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Abstract 

Solid-state lithium-ion batteries (SSLIB) are increasingly attracting attention due to their advantageous 

properties, including enhanced safety, non-flammability, higher energy density, durability, and lightweight 

design, which are achieved by eliminating the toxic and flammable electrolyte material present in 

conventional lithium-ion batteries. However, a significant obstacle to the commercialization of SSLIB lies 

in the processing methods. While electrodes are typically processed similarly for both conventional and 

solid-state batteries, the processing of thin solid electrolytes presents unique challenges. Inorganic ceramic 

solid electrolytes, particularly garnet-based Lithium lanthanum zirconium oxide (LLZO) ceramic solid 

electrolytes, are gaining interest due to their high ionic conductivity and thermal stability. 

Additive manufacturing (AM) is a studied fabrication method for processing various materials including 

ceramics. Direct ink writing (DIW), an extrusion-based AM method, is known for its material versatility, 

ease of operation, and capability for multi-material printing making it suitable for battery applications. The 

advantages of using AM for manufacturing batteries, notably ceramic electrolytes, are high freedom of 

design, increased areal energy density, and volumetric density.  

In this thesis, a novel sintering set-up was developed to densify ~150-250 µm thin Li6.4La3Zr1.4Ta0.6O12 

(Ta-doped LLZO, LLZTO) ceramic electrolytes prepared via DIW fabrication. The challenges 

encountered in ink synthesis, DIW printing, and sintering are outlined along with effective solutions. This 

research aims to investigate these effects on LLZO ceramic solid electrolytes for applications in all-SSLIB. 

The ink synthesis and optimization greatly impact the drying properties of the ceramic and processability. 

The properties of the ink such as viscosity, flowability, and its homogeneity need to be controlled to ensure 

optimal shear thinning behaviour. A volumetric flow rate model is developed using four different suitable 

dispensing tips to analyze the flow rate with respect to pressure applied for extrusion. This work uncovers 

the optimized ink composition consists of a solid loading of 30-35 wt%, 0.35 wt% dispersant (equivalent 

to 1 wt% concerning the solid loading), a 3:7 solvent ratio, and a 1:1 binder-plasticizer ratio (both at 6.45 

wt%) suitable for DIW. 

Subsequently, the solid electrolytes undergo sintering at temperatures exceeding 1100℃ to promote 

particle bonding and form a solid, conductive electrolyte. The properties of the final LLZO ceramic, 

including density, grain size, and ionic conductivity, are highly dependent on the sintering process. The 

phase, relative density, and ionic conductivity properties of sintered LLZTO are evaluated using 
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techniques such as powder x-ray diffraction (XRD), scanning electron microscopy (SEM), and 

electrochemical impedance spectroscopy (EIS).  

Preliminary findings in this thesis highlight the need for refining the processing techniques for fabrication 

and sintering of ceramic electrolytes to overcome challenges associated with lithium loss at temperatures 

exceeding 1000℃, sintering conditions, and poor reproducibility. This research thesis identified optimized 

sintering conditions, and set-up required to address the common sintering challenges to reproduce flat, 

high density thin solid electrolyte with the desired crystal cubic phase. The sintering results show optimal 

conditions are de-binding at 700℃ for 12 hours and sintering at 1100℃ for 1.5 hours with 10 wt% excess 

LiOH. The thin solid electrolytes are sandwiched between graphite and MgO plates within the MgO 

crucible. The EIS results show a high ionic conductivity comparable to literature findings and 

commercially available LLZTO ceramic electrolytes. 

Keywords: Lithium Lanthanum Zirconium Oxide, LLZO, Garnet, Sintering, Direct Ink Writing, Solid-

State Electrolytes, Ceramic Electrolytes. 
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Chapter 1 Introduction 

In this chapter, the motivation of the research project presented in this thesis is briefly introduced. The 

research challenges are outlined with research process objectives and goals. Finally, the structure of the 

thesis is described.  

