suspended in the solvent, the plasticizers are added, and subsequently in a third 

step, the binder is mixed to obtain the slurry. The next step is to remove any trapped air bubbles 

from the slurry, which can be carried out by simply stirring the mixture or by making little vacuum 

(600-700 mm Hg) for a few minutes. 

4.1.2.2. Slurry rheological characterization 

Once the slurry is prepared, rheology characterization tests are crucial to check the 

suitability of the mixture for tape casting, as they give insight into the slurry flow behaviour. 

Commonly, rheology experiments are carried out by measuring the slurry viscosity variation in a 

shear rate range. The presence of large polymer chains and anisotropic ceramic particles in the 

slurry generally does not follow the viscosity response against shear rate of Newtonian fluids. The 

viscosity is initially high due to the disorder of polymer and ceramic particles, which prevents the 

ceramic particle agglomerates. However, during casting, anisotropic components, such as rods-

geometry particles orient toward the casting direction. In addition, polymer chains are 

disentangled, reducing the slurry viscosity and enable a steady flow. Thus, the viscosity decreases 

with the shear rate. When the slurry is out of the blade region the viscosity increases again allowing 

obtaining a film with preserved geometry. That is the reason why tape casting slurries usually 

present a pseudoplastic behaviour, an important requirement from the processing point of view. 

The rheological behaviour of tape casting slurries has been described by many different models, 

while the general tendency is that most of them have a power-law nature [14]. 

The viscosity of a slurry is strongly influenced by its composition. The proportion in which 

each component is added can be optimized by means of rheology experiments. In general terms, 

the higher the powder loading, the higher the viscosity. On the other hand, the presence of 

dispersants decreases the slurry viscosity [15]. Ceramic slurry viscosity values can be in the range 

0.1-100 Pa·s in the shear rate range 0-200 s-1, depending on the slurry formulation and composition 

[16]. 

4.1.2.3. Casting and drying 

The casting of the slurry is usually carried out on a flat substrate like a glass or a polymer 

which is chosen based on the slurry composition for easing the removal of the dried tape from the 

carrier. The blade gap and the casting speed are controlled and play a key role in the final thickness 

of the layer. Thus, the higher the blade gap and the lower the casting speed, the higher the thickness 
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materials with other applications, as piezoceramics for transducers for sensors [23], materials for 

photovoltaic solar cells [24], multilayer anode supported solid oxide fuel cells (SOFC) [25], SiC 

multilayers for thermal protection of spacecrafts [26] or phosphor ceramics for light emitting 

diodes (LED) [27]. 

Regarding to the application of tape casting to sintered materials for Li-ion batteries 

applications, Gao et al. recently reported the preparation of high density (99%) garnet-type 

Li6.4La3Zr1.4Ta0.6O12 (LLZTO) solid electrolyte. The obtained layer presented high ionic 

conductivity (5·10-4 S/cm al 30 ºC) and was used for preparing an all-solid-state battery 

Li/LLZTO/LiFePO4 with excellent cyclability at 60 ºC and 0.1 C [19]. On the other hand, 

Schiffmann et al. prepared green layers of Li4Ti5O12 (120-140 µm thickness) and Li0.33La0.557TiO3 

(LLTO, 25-40 µm thickness) by tape casting which were stacked together and co-sintered. Despite 

the good cohesion between electrode and electrolyte, the measured conductivity of LTO was very 

low (~ 10-6 S/cm), which was in principle attributed to the phase transition of LTO due to the high 

sintering temperature (1100 ºC), which is necessary for sintering of LLTO [28].  
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4.2. OBJECTIVES 

The aim of this investigation is to prepare thick Li4Ti5O12 (LTO) ceramic electrodes by the 

tape casting process and test them in lithium half cells in order to obtain high energy density anodes 

for lithium-ion batteries. 

The different steps of the tape casting of LTO will be optimized. The slurry components 

will be thermally characterized, and the slurry composition selected according to rheological 

measurements. After casting, a debinding and sintering thermal treatment will be designed. The 

debinding will be done according to the decomposition temperatures of the organic slurry 

components. The effect of the sintering temperature and atmosphere on the structural, 

microstructural and electrical properties of the electrodes will be studied. Finally, the tape casting 

LTO ceramic anodes will be tested in lithium-ion half cells. 
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The increase of the pH is explained by the exchange of Li+ ions from LTO by H+ from 

water according to the following reaction: 

Li4Ti5O12 + x H2O → HxLi4-xTi5O12 + x Li+ + x OH- 

Similar behaviour was previously reported for Li-garnets [29,30] and perovskites [10,31]. 

Regarding to the Li+/H+ exchange in the spinel Li4Ti5O12, Simon et al. studied the proton exchange 

for LTO in acidic solutions and observed a decrease in the capacity of the LTO electrode when the 

ion exchange increases [32]. However, in our case, the Li+/H+ exchange reaction takes place in 

pure water and it is observed that no high proton concentration is needed for the exchange reaction 

to occur. 

 

Figure 4. 3. pH evolution with time for different amounts of commercial Li4Ti5O12 powder. 

From the obtained results, it can be concluded that exposure to water must be avoided 

during the processing of LTO thick electrodes by tape casting in order to prevent Li+/H+ exchange, 

as the electrochemical properties of the final material can be damage. Thus, an organic solvent 

should be selected for the slurry preparation.  

4.3.1.2. Binder system 

In order to prepare a suitable slurry for the tape casting process, Li4Ti5O12 powder was 

mixed with different components. The selection of these components was done according to 

previous studies in which titanate zirconate lead (PZT) films were successfully prepared by doctor 

blade process [33]. 
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polyvinylidene fluoride (PVDF) as binder were processed by conventional doctor-blade 

procedure. Composite electrodes with maximum thicknesses of ca. 120 μm and active material 

loading close to 9.5 mg/cm2 were prepared without cracks and well attached to the copper current 

collector.  

The cells were assembled in a dry glove box MBraun Labmaster (< 0.1 ppm H2O) filled 

with argon, using a lithium foil as negative and reference electrode. A fiberglass separator 

(Whatman BSF80) soaked with 0.3 ml of the electrolyte (1M LiPF6 in EC:DMC (1:1 in volume) 

supplied by UBE) was used for battery tests.  

The galvanostatic cycling tests were performed with a Biologic VMP3 multichannel tester 

at C/20 (8.75 mA·g-1) constant current, in the potential range from 2.7 to 1.0 V and at a temperature 

of 30 ºC. 
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with the shear rate was measured for the different slurries in the shear rate range between 0 and 

200 s-1, as shows Figure 4. 5. It is observed that the viscosity increases with the relative amount of 

LTO powder. This is the expected behavior, as the increase of the powder content hinders the 

movement of the polymeric chains. The slurry with the highest powder content (55 wt. %) slightly 

decreases its viscosity with the shear rate from ~ 700 mPa·s to ~ 500 mPa·s, showing a 

pseudoplastic behavior. This indicates that at low shear rates, which simulates the first stage of the 

tape casting process, the shear stress increases due to the internal resistance caused by the 

disentanglement of the polymer chains and the splitting of particle agglomerates. Further 

application of shear stress results in the flow of the slurry without obstacles and, hence decreasing 

the viscosity. On contrary, the slurries with lower powder content (45 and 50 wt. %) present an 

almost constant viscosity in the shear rate range (Newtonian behavior).  

