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SUMMARY 

 

Recent developments in the field of mobile application and transport have heightened the 

need for efficient energy storage systems. Batteries are the most widespread energy storage 

systems for powering portable electronic devices and electric vehicles. Between them, the most 

used type of battery is Lithium-ion batteries. 3D printing of Li-ion batteries also known as 

secondary type batteries received vast recognition for advancing the next generation of 3D energy 

storage devices. Printing technologies offer simple processing and low-cost manufacturing, 

resulting in the potential replacement of conventional technologies. 

This thesis project is focused on the synthesis of a printable polymer-based electrolyte for 

Li-ion battery with a relative study of the 3D printing process, electrochemical and thermal 

properties of the electrolyte. The Poly (vinylidene fluoride-hexafluoropropylene) matrices and a 

Li+-conducting ionic-liquid salt are components of the hybrid polymer-based electrolyte 

developed in this study. To attain the desired rheological qualities of the electrolyte solution and 

improve the thermal properties of the electrolyte, the electrolyte ink composition was modified by 

adding Silane Boron-Nitride nanosized ceramic filler. Once verified the effective printability of 

the ink, a detailed analysis of the influence of the 3D printing machine dispensing parameters on 

the final printed structure was conducted. The overpotential and cyclability tests, performed to 

characterize the electrochemical properties, revealed interesting performances of the printed 

polymer electrolyte. Finally, the electrolyte enhanced thermal properties were demonstrated with 

a direct comparison between the 3D printed polymer electrolyte and a common liquid electrolyte. 

Nevertheless, further studies regarding the safety of the electrolyte can help to better 

understand the thermal runaway mechanism and serve as a source of inspiration for future work.
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Motivations 
 

The worldwide diffusion of portable electronic products such as laptops, hand-held 

computers, mobile phones, and camera devices is leading to a rise in demand for energy storage 

systems [1]. Furthermore, energy storage devices are becoming increasingly important for 

capturing the energy supplied by intermittent renewable energy sources including photovoltaics, 

wind, and geothermal. [2]. The transfer of electrical energy from a power source into a form that 

may be kept for later conversion back to electrical energy is known as electrical energy storage. 

[3]. Due to the larger amounts of energy collected, batteries are commonly employed as energy 

storage systems, particularly for portable electronic equipment. [4]. One of the most used battery 

types is lithium-ion batteries, with a market share of 75% [5]. A battery is characterized by three 

basic components: cathode, anode, and separator/electrolyte; the electrolyte assists to complete the 

redox processes within the cell by providing ionic contact between the electrodes. [6]. 

Improvements in electronic conductivities and ionic diffusivities in anode, cathode, and electrolyte 

materials continue to be attainable in the field of lithium-ion batteries. [7].  

Advances in the field of batteries incorporating printed technologies are expected to assist the 

expanding field of small portable and wearable electronic devices for applications such as smart 

cards, remote sensors, and medical equipment. This arose from the development and spread of 

smart and functional materials, as well as microelectromechanical systems that required an 

onboard power supply with 5 to 10 mAhcm-2 capacities with a 10 mm2 total size [8], [9]. Printed 

batteries can bridge the gap for small portable devices where size, weight, and increased device
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integration are all important factors. The research community started to explore new electrolyte 

compositions suitable for printed batteries, passing from a liquid-based electrolyte to gel- and 

solid-state polymer electrolytes to solve safety issues related to liquid-based electrolytes and 

improve the electrochemical and mechanical performance of the gel- and solid-state polymer 

electrolytes.  

Hexagonal boron nitride (h-BN) materials, with outstanding thermal conductivity, have 

attracted enormous interest in the scientific community. h-BN materials are considered to be 

promising fillers to improve the mechanical and thermal properties of gel-based electrolytes [10]. 

 

1.2 Objectives 
 

The project aims at validating a 3D printed gel-like polymer electrolyte, which has thermal 

enhanced performance due to the Silane Boron-Nitride additive. To characterize the novel polymer 

electrolyte, mechanical, electrochemical, and thermal tests were performed to consistently 

demonstrate the possibility of commercial application of 3D printed Lithium-ion battery 

electrolyte, with particular attention on safety, durability, and manufacturing aspects 
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CHAPTER 2 

 

THEORY 

 

2.1 Brief overview Li-ion battery  

 

The transfer of lithium ions and electrons between two electrodes powered lithium-ion 

batteries. Li+ ions move from the positive electrode towards the negative during charge, and in 

the opposite direction when discharging. The negative and the positive electrodes are 

traditionally called anode and cathode. With respect to batteries made from other materials such 

as zinc and lead, lithium-ion batteries have higher specific energies due to the relative 

lightweight and low density of lithium [11]. The most common cathode material for 

commercialized Li-ion batteries is LCO, whereas graphite is largely used as the anode. The 

neutral lithium is oxidized and turned to Li+ at the negative electrode. These Li+ ions 

subsequently travel to the cathode, where they combine with LiCoO2 to form LiCoO2. When 

electrons from the anode reaction reach the cathode, they reduce Co(IV) to Co(III). The battery 

can be recharged by conducting the reactions in reverse because lithium is involved in both 

electrode processes. During discharge, lithium is oxidized from Li to Li+ in the lithium-graphite 

anode through the following reaction: 

 

C6Li → 6 C + Li+ + e-      (2.1) 
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These lithium ions migrate through the electrolyte medium to the cathode, where they are 

incorporated into lithium cobalt oxide through the following reaction, which reduces cobalt from 

a +4 to +3 oxidation state: 

 

LiCoO2 → Li1-xCO2 + x Li+ + x e-    (2.2) 

 

Where 0 < x < 0.5. These reactions can be run in reverse to recharge the cell. In this case, the 

lithium ions leave the lithium cobalt oxide cathode and migrate back to the anode, where they are 

reduced back to neutral lithium and reincorporated into the graphite network. To allow the Li 

ions to move back and forth, it is essential to have an electrolyte that closes the circuit. For the 

electrolyte, materials with high ionic conductivity are largely used in order to facilitate the 

process [12]. Salts, solvents, and additives make up the electrolyte. The salts provide a pathway 

for lithium ions to flow, the solvents dissolve the salts, and the additives are provided in minute 

amounts for specialized functions. Different types of electrolytes can be used in Li-ion batteries, 

however, liquid electrolytes are generally used and commercialized for many reasons. One of the 

main features of a liquid electrolyte is the good performances that they can provide and the ease 

of manufacturing with respect to gel or solid materials. One of the most common ones is LiPF6, 

which has outstanding properties at ambient temperature [13]. Although, it can be very unsafe in 

some circumstances. In fact, a great concern is the thermal instability that lets it decompose at 

80°C, producing PF5 [14]. This gaseous is very reactive and in the presence of moisture or water 

forms HF and POF3 which are further reactive. Those reactions usually degrade the battery 

leading to fire or explosion [14]–[16]. Battery safety is an increasing concern to guarantee 

consumer safety. For these reasons, the scientific 
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community is moving forward and gel- and solid-state electrolytes have been developed to meet 

the required safety standards. The main challenge is realizing an electrolyte with high-

performing essential parameters such as ionic conductivity and ionic diffusion, but, at the same 

time, able to guarantee sufficient safety properties.  

 

2.2 Polymer electrolytes for Li-ion battery  
 

Polymer electrolytes have been suggested as a possible alternative to liquid electrolytes. 

Nonetheless, the majority of the polymer electrolytes studied had a number of drawbacks that 

limited their commercial viability. [17]. On the other hand, among other non-liquid electrolytes, 

they have the advantages of being higher ionic conductors and mechanically flexible. Polymer 

electrolytes can be used in different applications due to their unique mechanical properties. Gel 

polymer electrolytes are made out of a polymeric membrane with a salt-solvent mixture added to 

it. The solvent serves as a plasticizer, causing the polymer matrix to expand, resulting in a change 

in physical appearance from solid to gel. The “gellification” enhances the interfacial contact with 

the electrodes in comparison to solid-state electrolytes [18]. The most popular polymers used to 

prepare Gel polymer electrolytes are polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), 

polyvinyl chloride (PVC). Polymers, which strongly interact with solvent, tend to form very stable 

gels, but these are characterized by very poor mechanical properties. For this reason, the choice of 

a particular polymer matrix is very important. The polymer electrolyte must have appropriate ionic 

conductivity to let the ions be transported along with the structure and reach the electrodes, and 

electrochemical, thermal, and mechanical stability over a wide temperature range is required [19]. 