1.1 Motivation  

In today’s world, batteries are essential for numerous applications, including consumer electronics, e-

vehicles, renewable energy storage, and smart home devices [1,2]. Presently, lead-acid, nickel-metal 

hydride, sodium-ion, and lithium-ion batteries are commercially available, however, they do not satisfy the 

stringent increasing demands of portable electronics, electric vehicles, and grid energy storage systems [1]. 

It is critical for batteries to have higher energy densities, longer cycle lives, and enhanced safety at a 

reasonable cost of production [1]. In recent decades, lithium-ion (Li-ion) batteries have been continuously 

researched to improve properties to meet these increasing demands.  

Since the development of the Li-ion battery, liquid electrolytes have been used in providing excellent 

wetting of electrode surfaces and high conductivity but have disadvantages such as inadequate 

electrochemical and thermal stabilities, and safety concerns [1]. In more recent research, replacing a liquid 

electrolyte with a solid-electrolyte separator has been favoured to overcome such disadvantages of the 

liquid electrolyte and develop new battery chemistries [1,3].  

Garnet-based Li7La3Zr2O12 (LLZO) ceramic solid electrolyte (SE) has gained particular interest due to its 

good Li-ion conductivity, wide electrochemical stability window, and excellent stability against Li metal 

[4]. One of the primary obstacles hindering the widespread adoption of ceramic SE is the difficulty of 

reproducing and handling thin, high-density electrolytes with the desired crystal phase through high-

temperature sintering. The manufacturing process used for the SE significantly impacts the ability to 

achieve the desired SE density and geometric freedom.   

Additive manufacturing (AM) emerges as a promising processing route to manufacture SE offering design 

flexibility, customization, and the potential for enhanced performance. AM of ceramic materials has been 

studied for many years providing new geometries for various applications. Similarly, a ceramic SE can be 

printed using similar processing route to enable a novel fabrication method with more flexible and 

customizable designs [5–10].  Direct ink writing (DIW) or extrusion-based AM can play a promising role 

in optimizing the manufacturing process, ultimately leading to superior results in the development of 

smaller, lighter, and wearable designs of solid-state batteries [11–14]. 



 

 2 

The entire research project includes formulation of ceramic electrolyte ink, DIW printing, sintering, and 

material characterization of garnet-type SE.  

1.2 Research Challenge  

Current processing of ceramic solid-electrolytes has challenges in high-temperature sintering, cracking 

during shrinkage, achieving controlled grain boundaries essential for optimizing processing, achieving 

cubic crystal phase, and poor reproducibility in manufacturing.   

DIW is a promising technique to manufacture batteries due to its multi-material printing capability, and 

material diversity suitable for active battery materials. In recent years, it has gained attention to successfully 

manufacture 3D-printed electrodes and ceramic electrolyte with enhanced electrochemical properties [14–

18]. Despite the promises, processing of thin high-quality ceramic electrolytes has outlined many challenges 

during coating/printing and sintering stages [19].  

The first challenge relies in ink formulation and processing with DIW. The rheological properties of the ink 

greatly affect the printability of the ink. It is crucial to ensure a completely homogenous ink with the suitable 

viscosity range is developed for DIW [9]. A large particle size ink or large agglomerates in the ink impedes 

smooth flow printing adding challenges. The formulation of the ink also directly impacts the drying 

properties for the ceramic electrolyte, leading to cracking during shrinkage [5]. Thus, the formation of a 

suitable ink formulation that can be smoothly processed using direct ink writing and does not crack during 

drying process is the first challenge. 

The second challenge is post-processing of the ceramic electrolyte. After successful preparation of 

electrolyte, sintering of ceramics is critical to ensuring a high-density ceramic electrolyte is formed [19–

32]. During this high-temperature sintering process, Li loss is experienced depleting the cubic crystal phase 

responsible for Li transport further impeding the electrochemical properties [19]. Despite, many research 

groups reporting successful sintering of LLZO ceramic electrolyte to achieve a high-density part, the poorly 

controlled sintering process impedes reproducibility [19]. Other processing challenges include sintering 

conditions and set-ups, limited knowledge between composition and microstructure, and H2O/CO2 

reactivity [19]. Thus, innovative approaches need to be developed to ensure reliable, and reproducible 

sintering processes for LLZO ceramic electrolytes.  