 

Figure 4. 5. Viscosity curves for LTO slurries with 45, 50 and 55 wt. % of LTO powder. 

The flow behavior of a slurry can be described according to different rheological models 

based on the dependence of the viscosity with the shear rate. Between them, the most common 

used one is the Ostwald and de Waele power law model, which follows the following equation 

[14]: 

𝜂 = 𝑘 �̇�𝑛−1  

where 𝜂 is the viscosity, 𝑘 is the consistency index, �̇� is the shear rate and 𝑛 is the power 

law index. If 𝑛 is equal to one, the fluid behaves as a Newtonian fluid. When 𝑛 is less than one, 

the fluid is pseudoplastic and the lower 𝑛 is, the more pseudoplastic the fluid is. 
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The power law index for the slurries with different powder loading was obtained. For that, 

the linear regression of the logarithmic representation of the viscosity versus the shear rate was 

calculated in the shear rate range that follows the power law model. Figure 4. 6 collects the curves 

for each powder loading with their corresponding linear fittings. 

 

Figure 4. 6. Fittings of the linear regression of the logarithmic representation of viscosity against shear rate for slurries with 
40, 45 and 50 wt. % of LTO. 

The calculated power law indexes are collected in Table 4. 2. In all cases, 𝑛 is lower than 

1, which means that all the slurries present a pseudoplastic behavior. However, the slurry with the 

highest powder loading (55 wt. %) presents the lowest power law index, which indicates that is 

the most pseudoplastic fluid. On the other hand, for 45 and 50 wt. % of LTO, 𝑛 is very close to 1, 

which shows the poor pseudoplastic character of the slurries and their quasi-Newtonian behavior. 

Marani et al. also reported a decrease in the power law index with the powder loading from  0.97 

to 0.78 for ceria-gadolinium oxide tape casting slurries [35].  

Table 4. 2. Power law index for slurries with different powder loadings. The regression coefficients of the linear fittings are 

also indicated in brackets. 

LTO content (wt. %) 𝒏 

55 0.82 
(0.997) 

50 0.97 
(0.98) 

45 
0.98 

(0.99) 
 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
2.55

2.60

2.65

2.70

2.75

2.80

2.85

45 wt. %

50 wt. %

55 wt. %

log (Shear rate)

lo
g 

(V
is

co
si

ty
) 



 
163 | Chapter 4 

According to the rheological characterization, the slurry with 55 wt. % of LTO is the most 

pseudoplastic fluid, so it would be the most appropriate for tape casting. Furthermore, in order to 

obtain ceramics with higher mechanical properties, higher powder loading is also the most 

convenient.  

The three slurries were casted using the same blade gap (750 µm) and the thickness of the 

dry layer was measured. As shows Table 4. 3, the thickness of the green layer increases with the 

LTO content as a consequence of the lower solvent content in the slurry. In all cases, homogeneous 

layers were obtained, and no visual defects were observed.  

Table 4. 3. Effect of the LTO powder content in the thickness of green LTO layers. 

LTO content (wt. %) Thickness (µm) 

45 148 ± 16 

50 185 ± 13 

55 276 ± 36 

 

It can be appreciated that the difference between the blade gap and the thickness of the 

green layers is very large. This is attributed to the relative high volume percentage of solvent in 

the slurry compared to the LTO powder (see Table 4. 4). Thus, after the evaporation of the solvent, 

a contraction of approximately 63 % is expected, which is in good agreement with the thickness 

measured for the green layer with 55 wt. % (shown in Table 4. 3). 

Table 4. 4. Relative weight and volume compositions of an LTO slurry. 

Component wt. % in slurry vol. % in slurry* 

LTO 55.0 26.0 

BP 0.1 0.2 

MEK-Et 38.4 63.2 

PEG 0.5 0.8 

BBP 1.0 1.6 

PVB 5.0 8.2 

*For the equivalence to vol. %, the mixing rule was used considering a density of 3.49 g·cm-3 for LTO and 

1 g·cm-3 for the rest of the components. 
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The fact that the higher thickness was obtained for the slurry with 55 wt.% of LTO together 

with the pseudoplastic behavior of this mixture, made this composition the one of choice for 

preparing thick LTO layers by tape casting. 

4.4.1.2. Thermal treatments 

The debinding and sintering of the casted layers was carried out in a two-step thermal cycle. 

Firstly, the elimination of the organic components (debinding) was designed according to their 

decomposition temperature. In order to determine the decomposition temperature range of the 

solid organic components of the slurry (PEG and PVB), thermogravimetric analysis was 

performed heating at 10 ºC/min from 30 to 500 ºC in air. Figure 4. 7-(a) and (b) collects the 

thermograms of PEG and PVB, respectively. In both cases, a single weight loss is observed. The 

temperature at which the weight loss starts and ends was estimated from the curves and marked as 

T1 and T2, respectively, in the thermogravimetric curves. The degradation of PEG occurs at lower 

temperature than that of PVB due to the lower molecular weight of PEG compared to PVB. On 

the other hand, the boiling point of the liquid components of the slurry was considered. Table 4. 5 

summarizes decomposition temperature ranges of the solid and boiling points of the liquid 

components of the slurry. 

 

Figure 4. 7. Thermogravimetric curve of (a) PEG-10000 and (b) PVB. 
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Table 4. 5. Decomposition temperatures ranges (solids) and boiling points (liquids) of the organic slurry components for 

preparing LTO thick electrodes by tape casting. 

Solid compounds 
Decomposition 

temperature range (ºC) 

Poly Ethylene Glycol-10000 (PEG) 223-420 

Poly Vinyl Butyral (PVB) 278-470 

  

Liquid compounds Boiling point (ºC) 

Butyl Phosphate (BP) 145* 

Methyl Ethyl Ketone-Ethanol (MEK-EtOH)** 75 [34] 

Benzyl Butyl Phthalate (BBP) 370* 

* Taken from the supplier specifications (Merck for BP and Sigma-Aldrich for BBP).  

** This component is supposed to have been completely eliminated during the drying step. However, as possible 

traces may remain in the green layer, the elimination of the remain solvent may be considered. 

During the debinding, while the temperature is increased, the elimination of possible traces 

of MEK-Et (remaining from the drying step) should occur first, followed by the evaporation of 

BP. However, the temperatures at which PEG, PVB and BBP are eliminated overlap between 223 

and 470 ºC. Thus, in order to optimize the thermal treatment and to identify the different mass 

losses corresponded to each component, a thermogravimetric analysis of a green layer was carried 

out from 30 to 600 ºC. The resulting thermogravimetric curve is shown in Figure 4. 8. Firstly, from 

30 to 155 ºC, a very small mass loss (< 0.05 %) is detected, which can be attributed to the partial 

elimination of BP (boiling point = 145 ºC) or solvent traces evaporation. Then, three main mass 

losses are observed in the plot, which temperature ranges are indicated at the bottom of the figure. 