An important aspect to take into consideration is the electrode-electrolyte interface characteristics. 

It is important to maximize the interface characteristic in order to not have a supplementary 

resistance, which would lead to overpotential losses. On the other hand, ease of preparation for 
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future manufacturing purposes is extremely important for the commercialization of energy storage 

devices based on polymer electrolytes. 

The studied polymer matrix is composed of a mixture of PVDF and NMP. An essential 

requirement for the electrolyte is the need to have a high dielectric constant. A high dielectric 

constant is necessary for both the salt dissociation and having low electronic conduction [20], [21]. 

To obtain the desired value for the dielectric constant and the desired electrolyte viscosity, a 

detailed study on the polymer electrolyte composition must be performed [22]. 

Lithium salt and ionic liquid also play a crucial role in the final performance of the electrolyte. 

The lithium salt must have some peculiarity like [14]: 

o High ionic conductivity to enhance the ion conduction throughout the polymer structure 

o Thermal and chemical stability in the range of the operating conditions to ensure higher 

safety and reliability 

o Form less-resistive SEI on the electrodes for guaranteeing long-term cyclability 

Concerning the ionic liquid, it is often used for the synthesis of electrolytes. Ionic liquids are salts 

that are liquid at room temperature. They present unique properties such as non-flammability, goof 

ionic conduction, high thermal stability over a wide temperature range, and outstanding 

electrochemical behavior over wide electrochemical windows [23]. 

 

2.3 Ion transport mechanism 
 

Low ionic conductivities at ambient temperature and poor stabilities for gel- and solid- 

electrolyte have slowed down the diffusion of commercial application of all-solid-state lithium-

ion batteries [24]. The ionic conductivities of liquid electrolytes at room temperature are higher 
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than those of solid electrolytes. The majority of solid electrolytes are unstable against negative 

electrodes at low potential, while some are reactive towards cathode materials, resulting in 

significant interfacial resistance. [25]. 

The Li-ions have three transport mechanism within a polymer matrix [26]: 

o The segmental motion of coordinated ions 

o The intrachain motion of ions along the polymer backbone 

o Intersegmental hopping of ions from one polymer chain to another 

In different types of electrolytes, one is more likely to occur than others, even if usually they are 

all present. It is worthy to underline that the segmental motion occurs above the glass transition 

temperature and in amorphous regions [27]. Gel electrolytes are characterized by a large portion 

of amorphous regions with respect to their solid counterparts. 

   

2.4 3D printing technologies  
 

Conventional batteries present four main designs: cylindrical, prismatic, spiral wound, and 

coin cell. The four designs are bulky and rigid, not applicable for flexible electronic devices. 

Printed batteries cannot compete with conventional batteries in application with no size and shape 

limitations, but They can bridge the gap for small portable devices, where size, weight, and 

increased device integration are all important factors. The most valuable features and attributes of 

printed batteries are mechanically flexibility, high power, low cost, customizability, and 

rechargeability [28]. 
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Figure 1. Main advantages of printed batteries 

 

Eco-friendly solutions related to the processes of fabrication and used materials can be 

implemented.  

 

 

Figure 2. Main features and attributes of printed batteries 
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Additive manufacturing, often known as 3D printing, is a new technology for producing objects 

with multiple structures and complicated designs [29]. Direct ink writing (DIW) is a viable 

technology for producing next-generation batteries with complex microstructures and good 

performance. Low-cost fabrication processes and simple printing mechanisms are two of the main 

advantages of the implementation of this technique. One of the challenges is the development of 

inks for printing battery components such as electrodes, electrolytes, and separators. Ionic 

conductivity and mechanical and thermal stability are required for printing solid-state electrolytes.  

The efforts and challenges in printing high aspect ratio designs are centered on optimizing 

the ink composition and rheology to allow reliable flow through fine deposition nozzles, enhance 

adhesion between printed components, and offer the appropriate structural qualities. [30]. The way 

materials deform or flow in response to applied forces or stresses is described by rheological 

characteristics. [31]. The rheology of the ink plays a crucial role in the printability of the electrodes 

or electrolytes. Detailed analysis is performed on the apparent viscosity, storage, and loss moduli 

of the slurry. Shear-thinning behavior is a must-have property of the ink. The viscosity of the fluid 

decreases as the shear increases during shear-thinning. Rearrangements in the fluid microstructure 

in the plane of the applied shear induce shear thinning. [32]  

 



10 

 

 

Figure 3. Different microstructure response to shear application 

 

The loss and storage moduli of the component slurry are also important. The storage modulus (G') 

provides insight into the structure of a material. It represents the energy stored in the sample's 

elastic structure. The loss modulus (G") tells us about the viscous fraction of the energy dissipated 

in the sample [33]. If the storage modulus is greater than the loss modulus, the sample should be 

able to return to its original configuration to some extent, whereas if the loss modulus is greater 

than the storage modulus, the sample microstructure collapses and the mechanical energy imparted 

to the material is dissipated, causing the material to flow. Cheng et al. created a solid-state 

electrolyte ink and engineered an elevated-temperature DIW 3D-printer from a robotic deposition 

to enable 3D printing of hybrid solid-state electrolyte batteries. In the graphs below, the rheological 

properties of the electrolyte ink are displayed. 
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Figure 4. Properties of the polymer electrolytes ink 

 

INK-0 denotes a polymer electrolyte without ceramic fillers, while INK-1 and INK-2 signify 

nanocomposite electrolytes with 2.5 and 5 wt% TiO2, respectively. Shear-thinning behavior can 

be seen in all of the inks. INK-1 and INK-2 have higher viscosity values than INK-0, indicating 

that nanoparticles are to blame for the increased viscosity. In terms of storage and loss modulus, 

the loss modulus is bigger than the storage modulus for ink without fillers (INK-0). This means 

that the INK-0 behaves as a liquid in the range of 0.1 to 104 Pa. While this enables for easier ink 

extrusion through the nozzle during printing, the lower storage modulus at low shear stress means 

that the printed ink cannot be appropriately stacked to form high-quality 3D structures while the 

nozzle is moving. In comparison to INK-0, the inks with fillers behave differently at 10-1 to 103. 

The inks' storage moduli are larger than their loss moduli in this location, indicating a solid-like 

characteristic that is advantageous for solidification during 3D printing. In the high shear stress 
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zone after the yield point, the inks behave like liquids. This means that during printing, the inks 

containing additives flow into the syringe and disperse via the nozzle [34].  

This is an example of the crucial role played by nanoscale additives for the manufacturing of 3D 

printed batteries.   

 

2.5 Effect of nanoscale additive 

 

A promising approach to increase the level of amorphicity in polymers is to add solid 

additives such as SiO2 or TiO2. These components can improve ionic conductivity and reduce 

the formation of crystals. The nanoparticles may act as cross-linking centres for PVDF chain 

segments which destabilize the coordination around the cations and interfere within the cations 

and anions interaction promoting salt dissociation [35]. The mobility and the concentration of 

free ions enabled by nanocomposites are two positive effects that have been observed in the field 

of material engineering. Due to their size, nanocomposites are more active and effective and can 

modify the properties of their polymers. The possibility to tailor the properties of the 

nanocomposite materials has increased the researchers’ interest over the years. 

 

2.6 Thermal runaway 
 

The safety concern is one of the main obstacles to the large-scale application of lithium-

ion batteries in a different field such as electric vehicles. Thermal runaway is the key scientific 

problem in battery safety research [36]. The thermal runaway process occurs because of abuse 

conditions: 

o Mechanical abuse 
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o Electrical abuse 

o Thermal abuse  

The process follows a mechanism of chain reaction, during which a chemical reaction or other 

process promotes or spreads the reaction, which under certain conditions may accelerate 

dramatically.  

 

 

Figure 5. Accidents related with LITHIUM-ION battery failure, and correlated abuse conditions 

 

During the last ten years, several accidents of lithium-ion battery failure occurred [37]. Most of 

the more catastrophic involved electric vehicles (EV).  

The EV production and the demand for lithium-ion battery for EV in China are displayed in the 

following graph.  
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Figure 6. The EV production and the demand of lithium-ion battery for EV in china 

 

As it is possible to understand from the graph, from the year 2015, the production of EVs has 

increased in a significant way. Consequently, battery fire accidents occurred more frequently.  