This thesis aims to address and provide effective solutions to the two major challenges regarding processing 

thin, high-density LLZO ceramic electrolytes. 

1.3 Objectives and Goals  

Considering the research challenges outlined in section 1.2, the following objectives are outlined: 
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Objective 1 – Ceramic Electrolyte Ink Formulation: Develop an optimized methodology for ceramic 

electrolyte ink formulation, synthesis, and direct ink writing processing. Address printing, drying, and 

sinterability to prevent cracks (section 4.1). 

Objective 2 – LLZO Solid Electrolyte Additive Manufacturing: Demonstrate fabrication of 150-250 

µm solid ceramic electrolytes using direct ink writing. Analyze flow behavior with tapered and needle 

nozzle tips (section 4.2). 

Objective 3 – Sintering Parameter Exploration: Investigate sintering parameters (temperature, duration, 

setup) for high-density (>95%) solid electrolytes with a cubic crystal phase (section 4.3). 

Objective 4 – Electrochemical Characterization: Evaluate electrochemical performance, including ionic 

conductivity (>104 S/cm), of the working solid electrolyte (section 4.4). 

1.4 Research Steps 

The research steps included in this thesis are as follows: 

1. Formulation and synthesis of LLZO ceramic electrolyte ink 

2. Direct ink writing printing of LLZO ceramic electrolyte 

3. De-binding and sintering of LLZO ceramic electrolyte 

4. Characterization of final ceramic electrolyte 

 

 

Figure 1: Project flow chart. 

Formulation of LLZO ceramic electrolyte ink 
Disperse LLZO ceramic particles with selected solvents, dispersant, binder, and plasticizer.

Direct ink writing printing of ceramic electrolyte
Optimization of printing parameters.

De-binding and sintering of ceramic electrolyte
Optimization of sintering parameters, set-ups, and environment. 

Characterization of final ceramic electrolyte
SEM, XRD, Density, EIS. 
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1.5 Thesis Layout  

This thesis is divided into 6 chapters. Chapter 1 is the general introduction of the project including 

motivation, challenges and goals, and research steps. Chapter 2 is the state of the art and literature review 

for the solid-state-lithium-ion-battery, AM of batteries, particle ink synthesis and post-processing sintering 

of LLZO SE. Chapter 3 details the methodology for the ink synthesis, DIW printing, and sintering 

procedures applied in this study. The results and discussions for each research step is presented in Chapter 

4. The innovative new approach sintering set-up developed and electrochemical results are also described 

in Chapter 4.  Lastly, Chapter 5 presents the summary of the thesis. 
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Chapter 2 State of the Art & Literature Review 

The contents of this chapter provide background knowledge on the Li-ion battery components, additive 

manufacturing technologies for batteries including direct ink writing, particle ink components and 

synthesis, and LLZO ceramic electrolyte sintering.  

2.1 Significance of Energy Storage in Contemporary Society 

Section 2.1 presents a summary of traditional Li-ion batteries, solid-state batteries, and the classification of 

solid-state electrolytes, as well as highlighting the advantageous characteristics of Li-ion conductive 

polymer, and inorganic Li-ion conductive ceramic solid electrolyte.  

2.1.1 Overview of Conventional Lithium-Ion Batteries  

Over the past few decades, Li-ion batteries have drawn a lot of interest due to their use in handheld devices 

like laptops, tablets, and smart phones. Their exceptional capabilities, in particular energy storage and 

power, have facilitated the advancement of electronics in modern society.  Further investigation into battery 

cell safety and materials is required as Li-ion battery technology develops [33].  

The main components of a Li-ion battery are as presented: 

Cathode: positive electrode containing active materials such as mixed oxides.  

Anode: negative electrode where Li is deintercalated from during discharging. 

Electrolyte: ion-conducting liquid located between two electrodes.  

Separator: A porous membrane separating the two electrodes. 

2.1.2  Benefits of Solid-State Batteries 

While conventional Li-ion batteries have revolutionized various sectors, they face limitations that solid-

state batteries (SSB) aim to address. Table 1 outlines the comparative attributes, including energy density, 

charging capabilities, dimensions, lifespan, durability, and environmentally friendliness, distinguishing of 

SSB from conventional Li-ion batteries counterparts. 
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Table 1: Advantages of solid-state batteries. 