In the first one, between 155 and 280 ºC, the mass loss could be attributed to some remaining BP 

or MEK-Et and to the decomposition of PEG, which starts at 223 ºC. A second mass loss is 

observed between 280 and 370 ºC and during this temperature range PEG continues decomposing 

while PVB decompositions starts at 278 ºC. The third mass loss is identified between 370 and 470 

ºC. The starting temperature of this weight loss corresponds to the boiling point of BBP. 

Eventually, from 470 to 500 ºC no mass loss is detected, which indicates that the complete 

elimination of PEG, PVB and BBP finished at 470 ºC. 
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Figure 4. 8. Thermogravimetric curve of a tape casting LTO-green layer with 55 wt. % of LTO. The thermogravimetric 
analysis was carried out in air. 

For a better understanding, the mass of each component in the green layer, considering the 

solvent was completely evaporated during the drying step, was calculated (see Table 4. 6). First, 

it must be highlighted that, if all the solvent (MEK-Et) had already been evaporated, the mass % 

after the elimination of the rest of the components at 500 ºC should be ~ 89 %, corresponding to 

the LTO wt. % in the green layer. However, the experimental value (88 %) is slightly lower than 

expected which indicates that part of the solvent was not fully eliminated.  As can be seen in Figure 

4. 8, the first mass loss is 0.21 mg. This mass is higher than that corresponding to the elimination 

of BP (0.03 mg) and PEG (0.10 mg), which confirms that some solvent must have been evaporated 

in this temperature range. Then, the second and third mass losses (total of 1.33 mg), are coherent 

with the elimination of the remaining PEG (less than 0.10 mg) and the complete removal of BBP 

and PVB (total mass 1.26 mg). Because the different decompositions overlap, it is very difficult 

to determine with precision the decomposition temperature range of each component. Anyhow, 

the results are in good agreement with the slurry composition. 

 

 

50 100 150 200 250 300 350 400 450 500 550 600

86

88

90

92

94

96

98

100

0.31 mg

1.02 mg

0.21 mg

88.03%

90.45%

98.32%

Temperature (ºC)

M
as

s 
(%

)

99.95%

3rd wt. loss
(370-470 ºC)

2nd wt. loss
(280-370 ºC)

1st wt. loss
(155-280 ºC)



 
167 | Chapter 4 

Table 4. 6. Relative compositions of LTO slurry and green layer. The first column indicates the nominal composition of the 

prepared slurry. The second column was recalculated considering that no solvent remains in the green layer. The third 

column indicates the mass of each component of the green part measured in the thermogravimetric analysis. 

Component wt. % in slurry wt. % in green layer mass (mg) in green layer 

LTO 55.0 89.3 11.58 

BP 0.1 0.2 0.03 

MEK-Et 38.4 0 0 

PEG 0.5 0.8 0.10 

BBP 1.0 1.6 0.21 

PVB 5.0 8.1 1.05 

 

According to these results, the debinding and sintering thermal treatment was designed. As 

different mass losses were detected in the green layer until 470 ºC, it was decided to heat up to 500 

ºC and maintain this temperature for 1 hour to ensure the complete removal of the organic 

components. A slow heating rate was programmed to gradually remove the different compounds 

and avoid defects in the layer. Two different heating rates were used in the first step (0.5 and 1 

ºC/min) and, once the organics are eliminated, the heating speed can be accelerated, so a speed of 

2 ºC/min was selected for the sintering. The inspection of the sintered layers revealed no defects 

for any of the heating rates used during the debinding. In this manner, the fastest rate (1 ºC/min) 

was selected in order to minimize the total time of the thermal treatment. Separated LTO layers 

were sintered at 900, 950, 1000, 1050 and 1100 ºC for 1 h in three different atmospheres (air, N2 

and Ar/H2 (5 vol. % H2)) and cooled down to room temperature. As an example, the thermal 

treatment for a sintering temperature of 1100 ºC is illustrated in Figure 4. 9, being the total time 

of the treatment ~ 18 hours. 

 

Figure 4. 9. Debinding and sintering thermal cycle for green cast LTO electrodes. 
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After sintering, it was observed that the colour of the materials changed with the sintering 

atmosphere. The color of the layers sintered under N2 or Ar/H2 was dark grey, while that sintered 

in air was white (see Figure 4. 10). Analogous results were obtained for LTO anodes obtained by 

powder extrusion moulding, as discussed previously in Chapter 3 (section 3.4.2.4). Thus, the color 

difference could indicate that (i) inert and reducing atmospheres prevent for the total degradation 

of the organics, leaving some residual carbon in the material and/or (ii) the use of a reducing 

atmosphere results in a material with a dark-bluish color, most probably due to the partial reduction 

of Ti4+ to Ti3+. 

 

Figure 4. 10. Pictures of LTO layers after sintering at 1050 ºC in air, N2 and Ar/H2. 

On the other hand, the placement of the layers in the substrate (alumina crucible) inside the 

furnace resulted very important for the final properties of the sintered materials and affected the 

color homogeneity of the layers. In the case of oxidant atmosphere, by placing the green layer on 

a fiber glass inside an alumina crucible, the sintered material did not maintain its geometry and 

buckled (Figure 4. 11-(a)). However, if the layer was placed on a flat surface, with a porous 

alumina piece on top for favoring gas evacuation, a flat and defect-free layer was obtained (Figure 

4. 11-(b)).  

 

Figure 4. 11. Sintered LTO layers using two different set-up (a) green layer placed on a glass-fiber inside an alumina 
crucible and (b) green layer placed on an alumina crucible with an alumina porous piece located on top. 
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Nevertheless, when an inert or reducing gas (N2 or Ar/H2) was used during the thermal 

treatment, a different configuration was necessary, as the gas must be in contact with all the layer 

surface to avoid the oxidation of the material. Thus, several configurations were tried. One of them 

consisted in stacking LTO layers spaced with alumina pieces for the gas to flow in between (Figure 

4. 12-(a)). However, this configuration resulted in the structure collapse and formation of cracks 

in the layers (Figure 4. 12-(b)).  

 

Figure 4. 12. Stack-configuration of LTO layers spaced with alumina pieces (a) before sintering and (b) after sintering 
under N2. 

The best configuration was found by placing the LTO layer vertically in the alumina 

crucible (Figure 4. 13-(a)). After sintering, a flat LTO layer was obtained (Figure 4. 13-(b)) and, 

no cracks or defects were found. Moreover, the part of the layer covered by the alumina pieces 

presented a light grey color due to partial oxidation of the material. However, the part in contact 

with the gas flow had a dark grey color (Figure 4. 13-(c)). 

 

Figure 4. 13. Tape casting LTO layers before (a) and after sintering under N2 (b), (c). 
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lower density obtained for the tape casting layers could be attributed to a higher carbon content of 

the extruded samples, which hinders the sintering process. The carbon content of extruded and 

tape casting layers will be compared later (section 4.4.2.3). 

 

Figure 4. 14. Density of cast LTO layers sintered at different temperatures in air, N2 and Ar/H2. 

In addition, helium pycnometric measurements of different sintered materials resulted in 

density values close to the theoretical one. This fact confirms the interconnection between the 

porous inside the material and allows calculating the open porosity directly as the difference 

between the theoretical density and the density measured by the Archimedes method. Thus, for 

example, at 1100 ºC, the open porosity in air is 8 %, while in N2 and Ar/H2 is 27 and 25 %, 

respectively.  