The most common features during the accident of lithium-ion batteries are the thermal runaway 

and thermal runaway-induced smoke, fire, and even explosion [36]. For these reasons, many 

countries require the lithium-ion battery to pass mandatory tests, before its application in EV. 

However, accidents involving thermal runaway still sporadically occur. The main reasons are: 

o Probability of self-induced failure 

o Abuse condition in practical use 

The self-induced failure rate can be calculated by the following equation: 

 

𝑃 = 1 − (1 − 𝑝)𝑚−𝑛  (2.3) 

 

Where: 

o p is the self-induced failure rate 
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o m is the number of EVs 

o n is the number of the cells within its battery pack 

o P is the failure rate 

Taking as an example Tesla Model S, assuming a self-induced failure rate p of 0.1 ppm, m equal 

to 1000, and n equal to 18650, the failure rate P is 0.9992, indicating that the failure rate is 

approximately 1 over 10000 [36].  

On the other hand, it is more complicated to establish a correlation to predict the failure of the 

battery due to abuse conditions in practical use. The abuse conditions can be categorized into 

mechanical abuse, electrical abuse, and thermal abuse.  

 

2.6.1 Mechanical abuse 

 

It is defined as mechanical abuse of the destructive deformation and displacement caused 

by an applied force. One possible cause of mechanical abuse is vehicle collision with a consequent 

crush or penetration of the battery pack [36].  

 

 

 
 

 

 

2.6.1.1 Collision and crush 
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The battery pack may deform after a car collision, and the design of the onboard battery 

pack affects the system's crash reaction [38]. Damage to the battery pack might have two 

potentially fatal outcomes: 

o The battery separator tears, resulting in an internal short circuit (ISC). 

o A flammable electrolyte leaks, perhaps resulting in a fire. 

For these reasons, battery-pack required research studies from material level, cell level, to pack 

level. Many studies focused on how to model the crush phenomena at the cell level based on the 

mechanical properties of the cell components materials.  In the same way, the model at the pack 

level can be designed in the mechanical model at the cell level.  

 

2.6.1.2 Penetration  

 

Penetration is another possible consequence of mechanical abuse due to vehicle collisions. 

In this scenario, the ISC is instantaneously triggered [36]. Penetration is regulated by mandatory 

test standards to simulate the ISC in abuse tests. The temperature of the cell rises as a result of the 

heat created during the short circuit. Until the cell is entirely discharged, the temperature rise will 

come to an end. No more thermal runaway will occur if the temperature does not reach a critical 

level. [36]. 

An internal short circuit or external short circuit can occur during the penetration. The current 

passes through the nail when an internal short circuit occurs, while an external short circuit is 

characterized by the current flowing through the electrodes [36]. The external short circuit takes 

place when electrodes with voltage differences are connected by conductors. The overheating is 

produced by ohmic heat build-up during the short circuit, according to Spotnitz and Franklin [39]. 
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Although the external short circuit is more similar to a fast-discharging method, the maximum 

current is restricted by the lithium-ion mass transfer speed [36]. 

One of the limits of the nail penetration test is repeatability. New standard test is being developed 

in the last few years to enhance the repeatability or to search for a substitute test approach [36]. 

 

2.6.2 Electrical abuse 

 

The electrical abuse can be described by two main failure mechanism:  

o Overcharge 

o Discharge 

 Both are related to the state of charge of the battery.  

 

2.6.2.1 Overcharge 

 

The inability of the battery management system (BMS) to halt the charging activity before 

the maximum voltage is reached is directly related to the overcharge-induced thermal runaway. 

This kind of abuse condition is one of the most severe because excessive energy is filled into the 

battery during the overcharge. Two common features during overcharge are heat and gas 

generation. Heat generation is associated with ohmic heat and side reactions [36]. Saito [40] found 

that the amount of heat generated is proportional to the charging current, indicating that ohmic 

heat is one of the major sources of heat during overcharging. Wen et al. [41] looked at the process 

of overcharge and side reactions. Initially, the anode facing the dendrite grows at the surface 

because of the unrestrained lithium intercalation. As a result of the lithium deintercalation, the 
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cathode structure collapses, resulting in heat generation and oxygen release [36]. The release of 

oxygen accelerates the electrolyte decomposition, with significant gas production. At this point, 

the cell may vent due to the increase of internal pressure within the cell.  

A modest overcharge does not directly lead to thermal runaway but can be the cause of 

capacity degradation [36]. The overcharge phenomena, as well as the discharge, are correlated to 

the state of charge of the battery. Ouyang et al. [42] observed that for a state of charge (SOC) lower 

than 120% no significant degradation process was observed, but the considerable capacity loss 

was observed when the cell was overcharged to 130% or higher.  

 

2.6.2.2 Over-discharge 

 

Another possible electrical abuse is over-discharge. During the process of over-discharge, 

the over delithiation of the anode causes the decomposition of the SEI. The decomposition of the 

SEI is correlated to gas generation like CO or CO2 [43]. New SEI will grow on the anode surface 

when the cell is recharged. The electrochemical characteristics of the anode are altered by the 

regenerated SEI [36]. The new electrochemical properties lead to a resistance increase and 

subsequent capacity degradation [44]. Furthermore, the cathode morphology changes during the 

over-discharge leading to a rapid capacity degradation [36]. Zhang et al. [45] observed that the 

copper collector is involved in the process. During the over-discharge process, the copper dissolves 

and deposits on the anode, with a consequent increase in resistance and capacity loss. The 

deposition of the copper can lead to ISC. The copper ions migrated through the membrane and 

formed copper dendrites [36]. The figure x illustrates the overall over-discharge process. 

 



19 

 

 

 

Figure 7. The mechanism of the internal short circuit 

 

 

 

2.6.3. Thermal abuse 

 

The overheating in a cell is a typical condition of thermal abuse. The overheat can be 

caused by contact loose of the cell collector or combustion of the automotive interior, which is 

correlated to an increment in contact resistance [46]. The reasons for the contact loose can be 

different, going from a defect during manufacturing to vibration during operation conditions [36]. 

When a strong current flowed through the area, it generated a lot of heat, causing local overheating 

and subsequent thermal runaway. 

2.6.4 Internal short circuit 

 

All the abuse conditions have an internal short circuit as a common feature. Internal short 

circuits happen when the cathode and anode get too close to each other due to a battery separator 



20 

 

failure [36]. Once the internal short circuit is provoked, the electrochemical energy stored in the 

battery is released spontaneously as heat generation.  

Mechanical and thermal abuse can immediately activate the internal short circuit, such as 

deformation and fracture of the separator produced by nail penetration or crush, or shrinkage and 

collapse of the separator with enormous internal short circuits generated by extremely high 

temperatures. Although not all internal short circuits will lead to thermal runaway. A mild internal 

short circuit can occur and generate a little amount of heat in the cell.  

Because all cell products must pass matching test criteria before being sold, the likelihood of an 

abuse-induced internal short circuit is quite minimal [36].  

However, one kind of internal short circuit cannot be regulated in the current test standard and 

takes the name of spontaneous internal short circuit. The spontaneous internal short circuit 

originated from contamination or defects during manufacturing [47].  

The danger level of the internal short circuit can be evaluated by the self-discharge rate and the 

exotic heat generation [36]. Feng et al. proposed that there are three levels of internal short circuits. 
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Figure 8. The three level of the internal short circuit 

 

o LEVEL I: the cell displays self-extinguish behaviour, no obvious heat generation 

o LEVEL II: a faster drop in voltage and an increase in temperature 

o LEVEL III: With extensive heat generation, thermal runaway may be uncontrollable 

 

The battery management system (BMS) detects the malfunction and prevents permanent damage 

to the systems in the time it takes to progress from level I to level III. 

 

2.6.5 Overview of the chain reactions during thermal runaway 

  

The battery management system (BMS) detects the malfunction and prevents permanent 

damage to the systems in the time it takes to progress from level I to level III. The side reactions, 
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such as SEI disintegration, are triggered as the cell's temperature rises. In addition, the side 

reactions release more heat, establishing the Heat-Temperature-Reaction (HTR) loop [36].  

 

 

Figure 9. Qualitative interpretation of the chain reaction during thermal runaway 

 

Throughout the process, the SEI breakdown, anode-to-electrolyte reaction, separator melting, 

cathode fragmentation, and electrolyte decomposition were all started in the correct order. 