Feature Advantage Ref 

Safety Solid electrolytes are non-flammable, unlike liquid electrolytes in conventional 

batteries, which can pose a fire hazard if they leak. 

[1,19,34,35] 

Energy Density Solid-state batteries have the potential to store significantly more energy per unit 

volume compared to traditional Li-ion batteries, leading to longer range for electric 

vehicles and longer life for portable devices. 

[1,19,36,37] 

Charging Solid-state batteries may enable faster charging times due to their higher ionic 

conductivity and reduced internal resistance.  

[35,36,38] 

Size & Weight Solid electrolyte replaces the need for a separator requiring less space than liquid 

electrolyte. Therefore, solid-state batteries can be made smaller than conventional 

lithium-ion batteries. Additionally, Li metal anode can carry higher energy density 

while being lighter.   

[34,39–42] 

Lifespan Solid-state batteries are expected to have a longer lifespan than conventional Li-ion 

batteries due to their improved stability and reduced degradation mechanisms. 

[37] 

Durability Solid electrolytes in solid-state batteries are generally more robust, making them 

less susceptible to damage from vibration or shock. 

[1,34] 

Environmental 

Impact 

The production and disposal of solid-state batteries may be more environmentally 

friendly compared to traditional batteries due to the elimination of flammable and 

toxic liquid electrolytes. 

[35,37,39,43,44] 

 

Conventional Li-ion batteries have several drawbacks requiring improved design to overcome safety issues 

associated with a liquid electrolyte which helps transport Li ions to and from cathode and anode. Over time, 

continuous cycles of charging and discharging diminish the quality of the battery and are frequently 

accompanied by risk of flammability, electrolyte breakdown, and Li dendrite formation. The development 

of all-solid-state batteries has shown promise in resolving these issues. The liquid electrolyte is replaced 

with a solid electrolyte (SE) eliminating chances of leakage, and formation of Li dendrite prone to 

explosion. SE have demonstrated advantageous properties including greater energy output, better efficiency 

from easy transfer of Li ions, and minimal wear and tear [3,33].  

2.1.3  Classification of Solid-State Batteries  

The components of a Li-ion SSB include the anode, cathode, and the SE (Figure 2). The cathode is the 

positive electrode supplying necessary ions during charging and discharging process. It is critical for 
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cathode material to have a high ionic conductivity aiding transference of ions across charging and 

discharging processes. The most used cathode materials in SSB include lithium cobalt oxide (LCO), lithium 

manganese oxide (LMO), and lithium iron phosphate oxide (LFP) (Figure 3). LCO processes an octahedral 

arrangement, layered structure suitable for lithiation/delithiation with a high specific energy of about 150 

mAh/g. The spinal structure in LMO produces very little resistance during lithiation/delithiation process. 

Lastly, LFP has an olivine structure which assists the transfer of ions and provides less resistance to the 

path of ions [33,45].  

 

Figure 2: Schematic illustration of conventional Li-ion battery (left) and all SSB (right). Retrieved 

from [46]. 

 

 

Figure 3: Crystal structure of LCO, LMO, and LPF cathode materials. Retrieved from [47]. 

The anode is the negative electrode where lithiation takes place during the charging process. It also stores 

Li/Li+ to great capacity. Lithium-based metal oxides such as Li4T5O12 (LTO) are common. The octahedral 

structure easily integrates Li ions during the lithiation process. It has a low specific energy of 175 mAh/g. 

Other materials such as carbon- and carbon-based materials, are also good anode materials in SSB [33]. To 
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boost energy density, the SSB combines a solid-state cathode with a Li metal anode. Recently, many 

research groups have studied using pure Li leading to a higher energy density (3860 mAh/g) [48]. 