In order to analyse the morphology and porosity of the LTO sintered layers, scanning 

electron microscopy was employed. The evolution of the microstructure with sintering temperature 

under different atmospheres is shown in Figure 4. 15. In samples sintered in air, the grain size 

increases with the sintering temperature and the porosity of the material is progressively reduced. 

Thus, at 900 ºC the grain size is very similar to that of the starting LTO commercial powder, while 

at 1100 ºC bigger grains can be observed. This is in good agreement with the density, which 

increases progressively with sintering temperature from 900 to 1100 ºC (Figure 4. 14). On the 

other hand, for samples sintered in N2 and Ar/H2 atmospheres, an increase in the grain size is 

detected from 900 to 1000 ºC, with the corresponding porosity reduction. However, from 1000 to 

1100 ºC no densification can be seen in the images. This is in agreement with the density 

measurements, as from 1000 to 1100 ºC the density in N2 and Ar/H2 increases a little and small 

density changes are difficult to detect by SEM. In this manner, by comparing the images at 1100 
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ºC, it can be observed that the densification in air is much significant than in the other atmospheres, 

which is in good agreement with the Archimedes density measurements, in which the relative 

densities are 92 % in air and 75 % in N2 and Ar/H2. 

 

Figure 4. 15. SEM images of sintered LTO layers under air, N2 and Ar/H2 from 900 to 1100 ºC. Secondary electrons detector 
was employed in all the cases. 

Moreover, the shrinkage of the layers during sintering is an important parameter that 

conditions the reproducibility of the process. It is especially critical when irregular-shape powder 

particles are used, as anisotropic shrinkage can be obtained as a consequence of the alignment of 

the solid particles in the casting direction when shear forces act during the casting process [32]. In 

such a way, the shrinkage of the LTO layers sintered in air at different temperatures was measured 

in (1x1) cm2 green samples. The contraction was measured along the three dimensions of the 

samples: thickness, casting direction (Length 1) and direction perpendicular to the casting (Length 

2). The results, plotted in Figure 4. 16, indicate an increase of the shrinkage with the sintering 

temperature, presenting the same tendency than the corresponding densification curve. 

For N2 and Ar/H2 atmospheres, shrinkage measurements were not carried out as it was 

difficult to obtained reproducible flat layers. 
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Figure 4. 16. Shrinkage variation of thickness, length in the casting direction (Length 1) and length perpendicular to the 
casting direction (Length 2) of LTO layers sintered at different temperatures in air. 

4.4.2.2. X-ray diffraction 

It was previously observed for extruded LTO electrodes (see Chapter 3), that LTO 

decomposes when sintering above 950 ºC in Ar/H2 atmosphere. For this reason, the effect of the 

sintering atmosphere and sintering temperature on the composition of tape casting LTO electrodes 

was also studied by X-Ray Diffraction experiments. 

 Figure 4. 17 collects the XRD patterns of different batches of LTO layers sintered at 

different temperatures in air, N2 and Ar/H2. In all cases, for sintering temperatures below 1000 ºC, 

the XRD patterns only present the main peaks of Li4Ti5O12. However, at higher sintering 

temperatures some extra peaks corresponding to the main diffraction peaks of ramsdellite, marked 

as (*), appear in the diffractogram. These extra peaks are the same independently of the sintering 

atmosphere. As mentioned before, according to the Li2O-TiO2 phase diagram in air proposed by 

West et al. [36] (see Figure 3.30), LTO decomposes in Li2Ti3O7 and Li2TiO3 at approximately 

1015 ºC. In our case, LTO decomposes following the mentioned phase diagram and the 

temperature at which the decomposition starts and the relative intensity of the main peaks of the 

secondary phases depend on the sintering atmosphere. Thus, LTO decomposition occurs at 1050 

ºC in air and N2 and at 1000 ºC in Ar/H2. Moreover, the relative intensity of the main diffraction 

peaks suggests that LTO decomposition is more significant in Ar/H2 and N2 compared to air. Thus, 

it can be concluded that 1000 ºC is the maximum sintering temperature without LTO 

decomposition in air and N2, while for Ar/H2 is 950 ºC. 
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Figure 4. 17. XRD patterns of LTO layers sintered at different temperatures in air, N2 and Ar/H2. Ramsdellite (Li2Ti3O7) 
peaks are marked as (*). 

4.4.2.3. Carbon content 

The effect of the sintering temperature in the carbon content was studied in samples 

sintered in different atmospheres at 950 and 1050 ºC. The results of the carbon elemental analysis 

are collected in Table 4. 7 and compared to those obtained in powder extrusion moulding (Chapter 

3). It can be seen how the inert and reducing atmosphere leave some residual carbon in the sintered 

layers. This is attributed to a partial decomposition of the organic components of the slurry. On 

contrary, in air, negligible carbon content was detected, which confirms the total elimination of 

the organics in this atmosphere. In addition, no significant differences in the amount of carbon 

were detected between samples sintered at 950 ºC and 1050 C.  
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Table 4. 7. Carbon content of tape casting LTO layers sintered at 950 and 1050 ºC and extruded LTO layers sintered at 950 

ºC, in air, N2 and Ar/H2.  

 Carbon content (wt. %) 

 Tape casting Powder extrusion moulding 

Sintering atmosphere 950 ºC 1050 ºC 950 ºC 

Air 0.02 ± 0.01 0.03 ± 0.01 < 0.01 

N2 0.24 ± 0.03 0.23 ± 0.02 0.05± 0.02 

Ar/H2 0.34 ± 0.02 0.38 ± 0.01 0.14 ± 0.02 

 

According to these results, Ar/H2 would be the most convenient atmosphere, as the carbon 

content is the highest, so a higher conductivity of the electrode is expected. Nonetheless, the 

distribution of the carbon around the LTO particles is crucial to obtain a homogeneous distribution 

of the current density through the active material and reach electronic percolation along the 

electrode.  

Thus, the carbon distribution was studied in a sample sintered at 1050 ºC in different 

atmospheres by means of HR-TEM. Figure 4. 18, collects the images corresponding to particles 

of LTO layers sintered in air (left images), N2 (central images) and Ar/H2 (right images). First, in 

the image of the particle sintered in air, the crystalline planes of LTO are clearly observed, 

confirming the high crystallinity of the material. On the other hand, in samples sintered in inert 

and reducing atmospheres, a coating is clearly identified around the LTO particles, which 

corresponds to amorphous carbon due to its typical contrast [37]. Thus, in N2, a carbon coating of 

approximately 2-3.5 nm is observed, while in Ar/H2 the carbon coating is around 1-1.7 nm. 

However, it was expected to find a thicker carbon layer in the reducing atmosphere, as the total 

carbon content is higher than in N2 (Table 4. 7). This difference can be attributed to the segregation 

of carbon agglomerates located between the particles in Ar/H2, which retain part of the carbon, as 

observed in the image of Ar/H2 particle (top) in Figure 4. 18. Same comparison can be done 

between an LTO-extruded electrode sintered in Ar/H2 and a tape casting LTO-ceramic layer. 