 

2.6.5.1 The reaction at the anode 

 

At the moment, the most commonly used material for lithium-ion battery anode is graphite 

or carbon-based material [36]. As a result, the majority of research efforts are devoted to figuring 

out the reaction kinetics that occur during the thermal runaway phase for carbon-based anodes 

[36].  
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A three-stage characteristic [48] can be used to explain the reaction at the graphite anode with 

electrolyte [48]: 

1. The SEI layer's first breakdown 

2. A constant rate of heat generation over a wide temperature range 

3. The graphite anode's final breakdown with the electrolyte 

 

2.6.5.2 The initial decomposition of SEI 

 

During the thermal runaway phase, the first decomposition of SEI is the first side reaction 

[36]. The phenomena take place at temperature in the range of 80-120 °C [49]. The SEI 

decomposition can be modelled by the Arrhenius Equation: 

𝑑𝑐𝑆𝐸𝐼
𝑑

𝑑𝑡
= 𝐴𝑆𝐸𝐼 ∗ 𝑐𝑆𝐸𝐼 ∗𝑒𝑥𝑝 𝑒𝑥𝑝 (−

𝐸𝑎,𝑆𝐸𝐼

𝑅𝑇
)  , (𝑇 > 𝑇𝑜𝑛𝑠𝑒𝑡,𝑆𝐸𝐼)   (2.4) 

Where: 

▪ 
𝑑𝑐𝑆𝐸𝐼

𝑑

𝑑𝑡
  define the decomposition rate of SEI 

▪  𝑐𝑆𝐸𝐼 is the normalized concentration of the SEI 

▪ 𝑇 is the temperature 

▪ 𝑇𝑜𝑛𝑠𝑒𝑡,𝑆𝐸𝐼 is the onset temperature of the SEI decomposition 

▪ 𝐴𝑆𝐸𝐼 is the pre-exponential factor 

▪ 𝐸𝑎,𝑆𝐸𝐼 is the activation energy 

▪ 𝑅 = 8.314 j mol-1 K-1 is the ideal gas constant 
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Once the SEI starts disintegrating at high temperatures, the intercalated lithium in the graphite 

anode has the potential to touch the electrolyte.[36]. Although, the result of the interaction 

between the intercalated lithium and the electrolyte is the regeneration of the SEI [50].  

SEI degradation and regeneration occur simultaneously in the temperature range of 120-250 °C, 

with the average thickness of SEI remaining constant. At the second stage, there is a modest 

exothermic reaction. According to Yamaki et al. [51], the wide and mild exothermic stage, as 

shown in figure 10, indicates the balanced reaction of SEI destruction and regeneration. 

 

 

Figure 10. The balanced reaction of SEI decomposition and regeneration 

 

The entire balance process can be modelled by a set of equations, as follows. 

𝑑𝑐𝑆𝐸𝐼

𝑑𝑡
=

𝑑𝑐𝑆𝐸𝐼
𝑑

𝑑𝑡
−

𝑑𝑐𝑆𝐸𝐼
𝑔

𝑑𝑡
  (2.5) 

Where:  

▪ 
𝑑𝑐𝑆𝐸𝐼

𝑑

𝑑𝑡
 is the decomposition rate and can be evaluated by eq. 1 

▪ 
𝑑𝑐𝑆𝐸𝐼

𝑔

𝑑𝑡
 is the regeneration rate and can be evaluated y eq. 3 
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𝑑𝑐𝑆𝐸𝐼
𝑔

𝑑𝑡
= 𝐾𝑆𝐸𝐼

𝑔
∗

𝑑𝑐𝐿𝑖+𝐸𝑙𝑒

𝑑𝑡
  (2.6) 

Where: 

▪ 𝐾𝑆𝐸𝐼
𝑔

 is the gain factor 

▪ 
𝑑𝑐𝐿𝑖+𝐸𝑙𝑒

𝑑𝑡
 is the rate of reaction between the intercalated lithium and electrolyte 

 

𝑑𝑐𝐿𝑖+𝐸𝑙𝑒

𝑑𝑡
= 𝐴𝐿𝑖+𝐸𝑙𝑒 ∗𝑒𝑥𝑝 𝑒𝑥𝑝 (−

𝐸𝑎,𝐿𝑖+𝐸𝑙𝑒

𝑅𝑇
)  ∗ 𝑐𝐿𝑖+𝐸𝑙𝑒 ∗𝑒𝑥𝑝 𝑒𝑥𝑝 (−

𝑡𝑆𝐸𝐼

𝑡𝑆𝐸𝐼,𝑅𝑒𝑓
)   (2.7) 

 

Where: 

▪ 𝐸𝑎,𝐿𝑖+𝐸𝑙𝑒 is the activation energy 

▪ 𝐴𝐿𝑖+𝐸𝑙𝑒 is the pre-exponential factor 

▪ 𝑡𝑆𝐸𝐼,𝑅𝑒𝑓 is the reference thickness 

▪ 𝑡𝑆𝐸𝐼 is the reference thickness of the SEI layer 

Because the concentration of SEI is proportional to its average thickness, eq. 3 can be transformed 

into eq. 4 [87] 

 

𝑑𝑐𝐿𝑖+𝐸𝑙𝑒

𝑑𝑡
= 𝐴𝐿𝑖+𝐸𝑙𝑒 ∗𝑒𝑥𝑝 𝑒𝑥𝑝 (−

𝐸𝑎,𝐿𝑖+𝐸𝑙𝑒

𝑅𝑇
)  ∗ 𝑐𝐿𝑖+𝐸𝑙𝑒 ∗𝑒𝑥𝑝 𝑒𝑥𝑝 (−

𝑐𝑆𝐸𝐼

𝑐𝑆𝐸𝐼,𝑅𝑒𝑓
)   (2.8) 

 

Where 𝑐𝑆𝐸𝐼,𝑅𝑒𝑓 is the reference concentration of the SEI. 
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The balanced response of SEI degradation and regeneration will continue until the graphite 

structure collapses at a temperature of 250 °C or higher [36]. 

 

2.6.5.3 The reaction at cathode 

 

When the temperature rises to the onset temperature of the cathode decomposition, 

exothermic reactions occur at the cathode [36]. The most used materials of a commercial lithium-

ion battery are LCO, LFP, NCM, and LMO [36]. In our electrolyte characterization, the half-cell 

has cathode LFP material. As a result, the breakdown of LiFePO4 in the presence of an electrolyte 

is being explored.  

In comparison to other cathode materials, the LFP cathode has high thermal stability [36]. 

The strong P=O covalent bond of (PO4)3- octahedral structure is one of the reasons for the 

outstanding thermal properties of LFP. Jiang and Dahn [52] compared the thermal stability of 

NMC, LCO, and LFP cathode materials using an Accelerating Rate Calorimeter (ARC). The onset 

temperature for the LFP decomposition was around 310 °C [52].                       
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CHAPTER 3 

 

MATERIALS 

 

3.1 Silane Boron-Nitride  
 

Hexagonal boron nitride (h-BN) is a layered material consisting of two-dimensional, 

atomically thin hexagonal layers [53]. Some characteristic properties of hexagonal boron nitride 

are: 

o Chemical inertness 

o Non-toxicity 

o High thermal conductivity 

o Low thermal expansion  

o High electrical resistance  

o Low dielectric constant  

o Good thermal shock resistance 

BN has been used as filler in polymeric composite to improve thermal, mechanical, and other 

properties [54]. In the field of energy storage devices, the use of this filler is mostly related to 

thermal improvement of the separator and electrolyte performances. The polymer separator and 

electrolyte with improved thermal conductivity have been employed in Li-ion batteries to promote 

heat dissipation and reduce thermal stress in batteries. The properties of the filler are listed in Table 

I.
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Table I: PROPERTIES OF SILANE BORON NITRIDE FROM LITERATURE 
 

BN Density  CTE  Particle diameter Particle length Thermal conductivity  

 2.27 [g/m3] 4.3 [ppm/°C] 4-5 [um] - 29 [W/m K] @ 30°C 

 

3.2 NMP 
 

N-Methyl-2-pyrrolidone (NMP) is an organic compound consisting of 5- membered lactam.  

Because of its non volatility and ability to dissolve a wide range of compounds, it is utilized as a 

solvent in the petrochemical and plastics industries. NMP is used to dissolve a wide range of 

polymers due to its high solvent qualities. The low enthalpy of mixing allows nanotubes and 

nanosheets to be dispersed at high concentration [55]. For this reason, there is a renewed interest 

in NMP for 2D materials beyond graphene, such as Silane Boron-Nitride. These layered materials 

require solvents which enable exfoliation from the bulk powder and stabilisation.  