The SE allows the diffusion of ions between anode and cathode. The performance of the electrolyte is 

critical to the performance of the solid-state battery. Consequently, great chemical stability, low electronic 

conductivity, and strong ionic conductivity are necessary for SE. Furthermore, a lightweight solid-state 

battery with high-cycle life, high energy density, and non-flammability are desirable for microelectronics 

and electric vehicle applications. The substitution of liquid electrolyte with a SE enables modification of 

the cell structure alleviating restrictions in architecture and safety [33].  Table 2 shows the advantages and 

disadvantages of SE.  

Table 2: Advantages and disadvantages of solid electrolytes in practice. Data retrieved from [49]. 

Advantages Disadvantages 

• Decreased wear and tear during operation.  

• Larger operation window (temperature range up 

to 200℃). 

• Unsuitable performance in low and ambient 

temperature conditions. 

• At normal temperature, solid oxide has a high 

resistance to ionic conductivity. 

 

2.1.4 Promising Features of Solid Electrolytes 

Several lithium halides, sulfides, lithium nitride, and oxy-salts crystalline materials are researched as good 

SE candidates [1,33]. Different types of SE can be used based on the electrode/electrolyte material set-ups: 

bulk SE and thin SE. The thickness range for bulk SE is in several hundred microns whereas thin SE is in 

range of several hundred nanometers to several microns [19,33].  

The solid-state electrolytes used in Li-ion batteries can be categorized into Li-ion conductive polymers 

and inorganic Li-ion conductive ceramics [1]. 

2.1.4.1 Lithium-Ion Conductive Polymer Electrolytes 

Dry solid polymer electrolytes and composite polymer electrolytes are the two primary categories into 

which SE based on polymers can be further categorized.  At room temperature, dry polymer systems 

typically have very low ionic conductivity. In contrast, by adding ceramic fillers to the organic polymer 

host, composite polymer electrolytes show improved ionic conductivity [1]. 

2.1.4.2 Inorganic Lithium-Ion Conductive Ceramics 

Inorganic SE are promising in providing a high ionic conductivity at room temperature. The main SE being 

studied are perovskite-type, NASICON-type (sodium supersonic conductor), sulfide-type materials, and 
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garnet-type. Although SE materials with a perovskite structure, such as Li3xLa2/3-xTiO3, have attracted 

considerable attention, they are found to be unsuitable for use in Li batteries due to reduction of Ti4
+ on 

contact with Li metal. NASICON-type, LiTi(PO4)3, is considered a suitable SE for high-voltage batteries. 

Sulfide-type SE, LiS-SiS2, including LISCON (lithium supersonic conductor) demonstrate high Li-ion 

conductivity although chemical stability is a known challenge [33,50]. Lastly, garnet type, 

Li7.06M3Y0.06Zr1.94O12 (M=La, Nb, or Ta), are promising SE exhibiting high ionic conductivities at room 

temperature [1,19–28,40,50–62]. The properties of these SE are shown in radar plots (Figure 4). 

 

Figure 4: a) Radar plots of properties of liquid electrolyte, solid polymer electrolyte, inorganic 

ceramic electrolyte, and solid composite electrolyte. Retrieved from [63]; b) Radar plots of 

properties of different solid-state electrolyte materials including sulfide, garnet, perovskite, anti-

perovskite, polymer, NA/LISICON. Retrieved from [64]. 

2.1.4.3 Garnet-Type Electrolytes 

Garnet-type solid-state electrolytes have a high ionic conductivity (10-4 to 10-3 S/cm), wide electrochemical 

window, high density, and mechanical strength. The general chemical formula for garnet material is 

a)

b)
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A3B3(XO4)3 (A = Ca, Mg, Y; B = Al, Cr, Fe; X = Si, Ge, Al). The A, B and X hold 8, 6, 4 oxygen-

coordinated cation sites respectively. This garnet can be filled with Li to become a Li-rich garnet. This 

garnet crystallizes in cubic structure with space group Ia3-d. Increasing Li content in solid-state electrolytes 

can improve electrochemical performance. Li7La3Zr2O12 (LLZO) garnet structure made of ZrO6 octahedron 

and LaO8 dodecahedron and tetragonal and cubic crystal structures (Figure 5). The cubic LLZO structure 

has the highest ionic conductivity (3x10-4 S/cm) and lowest activation energy (0.3 eV) [3,65].  