Despite the higher carbon content of the tape casting electrode (0.38 wt. % vs. 0.14 wt. % of the 

extruded anode) it presents a thinner carbon coating (1-1.7 nm vs. 2 nm for the extruded anode) as 

the homogeneity of this coating is lower in the tape casting material.  
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Figure 4. 18. HR-TEM images of different LTO particles from tape casting layers sintered in air (a) and Ar/H2 (b, c) at 
1050 ºC. 

The presence of a carbon coating in particles sintered in inert and reducing atmospheres is 

in good agreement with the fact that the densification of this material is lower than those sintered 

in air. Thus, the carbon coating may make more difficult the sintering process. 

According to the inspection of the HR-TEM images, it can be concluded that N2 and Ar/H2 

are the most convenient atmospheres for obtaining LTO layers in terms of carbon content and 

distribution. 

4.4.2.4. Impedance spectroscopy 

In order to check the overall conductivity of the electrodes, the impedance of LTO layers 

sintered at 950 and 1050 ºC in different atmospheres was measured by IS. The measurement was 

performed in the frequency range 0.1-10 MHz with an input signal amplitude of 100 mV using gold 

blocking electrodes. In these experiments, the total conductivity was estimated without discriminating 

between electronic and ionic conductivities. However, ionic contribution to the impedance is expected 

to be much higher than the electronic one, considering the very high thickness of the materials. 

The admittance response at variable frequencies is plotted in Figure 4. 19 for the electrode 

sintered at (a) 950 ºC (b) 1050 ºC in air, N2 and Ar/H2. The corresponding Nyquist impedance plots 

can be found in Supplementary information-Figure S4.1 and Figure S4.2).  
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First, it can be observed that for both sintering temperatures and atmosphere (air and N2) the 

response is similar. This indicates that the presence of carbon in both samples does not contribute to 

the conductivity. However, considering that the detected carbon is conductor, this could indicate that 

there is no electron percolation in the material, even if a homogeneous carbon coating was observed 

by TEM. Moreover, the high impedance is attributed to the low ionic conductivity of LTO sintered in 

air, previously reported in the literature. More specifically, Schiffmann et al. [28] measured the 

conductivity of LTO layers prepared by tape casting (thickness ~130 µm) in air at 900 and 1050 ºC, 

and obtained values of approximately 10-7 S/cm, similar to those measured in this work.  

On the other hand, the conductivity for the electrodes sintered in Ar/H2 is more than twice the 

conductivity of those sintered in oxidizing or inert atmosphere. This conductivity increase could be 

attributed to (i) the effect of the reducing atmosphere in the composition of the electrode because of 

the partial reduction of Ti4+ to Ti3+ and/or (ii) the conductive residual carbon coming from the 

incomplete decomposition of the binder, which content is higher than in air or N2.  

For further understanding, the starting commercial LTO powder was uniaxial pressed in a 

pellet and sintered in Ar/H2 at 950 ºC for 1 h. First, the colour of the sintered pellet was dark-

bluish, indicating the partial reduction of Ti4+. The frequency dependence of the conductivity of 

this material is displayed in Figure 4. 19-(c). The conductivity is several orders of magnitude lower 

than the sample obtained by tape casting and sintered at the same temperature in the same sintering 

atmosphere, indicating that the residual carbon coming from the thermal decomposition of the 

binder is crucial for obtaining good electrical performances, in addition to the partial reduction of 

Ti4+. As there is no carbon in the pellet and the grain boundaries are large (due to poor sintering), 

no charge transfer occurs between the LTO particles and a high impedance is measured. From this 

result it can be concluded that both the presence of the carbon coating and the reduction of the Ti 

are necessary for the material to increase its conductivity.  

These results are analogous to those obtained for LTO-extruded electrodes (see Chapter 3-

section 3.4.2.4.5).  However, in the case of the LTO extruded sample the conductivity reached in Ar/H2  

(~ 10-4 S·cm-1) is higher than the conductivity of the electrodes prepared by tape casting (5·10-5 S·cm-

1 for 950 ºC and 2·10-5 S·cm-1 for 1050 ºC). This result may be a consequence of the thinner carbon 

coating created after tape casting (1-1.7 nm) compared to Powder Extrusion Moulding (2 nm), which 

limits the electronic conductivity. Furthermore, the higher density of the extruded LTO electrodes (84 

%) compared to the tape casting LTO ones (75 %) in N2 and Ar/H2 may be also the reason for the 

higher conductivity of the extruded anode. 



(a) (b)

(c)
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composite), prepared also by doctor blade technique but using a mixture of the same commercial 

LTO powder used for tape casting (80 wt. %), carbon black (10 wt. %) and PVdF (10 wt. %).  

The specifications of the selected tape casting ceramic electrodes and the composite 

electrode are summarized in Table 4. 8. 

Table 4. 8. Characteristics of tape casting LTO electrodes and LTO-composite electrode. 

Electrode 
Active 

material mass 
(mg) 

Area 
(cm2) 

Mass 
loading 

(mg/cm2) 

Thickness 
(cm) 

Density 
(g/cm3) 

Porosity 
(%) 

LTO-Composite 10.6 1.13 9.42 0.0120 0.77 ---- 

LTO-TC-950ºC 27.7 0.56 49.46 0.0240 2.05 35 

LTO-TC-1050ºC 14.6 0.22 66.59 0.0276 2.40 25 
 

4.4.3.1. Sintering temperature effect on the electrochemical properties of LTO 
ceramic electrodes 

Figure 4. 20-(a) shows the cell potential evolution with the specific capacity for LTO-TC-

950ºC and LTO-composite electrodes registered during the discharge of the first cycle. For the 

ceramic electrode, a very flat plateau developed at ca. 1.483 V in discharge is observed. The shape 

is similar to the LTO-composite electrode, and those usually reported for spinel Li4Ti5O12-based 

anodes [37]. The slightly lower discharge voltage compared to that of the reference electrode 

(~1.530 V), indicates that kinetic limitations are a little higher for the ceramic electrode. This result 

is remarkable considering that LTO-TC-950ºC ceramic electrode is additive-free and has very high 

thickness (240 µm). As well, it must be highlighted that the specific capacity of LTO-TC-950ºC 

(143 mA·h·g-1) is close to that of the LTO-composite (151 mA·h·g-1). The slightly lower capacity 

delivers for the thick ceramic electrode is justified by its low polarization. 

The cyclability of the cast electrode was studied at C/20 during 15 charge/discharge cycles. 

Figure 4. 20-(b) collects a selection of charge and discharge curves from the first to the fifteenth 

cycle for both LTO-TC-950ºC and LTO-composite. The first remarkable result is the high 

cyclability, which is strongly favoured by (1) the LTO-spinel is a zero-strain insertion electrode; 

the cubic cell parameter changes less than 0.2 % during the Li+-insertion/extraction reactions [39] 

and (2) the relatively high working voltage avoids the electrolyte decomposition. The shape of the 

charge-discharge curves is maintained during the cycles and no polarization increase is observed. 
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However, the capacity decreases from 143 mA·h·g-1 in the first cycle to 120 mA·h·g-1 in the 

fifteenth cycle, as shows Figure 4. 20-(c). The variation of the coulombic efficiency during cycling 

is also displayed in the figure and the capacity values are compared to those of the reference 

electrode (LTO-composite). From the third cycle, coulombic efficiency values are very high, being 

> 99 % for every cycle. This result shows that degradation reactions of the electrolyte on the LTO 

all-ceramic electrode are negligible. The lower capacity values of the LTO-TC electrode compared 

to the LTO-composite one can be attributed, as mentioned before, to the slightly larger polarization 

of the binder-free thick anodes. This polarization can be related to (i) the high thickness of the 

ceramic, which increases the impedance for the ionic diffusion through the electrode and (ii) the 

very low carbon content (~ 0.38 wt. %) that hinders the current density distribution within the 

electrode volume. However, the high porosity of the material (25 %) allows reaching a good 

permeability of the liquid electrolyte, permitting the lithium insertion/extraction in all the active 

material.  