Some of NMP properties are listed: 

o It is highly polar and miscible with most organic solvents 

o It mixes well with water in all proportions 

o It has a high flash point when compared to similar solvents 

o It has a high boiling point, a low freezing point, and is easy to handle 

o It is chemically and thermally stable, and is non-corrosive 

Table II: PROPERTIES OF NMP FROM LITERATURE 

Molecular weight Viscosity Boiling point Freezing point Flash point 

99.14 [g*mol-1] 1.89 [mPa*s] 204 [°C] -23 [°C] 99 [°C] 

[56]
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3.3 PVDF 
 

Polyvinylidene fluoride is a semi-crystalline highly non-reactive thermoplastic fluoropolymer 

produced by the polymerization of vinylidene difluoride. Due to its remarkable qualities such as 

high thermal stability, good chemical resistance, and membrane generation properties, it has 

been one of the most studied and used polymer-based electrolytes for Li-ion batteries [57]. It has 

been revealed having a relatively high ionic conductivity and ability to solvate the Li salts with 

the ether oxygens present along its chains [58]. 

Table III. PVDF PROPERTIES FROM LITERATURE 

 

Molecular wight Glass transition temperature Melting point 

64.03 [g*mol-1] -35 °C 178 °C 

 

 

3.4 LiTFSI 
 

Bis(trifluoromethanesulfonyl)imide, most commonly known as LiTFSI, is a hydrophilic salt. It is 

a low-lattice energy salt, thus enhancing the dissolution in the polymer. Frequently LiTFSI is used 

as a lithium-ion source in electrolytes for Li-ion batteries. With its large but light anion, it is 

possible to produce an amorphous polymer electrolyte. During the years, LiTFSI has obtained 

great attention from the scientific community as one of the possible substitutes of the widely used 

LiPF6. Most of the safety issues, concerning the electrolytes, are related to the use of organic 

carbonates as solvent and LiPF6 as lithium salt [59]. LiPF6 does not offer the best performance in 

terms of ion mobility and does not present any outstanding characteristic, but it is characterized by 

a branch of well-balanced properties [59]. LiPF6 suffers from major safety drawbacks: 



 

 

31 
 

o Thermal instability at elevated temperatures 

o Decomposition into gaseous PF5 and LiF 

o Hydrolysis, resulting in the formation of HF 

However, it has the significant benefit of passivating metallic aluminum by producing a screening 

layer of AlF3 and AlOxFy that resists oxidative dissolution of aluminum at high anodic potentials 

[60]. The thermal stability of LiTFSI is one of the most important features of the salt, with a very 

high dissociation temperature of 360°C [61]. Other relevant properties of this salt are the chemical 

stability and good electrochemical properties. For these reasons, LiTFSI seems to be a key material 

for the next generation of lithium-ion batteries.   

 

3.5 Emim-TFSI 
 

1-Ethyl-3-Methylimidazolium Bis (Trifluoromethyl sulfonyl)imide is a common ionic liquid used 

in organic synthesis and the chemical industry as a solvent [62]. It has been chosen because of its 

TFSI- anion that promotes amorphicity and plasticizes the polymer [63]. 

 

Table IV. PROPERTIES OF EMIM-TFSI FROM LITERATURE 

Viscosity Density Ionic Conductivity Electrochemical 

Window 

68.5 [cP] @ 25°C 1.49 [g cm-3] @ 25°C 3.18 [mS cm-1] @ 25°C 4.4 [V] 
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CHAPTER 4 

EXPERIMENTAL SECTION 

 

4.1 Chemical Exfoliation of S-BN 
 

The first step in order to prepare the electrolyte ink was the chemical exfoliation of the Silane 

Boron-Nitride additive. A portion of Silane Boron-Nitride powder was initially immersed in the 

quantities of 25 mg into 3 ml of N-Methyl-2-pyrrolidone. After that, the sample was sonicated in 

a 500W FB505 Sonic Dismembrator Fisher Scientific. Timer, pulse, and amplitude were set for 

our experiment. The sample was sonicated for 9 hours, one second on, two seconds off with an 

amplitude of 30%.  

 

 

Figure 11. 500W FB505 Sonic Dismembrator Fisher Scientific control system



 

 

34 

 

 

This technique is one of the most common procedures to exfoliate nanosheets. Although this 

method is due to the power of sonication, the BN is peeled off, and the plate is broken as well. 

This creates the disadvantage in making BNNs with a wide plate shape [64]. 

 

 

Figure 12. 500W FB505 Sonic Dismembrator Fisher Scientific during sample sonication
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4.2 Electrolyte Ink preparation 
 

Once completed the chemical exfoliation, 500 mg Poly(vinylidene fluoride-co-hexa-

fluoropropylene) average Mw 400,000 powder (Sigma-Aldrich) was added to the sonicated sample 

and stirred for 14 hours at room temperature and 450 rpm. At this point, lithium salt and ionic 

liquid were added to the slurry. 500 mg of 1-Ethyl-3-Methylimidazolium Bis 

(trifluoromethylsulfonyl)imide ionic liquid were first added into the vials and after that, the slurry 

was put back to stir. During the stirring, 500 mg of lithium salt were added to avoid lump formation 

in the electrolyte ink. The sample was left stirring at room temperature at 450 rpm. After 2 hours, 

the temperature was increased to 80°C and stirred for 12 hours. The final electrolyte ink had the 

right rheological properties to print the electrolyte with a 3D printing machine. Fig. x is a schematic 

representation of the used synthesis process. 

 

 

Figure 13. Synthesis process procedure 
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4.3 3D Printing polymer electrolyte 
 

The Nordson EFD EV Series automated dispensing system was utilized to print the gel polymer 

electrolyte ink 3D printing machine. The automated dispensing system from Nordson EFD sprays 

fluid onto a workpiece in a pre-programmed pattern. 

The DispenseMotion controller, the robot, and the dispensing system components are the primary 

components of an automated dispensing system. The robot executes a computer program that is 

created using the DispenseMotion software installed on the DispenseMotion controller. The 

programs are engineered in order to dispense the fluid in a specific pattern onto a workpiece.  

 

 

Figure 14. Nordson EFD’s automated dispensing system 

 

During the pre-programmed printing process, the three-axis direction stage moves at a moderate 

speed to print the desired 3D structure. To adjust the width and thickness of the printed electrolyte, 

it is possible to adjust dispensing parameters such as air pressure, printing speed, and nozzle size.  



 

 

37 

 

4.4 Nordson EFD set up 
 

To print our electrolyte ink, a particular setup for the printer was engineered. In particular, a 

heating block was installed on the printer to heat up the ink in the syringe, in this way we reduced 

the viscosity of the electrolyte to facilitate the extrusion through the nozzle of the printer. The 

heating block was heated by conduction at a temperature of 150 °C. The heating block material 

was not the only heat source in our set-up, indeed also the fixture plate was heated during the 

electrolyte printing. The reason why we warmed up the slurry was to reach the optimum rheologic 

condition to print, allow the fluid to flow through the nozzle and facilitate the organic solvent 

evaporation once the electrolyte was printed.  

 

 

Figure 15. Nordson EFD’s automated dispensing system setup 

 

As mentioned, the first step to print the electrolyte was to build the machine setup. At this point, 

the machine was turned on with the pump system and the heaters. In the meanwhile, the ink was 

transferred from 20 ml vials to a 10 cc Nordson EFD Optimum Barrels. 
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Figure 16. 10 cc Nordson EFD Optimum Barrels 

 

 

 

Table V. 10CC NORDSON EFD OPTIMUM BARRELS DIMENSION 

Size A B 

10 cc 19.1 [mm] 88.9 [mm] 

 

The syringe top was connected to the machine pumping system to provide the necessary pressure 

to the ink. At the tip of the syringe was connected the nozzle. Two different sizes of general-

purpose stainless-steel tips were used during the printing process, 0.41 mm (red) and 0.25mm 

(blue).  The tips provide precise and consistent deposits during the whole process [65]. 

 

 

Figure 17. General-purpose stainless-steel tips 

 

4.5 Programming 
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A program is a set of commands stored as a file. There are two types of commands:  

o A setup commands 

o Dispense commands 

A setup command changes a program-level parameter, such as the Z clearance height or an XYZ 

location. When a dispense command is linked to an XYZ coordinate, the dispensing system 

receives an automatic signal to execute the command. Addresses are used to store all commands. 