In literature, it is made evident the synthesis of LLZO with desired properties is a challenge. Therefore, 

studying and understanding the interfacial stability is important [66]. Stoichiometric LLZO with a 

tetragonal crystal structure at room temperature has a significantly lower ionic conductivity (~10-6 S/cm) 

[1]. Since dopants enhance the degree of vacancy disorder within the Li sublattice, they can be employed 

to stabilize the cubic crystal structure by creating paths for Li+ diffusion and increasing conductivity. The 

concentration of dopants can be varied depending on dopant choice and dopant substitution in lattice to 

yield the highest conductivity. Typically, 0.4-0.6 per LLZO formula unit is used [65,67,68]. The selected 

dopants may be substituted on the Li, La, or the Zr site. Depending on the choice of dopants (Al, Ta, Ga, 

Fe, Nb, Sb etc.), the dopants will occupy either one of the sites to create a cubic structure as shown in Figure 

6 [3,53,67,69]. Extensive research has been conducted regarding this topic including density functional 

theory (DFT) calculations to suggest accurate concentration range for Li vacancy and the effects of dopants 

in the phase transition. However, this is beyond the scope of this work.  

 

Figure 5: Crystal structure and Li atom loop structures of a,b) tetragonal and c,d) cubic LLZO. 

Retrieved from [3]. 

 

a) b) c) d)
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Figure 6: Dopant Stability in LLZO Garnet. Recreated from [70]. 

2.1.5 Evaluating the Role of Electrolyte Thickness in Solid-State Electrolytes 

In oxide-based SSBs, employing thin electrolytes approaching the thickness range of separators in LIB (~20 

µm) can enhance battery performance and functionality by reducing internal resistance, improving 

interfacial contact between electrolyte and cathode, and increasing energy density. However, reducing the 

thickness to less than 200 µm exacerbates the mechanical challenges associated with ceramic electrolytes. 

Techniques such as spin coating, sputtering, and physical vapor deposition, through wet-chemical and 

vacuum-based methods, are used to achieve film thicknesses of up to 10 µm. Further research, spanning 

approximately ten years, is necessary to comprehensively grasp the chemistry, deposition processes, and 

characterization of ceramic oxide films before they can be commercially viable [19,34]. Furthermore, 

reducing the thickness of LLZO electrolytes results in a higher surface area to volume ratio, leading to 

increased Li loss at sintering temperatures surpassing 1000℃. Further analysis on this phenomenon is 

explained in 2.4 Sintering of LLZO & Challenges.  

2.2 Manufacturing of Inorganic Solid-State Batteries  

Section 2.2 presents a summary of conventional manufacturing of batteries, and critical analysis for state-

of-the-art additive manufacturing technologies for batteries including direct ink writing, fused filament 

deposition, and inkjet printing.  

2.2.1 Conventional Manufacturing of Batteries  

The fabrication of conventional Li-ion batteries typically involves a complex series of steps. This includes 

synthesizing electrode slurries, casting them onto current collectors, and then filling liquid electrolyte 
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between the electrodes. To facilitate mass production of Li-ion batteries, significant research has been 

dedicated to refining processes such as slurry mixing, coating, drying, calendaring, slitting, vacuum drying, 

jelly roll fabrication, welding, packaging, and electrolyte filling [71]. Typically, electrode fabrication for 

solid-state batteries involves similar coating processes as those used in conventional batteries. SE are often 

produced through methods such as powder pressing, chemical vapor deposition, sputtering, aerosol 

deposition, and additive manufacturing [3,18,19,71,72]. 

2.2.2 Additive Manufacturing of Batteries 

Additive manufacturing (AM), or 3D printing, is a growingly popular technique with uses in a variety of 

sectors, including the automobile, aerospace, food, and especially the battery business. The demand for 

energy is predicted to increase globally in the next years (50% between 2018 and 2050), while major 

industrial sectors including manufacturing, refining, mining, and building are expected to increase more 

than 30% energy usage since 2017 [16]. 