 

Figure 4. 20. (a) Discharge curves during the first charge-discharge cycle at C/20 for the LTO-TC electrode sintered at 950 
ºC and for the LTO-composite electrode. (b) Selection of charge-discharge cycles at C/20 for the LTO-TC electrode sintered 
at 950 ºC. (c) Comparison of the cyclability at C/20 during 15 cycles of the LTO-TC electrode (sintering temperature 950 
ºC) and the LTO-composite electrode. 
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On the other hand, the electrochemical properties of the LTO layer sintered at 1050 ºC were 

studied. The discharge curve of the first discharge-charge cycle of LTO-TC-1050ºC is compared 

with LTO-composite in Figure 4. 21-(a). Two main differences can be clearly appreciated: (1) the 

shape profiles of the discharge curves are clearly different and (2) the capacity of the LTO-TC 

electrode is lower than that of the composite one.  

Firstly, the change in the profile shape indicates that the active material of both electrodes is not 

the same, which is in good agreement with the X-ray data which showed that, at 1050 ºC in Ar/H2, 

Li4Ti5O12 decomposes into ramsdellite (Li2Ti3O7) and meta-titanate (Li2TiO3), being ramsdellite 

the majority phase (Figure 4.17). Previous studies of LTO-Li2Ti3O7 composites reported that the 

shape of the charge-discharge curve of the composite is given by the characteristic shape of the 

charge-discharge curves of both LTO and ramsdellite [40,41]. In order to verify this behaviour, 

we studied the electrochemical response of LTO, ramsdellite and an LTO-Li2Ti3O7 (50:50 wt.) 

composite (see Supplementary information-Figure S4.3-(a)). The charge-discharge profile of LTO 

shows a flat potential plateau at 1.55 V. On the other hand, the corresponding ramsdellite profile 

displays a progressive decrease in the discharge potential (Supplementary information-Figure 

S4.3-(b)). The composite charge-discharge curve (Supplementary information-Figure S4.3-(c)) 

shows a mixture of both ramsdellite and LTO profiles, presenting a discharge potential decrease 

followed by a flat plateau at 1.55 V and a final potential decay. These experiments confirm the 

results obtained in the literature. 

On other side, the low specific capacity of the electrode (130 mA·h/g compared to the theoretical 

specific capacity of ramsdellite, 235 mA·h/g) can be explained by the presence of Li2TiO3. As 

previously deduced from XRD results, Li2TiO3 is present in the material. As Li+ ion insertion and 

extraction process in Li2TiO3 is irreversible, the mass corresponding to Li2TiO3 in the tape casting 

electrode is electrochemically inactive, decreasing the total specific capacity of the anode. 

However, it must be highlighted that Li2TiO3 improves the rate capability and cyclability of 

composite LTO-Li2TiO3 electrodes [42,43], which may explain the excellent cyclability of the 

composite electrode prepared in this work (LTO-TC-1050ºC). 

Thus, in contrast with LTO-TC-950ºC, the shape of the discharge profile for LTO-TC-1050ºC is 

not flat, having a small slope. It is observed that the cell voltage progressively decreases upon Li-

insertion, and two slopes between 2 V-1.5 V and 1.4 V-1.3 V are clearly defined. This result 

indicates that the lithium insertion into LTO-TC-1050ºC takes place in at least two stages. In fact, 
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several stages during Li+-insertion/extraction into/from ramsdellite Li2Ti3O7 electrodes have been 

previously reported [44–47].  

The cyclability of the electrode was measured at C/20. For all cycles, the sloping shape of the 

profiles, as well as the cell voltage evolution are very close (Figure 4. 21-(b)). These results 

evidence the high reversibility of the Li+ insertion/extraction into/from the LTO-TC-1050ºC 

electrode. The capacity retention over 19 cycles is very high, as shown in Figure 4. 21-(c). High 

cyclability was reported for conventional composite electrodes with ramsdellite Li2Ti3O7 as active 

anode material [48]. However, despite the good cyclability of LTO-TC-1050ºC, the specific 

capacity obtained for this material is much lower than the theoretical one (235 mA·h/g). Apart 

from the presence of Li2TiO3, the possible reasons for this capacity loss may be: (i) the high 

impedance associate to the large electrode thickness, (ii) the low carbon content of the sample 

(0.38 ± 0.01 wt. %) compared to conventional composite electrodes, which lead to a poor current 

density distribution and (iii) the relative high particle size of the material  compared to samples 

sintered at lower temperatures (see Figure 4. 15), which can decrease the specific surface area for 

the lithium insertion/extraction. 

 

Figure 4. 21. (a) Discharge curves during the first charge-discharge cycle at C/20 for the cast LTO electrode sintered at 
1050 ºC and for the LTO-composite electrode. (b) Selection of charge-discharge cycles at C/20 for the LTO cast electrode 
sintered at 1050 ºC. (c) Comparison of the cyclability at C/20 of the LTO cast electrode (sintering temperature 1050 ºC) 
and the LTO-composite electrode. 
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4.4.3.2. Areal and volumetric capacities of LTO cast ceramic electrodes 

Electrodes with high volumetric and areal capacities are currently very appealing, 

especially in applications for which the size is a key parameter [49]. As it is evidenced in Figure 

4. 22, the volumetric capacity of both LTO-TC-950ºC and LTO-TC-1050ºC is notably higher 

(more than twice) than those of the conventional LTO-composite. These outstanding volumetric 

capacity values are ascribable to the higher density of the TC-ceramic anodes (2.05 and 2.40 g/cm3 

for  LTO-TC-950ºC and LTO-TC-1050ºC, respectively) and the absence of additives and to the 

sintering step. 

When the areal capacity is analysed, the improvement is even greater, more than 3 times 

for LTO-TC-950ºC and more than 4 times for LTO-TC-1050ºC than the conventional LTO-

composite electrode used as reference. For this electrochemical parameter, in addition to the higher 

density, the greater thickness of the LTO-ceramic anodes (240, 276 μm for LTO-TC-950ºC and 

LTO-TC-1050ºC, respectively vs. 120 μm for LTO-composite) with higher active LTO-loading 

(49.46 and 66.59 mg/cm2 for LTO-TC-950ºC and LTO-TC-1050ºC, respectively vs. 9.42 mg/cm2 

for LTO-composite) account for this outstanding improvement. Previous papers reported that, for 

additive-free electrodes with large thickness, an appropriate porosity is necessary to have 

electrochemical activity [49–51]. Thus, the remarkable electrochemical response of the tape 

casting LTO electrodes show an effective percolation of the electrolyte into the bulk of electrode, 

which is favoured by the porosity of the electrodes processed by tape casting (35 % for LTO-TC-

950ºC and 25 % LTO-TC-1050ºC).  