When the robot runs a program, it goes through each address one by one, executing the command 

contained in each one. The system registers a setup command if it appears in an address. If an 

address includes a dispense command, the robot moves the X, Y, and Z axes to the place specified 

in the instruction before executing it. 

The following figure shows an overview of the DispenseMotion Software from the Nordson EFD 

manual.  
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Figure 18. DispenseMotion Software 

 

To create a program, it is necessary to follow a standard step procedure: 

1. Click the green PROGRAM tab 

2. Use the navigation icons to move the dispensing tip to the appropriate XYZ point 

3. Include a setup or dispense instruction that instructs the robot on how to proceed 

4. Repeat steps 2 through 4 until the program is complete 

5. Click END PROGRAM to end the program 

Once the program is ready, clicking on “View” or “Run” it is possible to test the program and 

adjust until the program runs correctly. 

Two different structures were programmed: 

o Full Circle 
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o Three Parallel Lines 

 

4.5.1 Full Circle 

 

The first path programmed was a full circle. The polymer electrolyte printed with this structure 

was directly used in the assembly of a coin cell battery.  

For this kind of structure, we did not vary the dispensing parameters that were fixed at the 

beginning.  

Table VI. DISPENSING PARAMETERS VALUES FOR FULL CIRCLE PRINTING 

Line Speed  Air Pressure  Nozzle size  

10 [mm/s] 7 [psi] 0.84 [mm] 

 

To create a full circle, the dispensing parameter used was the “circle” command. Once defined the 

centre of the circle, X and Y position, different diameters were set for each address line. With this 

procedure, concentric circles were printed by the robot. The following figure shows the view of 

the program.  

 

Figure 19. Circle program view 
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The green dot represents the “home” position of the robot. Once the program was run, the robot 

started following the black path. It is important to underline that not all the black lines correspond 

to ink extrusion, indeed only when the robot was following the circle black line the ink was printed.  

An important aspect to take into consideration is the calibration of the Z coordinate. Every new 

program or set-up change needs a recalibration of the Z coordinate. To perform the calibration, the 

robot moves from the “home” position to the centre of the circles by double-clicking on the blue 

dot. At this point, the desired Z coordinate is set manually by jogging the dispensing tip through 

the Navigation and Jogging Window. 

The final printed polymer electrolyte is displayed in figure X.  

 

Figure 20. Circle printed polymer electrolyte 

 

During the printing process the ink was heated up at 150 °C, while the temperature of the plate 

was 80°C.  

 

4.5.2 Three Parallel Lines 

 

The three parallel line structure was printed in order to perform an analysis of the relation between 

the morphology of the final printed structure and the dispensing parameters.  



 

 

43 

The dispensing parameters of interest were the nozzle speed, the air pressure, and the nozzle size. 

Three structures with the same geometry were printed. For each sample, two parameters were kept 

fixed while varying the other one. In this way, it was possible to highlight the different influence 

of the three parameters on the final printed result. 

To create the three parallel lines, the “line” dispensing command was used. In this case, it was 

necessary to define three different X and Y coordinate positions to start printing the line. Even in 

this case, the calibration of the Z coordinate was performed manually and for each different set-

up. The distance between the lines was 10 mm. The view of the program is displayed in the 

following picture. 

 

 

Figure 21. Three lines program view 

 

In order to demonstrate the influence of the dispensing parameters, the ink was printed with the 

following settings:  

o Influence of air pressure: The printing speed and nozzle sizes were set at 10 mm/s and 0.41 

mm, respectively. Three different settings of the air pressure (20, 40, and 60 psi) were used. 
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o Influence of printing speed: The air pressure and nozzle sizes were set at 40 psi and 0.41 

mm, respectively. Three different settings of printing speeds (5, 10, and 15 mm/s) were 

used. 

o Influence of nozzle tip size: The air pressure and printing speeds were set at 60 psi and 10 

mm/s, respectively. Two different settings of the nozzle size (0.25 and 0.41 mm) were used. 

During the printing process, the ink was heated up at 150 °C, while the temperature of the plate 

was 60°C.  

 

 

Figure 22. Three lines printed electrolyte 

 

 

 

4.6. Dispensing parameters analysis 
 

The dispensing parameters analysis was performed on the three lines structure printed with the 

Nordson EFD 3D printing machine. The analysis was performed to understand the influence of 

the dispensing parameters on the final shape of the printed electrolyte. This kind of analysis 

becomes very important if the focus is the shift to the commercialization of 3D printed batteries.  
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The advantages in microelectromechanical systems, sensing technologies, and low-power wireless 

communications drove the research efforts in developing micro-batteries. High precision and low 

tolerance are required for this kind of application. For these reasons, it is crucial to understand the 

relation between air pressure, nozzle speed, and nozzle size on the final printed product. From the 

point of view of the manufacturer, the optimum in terms of time and energy consumption 

efficiency is the final goal. For instance, if the same product characteristics can be reached with a 

higher nozzle speed, it is possible to fabricate more units in less time, keeping the same product 

quality standard.   

The thickness and the width of each sample were measured with a digital caliper. The 40 mm line 

was divided into 10 parts that corresponded to 10 thickness and width measurements. This 

technique was used in order to understand the different distribution of the ink during line printing.  

The device used to perform the measurements for this test is a Neiko stainless hardened digital 

caliper. The range of measurement of the instrument is 0 – 150 mm, with an accuracy of 0.02 mm.  

 

 

Figure 23. Neiko stainless hardened digital caliper 
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4.7 Li-Ion polymer cell assembly  
 

The cell was assembled as a 2032 MTI coin-type cell in a glove box. The glove box is designed 

for use in controlled atmospheres, it provides a leak-tight environment for work with 

contamination-sensitive materials. Lithium is very reactive with moisture and air and its exposure 

may affect the cell performances. Two different kinds of coin cells were assembled depending on 

the test that was performed.  

The coin polymer electrolyte previously printed was left in an oven (look for the brand) for 24 h 

at 80°C. This procedure is necessary to evaporate the organic solvent present in the ink (NMP).  

The Li-symmetrical cell was assembled for the overpotential test. Both the anode and the cathode 

of the cell were made of Li, and the printed gel polymer electrolyte was put between the two 

electrodes.  

For cycling and thermal runaway tests, a half-cell was fabricated. The whole process took place in 

the glove box. The coin cell fabrication followed a straight procedure: 

o Displace a negative case on a non-conductive surface 

o Add a stainless-steel spring 

o Place a stainless-steel spacer 

o At this point, a LFP cathode was added 

o The gel polymer electrolyte was lean on the LFP 

o A Li foil was used as anode  

o The cell assembly is completed with a positive top casing 

o The coin cell is ponce to let all the layer stack  
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Figure 24. Half coin cell assembly 

 

 

4.8 Overpotential 
 

To evaluate the operational properties of the 3D printed gel-polymer electrolyte, the overpotential 

test is performed. The aim of the test is to give information regarding the ease for Li-ions to travel 

through the electrolyte, but also about the interfacial properties. The interfacial properties describe 

the contact between the electrolyte and the electrode [66]. Better interfacial properties correspond 

to a better ability of the electrolyte to cover the electrode surface, with a consequent improvement 

in Li ions transport.  

For this test, a Li-symmetrical cell was used, and different rates are used for a brief amount of time 

to let the Li ions go from one side to the other. In the ideal case, lithium stripping and plating 

occur, letting the Li intercalates and de-intercalates within/from the electrodes: 

Li+ + e-  → Li 
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Preferably, the curve result of the overpotential test should be a line. That means that the resistance 

faced by the Li ions is negligible. Of course, in the real world that is not possible, and the final 

result will not be a line.  The overpotential can be expressed as: 

∆𝑣 = ∆𝑣𝑏 + ∆𝑣𝑖𝑛𝑡 = 𝑅𝑏 ∙ 𝐼 + 𝑅𝑖𝑛𝑡 ∙ 𝐼 

where: 

o ∆𝑣𝑏 is the overpotential due to the bulk electrolyte [V] 

o ∆𝑣𝑖𝑛𝑡 is the overpotential due to the electrolyte/electrode interface [V] 

o 𝑅𝑏 is the resistance due to the bulk electrolyte [Ω] 

o 𝑅𝑖𝑛𝑡 is the resistance due to the electrolyte/electrode interface [Ω] 

o 𝐼 is the used current [A] 

The overpotential tends to increase over time, due to the many phenomena such as cations trapping, 

an increase of SEI thickness, electrode degradation, etc. [67].  