 

Figure 4. 22. Volumetric capacity (a) and areal capacity (b) during cycling at C/20 for tape casting LTO electrodes sintered 
at 950 and 1050 ºC and for the reference LTO-composite. 
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4.5. CONCLUSIONS 

In this chapter, binder free and self-supported LTO-ceramic electrodes were successfully 

manufactured by the tape casting process. The different steps involved in the process were 

optimized, the structural and electrical properties of the sintered LTO ceramic electrodes were 

investigated and the optimized electrodes were tested in lithium half cells. 

The slurry composition was optimized and an LTO powder loading of 55 wt. % was 

selected because this slurry presents the most significant pseudoplastic behaviour (power law 

index of 0.82). By using a doctor-blade gap of 750 µm and a casting speed of 60 cm·min-1, LTO-

green layers of thickness 276 ± 36 µm were successfully obtained. The thermal debinding was 

optimized considering the decomposition temperatures of the different binder components and 

sintering was subsequently carried out, obtaining defect-free LTO ceramic layers. 

Samples sintered in air achieved higher densities (92 %) than those sintered in inert or 

reducing atmospheres (75 %) such as N2 and Ar/H2. The porosity of the electrodes was confirmed 

by their morphology inspection by SEM. Consequently, inert and reducing sintering atmospheres 

are more appropriated for producing a porous electrode which favours the electrolyte penetration. 

By XRD, the decomposition of LTO in ramsdellite and meta-titanate was identified for 

sintering temperatures higher than 950 ºC in all the sintering atmospheres. It was observed that the 

amount of meta-titanate increases with the sintering temperature.  

The visual inspection of the sintered materials revealed that the location of the green layers 

in the alumina substrate is crucial to ensure a good contact between the gas and the LTO layer and 

affects the properties of the sintered materials. The dark colour of the electrodes sintered in inert 

and reducing atmospheres suggests the presence of carbon. This was confirmed by using elemental 

carbon analysis, resulting in a carbon content of approximately 0.24 wt. % for samples sintered in 

N2 and between 0.34 and 0.38 wt. % for those sintered in Ar/H2. Furthermore, by TEM, a 

conductive carbon coating between 1 and 3.5 nm thickness was observed around the LTO particles. 

On the other hand, the partial reduction of Ti4+ due to the Ar/H2 explains the bluish colour observed 

in the layers. 

Impedance spectroscopy showed that due to a combination between the non-percolative 

carbon coating and the partially reduced LTO conductions, electrodes sintered in Ar/H2 present 

the highest conductivities (2·10-5-5·10-5 S/cm), being the most appropriate for working as anodes. 
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However, electrodes sintered in air and N2 presents lower conductivity (~ 10-8 S/cm), on principle, 

not enough for battery applications. 

The electrodes sintered in Ar/H2 at 950 ºC presented a specific capacity in the first 

discharge at C/20 of 143 mA·h/g, only slightly lower to that of the composite reference electrode 

(151 mA·h/g). After 15 cycles, the capacity retention was 84 %. Thus, despite its high thickness 

(240 µm) and the low carbon content, the electrodes have a remarkably good electrochemical 

performance. In the case of the ceramic electrode sintered at 1050 ºC in Ar/H2, the specific capacity 

in the first discharge at C/20 is 130 mA·h/g. This relatively low capacity is mainly attributed to 

the presence of the electrochemically inactive Li2TiO3 formed during sintering. Nonetheless, from 

the 2nd to the 19th cycle the capacity retention is close to 100 %. 

When the volumetric and areal capacities are analysed, an outstanding improvement 

compared with the conventional composite electrode is found. The ceramic electrodes present a 

volumetric capacity between 250 and 275 mA·g/cm3, which is more than twice than that of the 

reference electrode. The reason for this improvement is attributed to (i) the high densities of the 

ceramic-electrodes (2.05-2.40 g/cm3) and (ii) the lack of additives, which reduces the inactive 

material in the electrode formulation. In the case of areal capacities, the improvement is even 

major, reaching 6 mA·h/cm2 and almost 8 mA·h/cm2 for the electrodes sintered at 950 and 1050 

ºC, respectively, compared to the composite electrode (1.5 mA·h/cm2). These outstanding areal 

capacity values are ascribable, in addition to the high densities and absence of additives, to the 

large thickness of the ceramic electrodes. 
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In this Thesis, Powder Extrusion Moulding (PEM) and Tape Casting (TC) processes were optimized 

for the obtention of thick electrodes. Thus, LTO and LFP electrodes of ~500 µm thickness were 

prepared by PEM and LTO electrodes of ~250 µm thickness were obtained by TC. The additive-free 

electrodes were successfully tested in lithium half cells and finally a lithium-ion battery was designed 

using extruded LTO and LFP electrodes as anode and cathode, respectively. 

Despite the very high thickness of the ceramic electrodes, they exhibit a very good 

electrochemical performance at relatively low C-rates (between C/10 and C/24), being very similar 

to those of the conventional composite electrodes used as reference. This unexpected result is reached 

thanks to the high porosity of the electrodes (between 16 and 25 % for LTO and 35 % for LFP), which 

permits the penetration of the liquid electrolyte into the thick material, hence allowing all the active 

material to be available for the electrochemical reaction during charging/discharging. Table 5. 1 

summarizes the main electrochemical properties of the electrodes obtained in this work. Due to the 

high density of the electrodes and to the lack of binders and extra additives, the volumetric capacity 

of the thick electrodes was double or even triple the capacity of the composite electrodes, reaching 

more than 300 mA·h/cm3 for the extruded electrodes. The increase is even higher in the case of the 

areal capacity, not only because the lack of additives and high density but also to the much higher 

thickness of the electrodes compared to conventional ones. It can be observed that the extruded 

electrodes present higher areal and volumetric capacity than those prepared by tape casting, which is 

due to the higher thickness and density of the PEM-electrodes. Obviously, the higher the thickness, 

the higher the capacity per area unit. However, diffusion limitations force the use of relatively low 

current densities. 

Thus, extruded LTO and LFP electrodes were selected as anode and cathode, respectively, for 

designing a high energy density lithium-ion battery (LIB). The results obtained from the 

electrochemical characterization show that the cell reached a volumetric of 257 mA·h/cm3 after 50 

cycles at C/12, which correspond to an energy density of approximately 488 W·h/l. This energy 

density could be increased at lower C-rates. This is an excellent result considering the high thickness 

of the electrodes and the very low amount of carbon. 
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Table 5. 1. Characteristics and main electrochemical properties of the additive-free LTO and LFP electrodes prepared in 

this work. 
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Both PEM and TC are presented as alternatives to conventional electrode manufacturing. 

They are both easily scalable processes by which, in principle, any ceramic electrode material could 

be prepared. In addition, commercial ceramic powders and binder compounds are used. Thus, this 

investigation opens the way for new research lines for obtaining other electrode compositions. 