BTS-4008-5V10mA neware battery cycler was used for the measurements. The coin cell was 

tested for 500 hours at 0.05 mA cm-2 with a full one-hour cycle (30 minutes charge – 30 minutes 

discharge). 

4.9 Charge-discharge cycling 
 

The charge-discharge cycling is an important test that shows if the gel-polymer-electrolyte can 

effectively work within a battery. During this test, the coin cell is tested at different current 

intensities, in this way it is possible to understand how the electrolyte will perform at a certain rate. 

From the electrolyte point of view, not all the current intensities are possible. While a liquid 

electrolyte can deal with very high C-rates, a gel- or solid-state electrolyte is limited by its own 

chemical and physical characteristics. Furthermore, the evolution in time of the extracted capacity 



 

 

49 

from the cathode is analysed. This is a fundamental analysis since the user finally wants to buy 

and use a durable and reliable device. For these reasons, the three samples were cycled at different 

C-rates. The used cut-in and cut-off voltage are imposed by the typology of the cathode; for LFP, 

2.5 and 4.2 V are usually selected. Voltage control with very small tolerances is necessary to make 

the Li-ion battery last longer. Fatal reactions can occur at high voltages which can compromise 

safety and battery cyclability. When a rechargeable battery is charged, the anode overcomes a 

reduction taking electrons and receives Li cations, which intercalate in its structure. At the same 

time, the cathode oxidizes.  

Traditionally, the C-rate was introduced by battery manufacturers and users, and expressed the 

current needed to charge or discharge a cell in a specific amount of time: 

𝐶 − 𝑟𝑎𝑡𝑒 = 𝐶 ∙ 𝑔 1000 ∙ ℎ 

where: 

o 𝐶 is the specific capacity of the cathode [mAh/g] 

o 𝑔 is the weight of the present active material [mg] 

o 1000 is a unit conversion [g/mg] 

o h is the amount of time [h] 

This means that, if one would like to cycle the battery at the rate of C/10, it is expected to have a 

10-hour charge and discharge, respectively.  

Three LFP/Li coin cells were tested with BTS-4008-5V10mA Neware battery cycler; different C-

rates were used. More in detail, 0.5C, 0.2C, and 0.1C were run at 25°C.  
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The coulombic efficiency (CE), also called faradaic efficiency or current efficiency, can be defined 

by this test. It describes the charge efficiency by which electrons are transferred in batteries [68]. 

By definition this quantity is: 

 

𝜂 =
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 

 

 

 

 

4.10 Electrolyte thermal characterization 
 

As discussed in the previous paragraphs, the thermal runaway is a safety issue that is being  the 

focus of the scientific community research activity. The reduction of the hazard caused by thermal 

runaway can be achieved in different ways, depending on the thermal runaway process stage. 

 

 

Figure 25. Thermal runaway process stage 
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Figure n displays the three different stages of the thermal runaway process and the respective three 

“reduction of the hazard” solutions.  

In this project the intrinsic safety, especially the anti-thermal runaway properties, of the cell was 

improved by material modification.  

Because the thermal stability of the system is largely dependent on the thermal safety of the entire 

cell, material modification can be done on the cathode, anode, separator, and electrolyte. 

Innovative and improved electrolyte systems, such as ionic-liquids, polymer electrolytes, and solid 

electrolytes, have the potential to overturn the entire electrolyte system. As a result, the electrolyte 

used in this study was a 3D printed gel-polymer electrolyte. 

During the polymer electrolyte synthesis process, a Silane Boron-Nitride ceramic filler was added 

to the electrolyte slurry with the purpose of reaching the optimum ink viscosity and increasing the 

thermal properties of the electrolyte.  

Once printed on the electrolyte, the half coin cell with LFP cathode and gel-polymer electrolyte 

was thermally tested and, to define the thermal performance of the novel electrolyte, a comparison 

between the performance of the polymer and liquid electrolyte was conducted. 

The data acquisition was performed with a thermal imaging camera. The infrared camera used is 

a HT19 Thermal Imager, that integrates surface temperature measurement and real-time thermal 

image.  
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Figure 26. Thermal camera 

 

The camera can detect a temperature range varying from -20 °C to 300 °C with a resolution of 

320x240.  

During the experiment, the coin cell was heated up on a hot plate to define the thermal 

distribution of the coin cell surface and the evolution in time of the temperature. Different plate 

temperatures were set to 60 °C, 80 °C, 100 °C.  

One of the problems to solve with the experimental setup was the reflection of the coin cell 

surface , in fact the surface of the coin cell had a high reflectivity, and the camera was not able to 

properly detect the temperature of the surface. To avoid the reflection problem, the coin cell was 

coated with a carbon tape. The carbon tape was chosen because of its good thermal conductivity 

property and low reflection coefficient.  
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Figure 27. Coin cell carbon tape coating 

 

The carbon tape was also used on the hot plate to create a homogeneous temperature distribution.  

 

              

Figure 28. Thermal image of the hot plate at 60°C 

 

Once built the setup of the experiment, the coin cell was collocated in the middle of the hot plate 

and the temperature evolution was recorded.
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CHAPTER 5 

 

RESULTS AND DISCUSSION 

 

5.1 Overpotential results 
 

The overpotential test was conducted on a Li/Li cell with the printed electrolyte. The overpotential 

is expected to increase over time because of the spontaneous increase of resistance, due to cations 

trapping, an increase of SEI thickness, electrode degradation, etc. [67]. The increase is more 

aggressive at higher currents [69], because the cell is more stressed than for lower currents. The 

cell was tested for 500 cycles, each cycle was characterized by 30 minutes of charge and 30 

minutes of discharge, as displayed in figure 25. For the printed electrolyte test, a low-rate current 

was investigated in order to investigate the performance of the electrolyte in no-hostile conditions. 

As shown in figure 25, for a 0.05 mAcm-2 and room temperature, 5the overpotential range is almost 

constant for the whole test time. This means that the electrolyte does not have a high degradation 

rate, which is reflected in a good battery cyclability.  

 

 

Figure 29. Overpotential for 3D printed electrolyte
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The overpotential results point out that Li+ cations do not find high resistance to reach the 

electrodes using a printed electrolyte with nanoscale additive, so the performances of the printed 

electrolyte are promising for future application. A better understanding of the results can be 

pointed out by further studies such as a simulation of the electrolyte/electrode interface or SEM 

analysis of the battery components. 

 

5.2 Charge and discharge profile results  
 

Before starting the discussion about the charge and discharge test, it is valuable to underline the 

difference between practical and theoretical capacity [mAh/cm2]. In fact, the practical capacity is 

always smaller than the theoretical one because the cell does not operate on a very wide voltage 

window and not all the lithium cations can be extracted from the lattice of the host material within 

that voltage window.  

In this project, four half coin cells Li/LFP were charged and discharged at three different C-rates. 

The voltage vs time and the voltage vs capacity have the same behavior since the capacity is 

monotonically dependent on time. When charging the capacity increases up to 4.2 V, while 

discharging, it decreases down to 2.5 V. The data collected for the first charge/discharge cycle in 

the test are shown in the following graphs.  
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Figure 30. Charge and Discharge profile of the printed electrolyte at 1C 

 

Figure 31. Charge and Discharge profile of the printed electrolyte at 0.5C 

 

Figure 32. Charge and Discharge profile of the printed electrolyte at 0.2C 
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Figure 33. Charge and Discharge profile of the printed electrolyte at 0.1C 

 

 

The C-rate is a measurement of how quickly a battery charges or discharges. The theoretical 

current draw required to deliver the battery's nominal rated capacity in one hour is divided by the 

current flowing through the battery. To investigate the behavior of the printed electrolyte, 0.5C, 

0.2C, 0.1C, and 1C were implemented for the test. The different C-rates correspond respectively 

to 1 hours, 2 hours, 5 hours, and 10 hour charging-discharging process.  

As it is possible to notice from the four graphs, the behavior of the battery is different for the 

different current intensities. The first topic of the analysis is overpotential. The difference in 

voltage between the charging and discharging process tends to decrease at the lowest C-rate. This 

can be explained by an inevitable supplementary resistance collected over time by the electrolyte. 

On the other hand, high currents stress the cell more with consequent degradation of the cell 

performances.  

The other important aspect of the test was the evaluation of the capacity of the cell. The mass of 

active material in the battery determines the battery capacity [Ah], which is a measure of the charge 

stored by the battery. Under particular conditions, the battery capacity represents the greatest 



 

 

58 

amount of energy that can be retrieved from the battery. The rated battery capacity is influenced 

by the charging/discharging speeds. The quantity of energy that can be recovered from the battery 

is lowered when the battery is depleted quickly, and the battery capacity is diminished. One of the 

causes is that the reaction's components do not always have enough time to shift to their required 

places. Only a small portion of the total reactants are transformed to other forms, reducing the 

amount of energy available [70]. 

On the other hand, if the battery is charged/discharged slowly and with a low current, more energy 

is stored/extracted and the battery capacity is increased. 

The test findings reflect the previously reported behavior. The capacity of the cell at a C-rate of 1 

is around 130 mAhcm-2, which is lower than the other C-rates. 

It is also worthy to underline how the battery capacity decreases after the first cycle. A good-

performing battery should have a low degradation rate during the time, and the behavior of the 

printed electrolyte is promising for commercial application. The following graph displays the 

degradation over the time of the battery. The battery is charged/discharged at 0.2C rate and 150 

cycles are plotted. As expected the capacity of the cell decreases after the first cycle although the 

battery shows good performances after the first 150 cycles. 
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Figure 34. Charge and Discharge profile of the printed electrolyte at 0.2C for 150 cycles 

 

The amount of energy that can be collected from a battery is likewise affected by its temperature 

[70]. The battery capacity is often higher at higher temperatures than at lower temperatures. 

Intentionally raising battery temperature, on the other hand, is not an efficient way to improve 

battery capacity without also lowering battery longevity. 

It is valuable to underline how the printed electrolyte did not fail during the charging/discharging 

test at different C-rates, exhibiting interesting electrochemical performances. 

5.3 Dispensing parameters analysis 
 

The dispensing parameters analysis was conducted to define a correlation between the air pressure, 

nozzle speed, and nozzle size dispensing parameters and the morphology of the final printed 

product. As mentioned previously, one of the many features of the printed batteries is the 
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possibility of fabrication of functional systems with batteries already integrated into devices. 

However, high accuracy is required during the extrusion of the ink to achieve the desired results. 

5.3.1 Air pressure 
 

The analysis of the influence of the value of the air pressure on the printed structure was conducted 

keeping constant the nozzle size and the nozzle speed. The width and the height of three straight 

lines were measured and the result is displayed in the following graphs.  

 

 

Figure 35. Width measurements of the sample printed at constant nozzle speed and size, 10 mm/s 

and 0.41 mm respectively 
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Figure 36. Height measurements of the sample printed at constant nozzle speed and size, 10 

mm/s and 0.41 mm respectively 

 

 

As it is possible to understand from the graphs, a higher-pressure value is related to major ink 

extrusion and in consequence higher and wider printed structure. It is worthy to underline how the 

height of the printed structure is more visible than the width. In both graphs, the distribution of the 

ink at lower pressure is more uniform and can be correlated to a higher precision during the printing 

process. The height of the printed electrolyte is unequal, highlighting less accuracy during the 

printing.  

In general, the set of the air pressure value for 3D printing battery solution should take into 

consideration the level of accuracy that is required to manufacture the battery. 

 

5.3.2 Nozzle speed 
 

The nozzle speed is the speed at which the robot arm moves during the printing process. The nozzle 

speed was modified during the program set-up and three different speeds were analyzed. The study 
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of the speed influence on the printed electrolyte is interesting from the point of view of the 

manufacturing process.  

The graphs describe the distribution of the ink at fixed air pressure and nozzle size.  

 

 

Figure 37. Width measurements of the sample printed at constant air pressure and nozzle size, 40 

psi and 0.41 mm respectively 

 

 

Figure 38. Height measurements of the sample printed at constant air pressure and nozzle size, 

40 psi and 0.41 mm respectively 
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At elevated speed, the robot machine deposits less ink, and this is reflected in the geometry of the 

printed structure. For high-speed rate, the width and height of the sample are limited, while for 

low-rate velocity (10 mm/s, 5 mm/s) the increment in dimensions of the sample is around 36% for 

the height and around 63% for the width.  

In this case, in the three experiments, the distribution of the ink is relatively regular during the 

whole printing process. 

 

5.3.3 Nozzle size 

 

The nozzle size influence on the printed electrolyte was conducted keeping constant the air 

pressure and the printing speed. The analysis aims to understand the distribution of the ink during 

the printing process. Understandably, the dimension of the printed structure would be different 

because of the different sizes of the nozzle, but it is interesting to study the distribution of the ink 

at different printing scales.  

 

Figure 39. Width measurements of the sample printed at constant nozzle speed and air pressure, 

10 mm/s and 60 psi respectively 
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Figure 40. Height measurements of the sample printed at constant nozzle speed and air pressure, 

10 mm/s and 60 psi respectively 

 

The two graphs show the width and the height of two samples printed with a 0.25 mm and 0.41 

mm nozzle diameter. It is interesting to underline how for a smaller diameter size, the 

distribution of the ink is more homogeneous, especially for the width of the sample.  

The result shows that the ink composition implemented in this project, can be printed with 

different dispensing parameters set-up, and still maintaining excellent printability properties.  

 

5.4 Thermal characterization results 
 

The aim of the test was to understand the behavior of the coin cell under thermal abuse 

conditions. The distribution of the heat and the evolution of the temperature over 180 seconds 

were analyzed. Three different plate temperatures were set: 60, 80, 120 °C. 
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Figure 41. Hot plate at different temperature 

 

The coin cell with h-BN polymer electrolyte, was collocated in the middle of the hot plate 

square. Images at different times, during the experiment, show the distribution and the evolution 

of the temperature in the coin cell.  

 

Figure 42. Evolution of the temperature of a coin cell with polymer electrolyte on a hot plate at 

60°C 
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The same analysis was conducted for the hot plate at 80°C and 120 °C (see Appendix, fig. 41, 

42). 

As displayed in the previous figure, it is possible to visualize that the temperature distribution is 

homogeneously distributed on the coin cell surface, and no local hot spots are present. This is a 

significant result that shows the good behavior of the system under thermal stress conditions.  

The temperature evolution was monitored for 180 seconds, and the data are plotted in the 

following graph.  

 

Figure 43. Temperature evolution for a polymer electrolyte coin cell 

 

At this point, a comparison with a liquid electrolyte was conducted. The evolution of the 

temperature for the different coin cells on a hot plate at 120 °C was studied, and it reveals that 

the presence of the h-BN modified polymer electrolyte effectively improve the thermal 



 

 

67 

properties of the cell, in fact, the temperature of the h-BN cell is lower than the temperature of 

the cell with liquid electrolyte.  

 

Figure 44. Liquid vs polymer electrolyte temperature evolution 

 

From the graph it is possible to see how the coin cell with polymer electrolyte keeps a lower 

temperature in the range of 30 to 140 seconds, which means that the temperature increase within 

the coin cell is limited by the h-BN polymer electrolyte.  

The final consideration about the thermal analysis is that the h-BN filler has a good influence on 

the thermal properties of the polymer electrolyte. The temperature is uniformly distributed, and 

no dangerous hotspots are present over the cell surface, which demonstrate the good thermal 

performance of the electrolyte. 

Other types of thermal test can be conducted to better understand the effective role played by the 

Silane Boron-Nitride filler.
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CHAPTER 6 

 

CONCLUSION 

 

The main focus of the thesis was on the efforts and problems of developing and optimizing the 

ink for the electrolyte battery component to meet the requirements of efficiency, stability, and 

processability.   

The thesis demonstrates  the possibility of manufacturing battery components with enhanced 

thermal properties making use of 3D printing technologies. The Silane Boron-Nitride filler was 

able to modify properly the rheological and thermal properties of the electrolyte ink. Moreover, 

the printed polymer electrolyte showed interesting electrochemical properties such as 

overpotential and cyclability.  

Further efforts are needed to completely prove all the advantages of Silane Boron-Nitride, 

however the achieved results are without any doubt promising.
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Appendix A 

 

 

Figure 45. Evolution of the temperature of a coin cell with polymer electrolyte on a hot plate at 

80°C 

 

 

 

Figure 46. Evolution of the temperature of a coin cell with polymer electrolyte on a hot plate at 

120 °C 
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Appendix B 
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