Despite being far from commercialization, different aspects must be considered for the 

transfer of PEM and TC to the battery industry, such as viability and difficulty of the process steps, 

energy cost, environmental impact and total process time. In both processes, similar time is expended 

in the thermal treatments. In PEM, the limiting time steps are mixing and extrusion in terms of time 

and cost. On the other hand, in tape casting drying the layers can consume relatively long time. 

However, the amount of material produced by PEM, even at laboratory scale, is larger than by TC, 

so PEM seems to be more cost-efficient. 

Regarding environmental concerns, the main drawback of the TC process developed in this 

work is the use of flammable and volatile solvents, which require safety operation and specific 

collecting systems. In both TC and PEM, high-temperature furnaces are used during long times, 

which leads to a relatively high energy consumption and environmental impact. In the case of PEM 

technology, also high-power equipment, such as mixers and extruders, are employed. This equipment, 

besides the energy cost, require a moderate initial economical investment, which can be compensated 

by large production. 

By PEM higher thickness electrodes (500 and 1000 µm) were obtained compared to TC (240-

300 µm). In addition, by TC, difficulties were found to obtain flat layers (in N2 and Ar-H2 

atmospheres), attributed to their position during the thermal treatments. This makes not possible 

produce TC-layers with a large area. On the other hand, the geometrical control of PEM materials 

was excellent, reaching high quality sintered electrodes. 

Despite a liquid electrolyte were employed in all the tests, the additive-free thick electrodes 

approach could open the door to the design of novel high energy density all solid-state batteries. 

Thus, the high porosity of the electrodes can be used for designing new composite electrodes in 

which a solid electrolyte is infiltrated inside the porous.  

To sum up, increasing areal capacity results is an efficient cost-cutting tool as it allows 

decreasing the surface of costly components as (i) current collectors (ii) macroporous separators and 

(iii) electrolyte volume. Process time is also saved, as the time for stacking electrodes and separators 

is reduced. In addition, the high porosity of the prepared electrodes reduces the time needed for the 



 

 
198 | General conclusions 

electrolyte wetting. On the other hand, the absence of polymeric additives and solvent traces in the 

electrode composition increases the thermal stability and hence the battery safety.  

A handicap of the thick electrodes is their limited ionic diffusion, which restricts the total 

conductivity and leads to a lower rate cyclability than conventional composite electrodes. Therefore, 

this Thesis should motivate further research as, in the future, the use of thick, cheap and safe 

electrodes and their batteries could be used for electric mobility, in which fast charging is required. 

Nevertheless, for certain stationary energy storage applications, in which only small and continuous 

current densities are needed, the thick electrode approach could be sufficient. Anyhow, contrary to 

conventional electrodes, thick ceramic electrodes are still in their initial research stage. Therefore, we 

believe that there are huge margins of progress given that an industrial scale-up is conceivable. 
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Table S3. 1. Structural model used in refinements of cubic Li4Ti5O12 and orthorhombic LiFePO4. 

Li4Ti5O12  LiFePO4 
Space group Fd-3m (nº 227)  Space group Pnma (nº 62) 

Atom Position Atomic coordinates 
(x, y, z)  Atom Position Atomic coordinates 

(x, y, z) 
Li1 8a 1/8, 1/8, 1/8  Li 4a 0, 0, 0 
Li2 16d 1/2, 1/2, 1/2  Fe 4c x, 1/4, z 
Ti 16d 1/2, 1/2, 1/2  P 4c x, 1/4, z 
O 32e x, x, x  O1 4c x, 1/4, z 
    O2 4c x, 1/4, z 
    O3 8d x, y, z 

 

Table S3. 2. Structural refinement results of commercial Li4Ti5O12 and LiFePO4 powders from PDRX data. 

Li4Ti5O12  LiFePO4 
a (Å) 8.33049(69)  a (Å) 10.32100(17) 
O x 0.26986(29)  b (Å) 6.00019(3) 
BLi1 1.200(0)  c (Å) 4.68973(2) 
BLi2 0.628(2)  Fe x 0.28326(14) 
BTi 0.628(2)  Fe z 0.97555(45) 
BAl 0.628(2)  P x 0.09501(31) 
BO 1.842(6)  P z 0.41921(62) 
Reliability factors  O1 x 0.10158(71) 

RBragg 13.8  O1 z 0.74742(132) 
RF 15.2  O2 x 0.46202(82) 
Rp 15.2  O2 z 0.20935(117) 

Rωp 20.6  O3 x 0.16618(54) 
Rexp 12.68  O3 y 0.04158(82) 
χ2 2.63  O3 z 0.28444(79) 
   BLi 1.300 
   BFe 0.685 
   BP 0.538 
   BO1 1.262 
   BO2 1.262 
   BO3 1.262 
   Reliability factors 
   RBragg 6.73 
   RF 4.82 
   Rp 16.3 
   Rωp 24.2 
   Rexp 15.46 
   χ2 2.45 
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Figure S3. 1. Rietveld refinement of PXRD patterns of commercial Li4Ti5O12 (left) and LiFePO4 (right) samples. The 
experimental data is plotted as scattered circles and the solid line is a fit of calculated data. At the bottom of the graph, the 
difference between the calculated and measured data is given. Bragg positions are represented as vertical bars below the 
diffractograms. 

 

Figure S3. 2. Simulated XRD patterns for Li4-xAlxTi5O12 (x=0.25) (left) and Li4Ti5-xAlxO12 (x=0.25) (right). 
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Nyquist diagrams for tape casting LTO-ceramic anodes sintered at different atmospheres at 

950 and 1050 ºC. 

 

Figure S4. 1. Nyquist diagram for the impedance of tape casting LTO electrodes sintered in air and N2 at (a) 950 ºC and (b) 
1050 ºC. 

 

 

Figure S4. 2. Nyquist diagram for the impedance of tape casting LTO electrodes sintered in Ar-H2 at (a) 950 ºC and (b) 
1050 ºC. 
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Electrochemical response of LTO starting powder, ramsdellite powder and a LTO-

ramsdellite composite. 

- The electrodes were prepared by Doctor-blade process using 80 wt. % of active material, 10 wt. 

% of carbon black and 10 wt. % of PVdF.  

- The LTO electrode was prepared using the same starting powder employed for the tape casting 

manufacturing of thick LTO layers. 

- Ramsdellite powder was synthesised by conventional solid-state reaction using stoichiometric 

amounts of Li2CO3 (99,99%, Sigma-Aldrich), and TiO2 (99,99%, Sigma-Aldrich). Raw materials 

were mixed in an agate mortar and the mixture was heated at 800ºC for 4 hours in alumina 

crucibles. Once cooled down to room temperature the mixture is grinded again in a mortar and 

pressed under 200 MPa using an isostatic press. Then, the prepared material is heated at 950 ºC 

for 2h and cooled down to room temperature. The formation of single phase Li2Ti3O7 was 

confirmed by XRD (not shown here). 

- The active material for the LTO-ramsdellite composite consisted in 50 wt.% commercial LTO 

powder and 50 wt. %  synthesised ramsdellite powder. 
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Figure S4. 3. Discharge-charge profiles at C/20 for (a) LTO powder-composite, (b) ramsdellite powder composite, (c) LTO 
powder-ramsdellite powder composite (50-50 wt. %). (d) Cyclability at C/20 of LTO, ramsdellite and LTO-ramsdellite 
composite. 
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