AM technology is capable of quickly creating geometrically complex designs utilizing an inventive layer-

by-layer fabrication process that meets new unique needs for wearable and flexible electronics [17,73]. This 

cutting-edge technology also can design freeform, boost areal energy density (amount of energy stored per 

unite of area), and decrease material waste by removing machining processes [16,17,73–76].  

Table 3: Advantages of 3D-Printed Batteries. Data retrieved from [75]. 

Feature Advantages 

Design Freedom Much-enhanced design freedom in micron-sized dimensions and able to 

fabricate complex architectures of almost any desired shapes 

Areal Energy Density Higher-areal-loading densities lead to higher areal energy densities and high-

aspect ratio of 3D electrodes 

Areal Volumetric Density Higher-areal-loading densities lead to higher areal volumetric densities and 

high-aspect ratio of 3D electrodes 

Power Density Shorter ion or electron diffusion pathways of 3D-structural electrodes lead to 

higher power density 

Manufacturing Cost 3D printing can dramatically reduce material wastage and save production time 

by eliminating assembly and packaging steps 

 

The ability to fabricate a wide range of materials, including metals, ceramics, glass, and polymer materials, 

is provided by several AM processes. The 3D printing technologies are classified into seven categories by 

the American Society for Testing and Materials: 
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(1) Material Extrusion (direct ink writing, fused deposition modelling) 

(2) Vat photopolymerization (stereolithography, digital light processing, two photon lithography) 

(3) Material jetting (inkjet printing, aerosol jet printing) 

(4) Powder bed fusion 

(5) Sheet lamination 

(6) Binder jetting  

(7) Directed energy deposition 

However, each of these methods has unique technological benefits and drawbacks not compatible with 

manufacturing a customized battery [15,17,46,73,74,77]. According to a review paper, the top-performing 

printing methods for cathode, anode, and electrolytes are direct ink writing, fused filament fabrication, and 

ink jet printing [75]. Therefore, the following sections summarize AM of batteries using these additive 

manufacturing methods. 

2.2.2.1 Direct Ink Writing 

Direct ink writing (DIW) also known as robocasting is an extrusion-based deposition technique that used a 

viscoelastic ink for fabrication. A typical configuration includes a nozzle with regulated pressure and a 2-

axis plane movement in which the printhead moves in the z-direction can extrude the intended 3D 

architecture. The printed resolution can be altered by changing the nozzle diameter and the applied pressure 

[17,75,78]. The process parameters of DIW include nozzle diameter, geometry, inclination, and material. 

Additionally, the extrusion pressure, layer thickness, nozzle-substrate distance, and substrate temperature 

are also process parameters to consider. 

 

Figure 7: a) and b) Schematic showing main steps of printing process. 1) Flow of ink inside syringe 

barrel and nozzle; 2) ejection of ink through nozzle; 3) deposition onto substrate to form self-

standing structure. Retrieved from [79]. 
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To create pastes with a ceramic foundation, Joseph Cesarani and colleagues at Sandia National Laboratories 

developed this method in the year 1997. Since then, several DIW bedded printing methods, such as 

robocasting, micro-pen writing, and fused deposition, have been developed [80]. The prepared gel or 

ceramic-based viscosity inks are extruded directly from a nozzle in the form of continuous filament. This 

deposition process is divided into three steps as shown in the Figure 7: (1) flow of ink through syringe and 

printing nozzle; (2) ejection of ink from nozzle and (3) deposition of ink onto substrate of choice.  

For the inks to flow smoothly, these inks must have good shear-thinning behaviour. To ensure ink 

extrudability, shear-thinning behaviour entails reducing viscosity with increasing shear rate. The desired 

ink viscosity for DIW application is 10-1 to 103 Pa s. To maintain its shape after deposition, ink must change 

from a shear-thinning liquid to a solid-like material as it is ejected from the nozzle. Many yield stress fluids 

exhibit elastic or viscoelastic solid behaviour when subjected to a yield stress threshold. When this yield 

stress threshold is exceeded, the ink can flow [17,75,79–81].  The ideal yield-stress ink has features that 

depend on immediate rate, but when thixotropic inks are used, these properties can also be modified by 

shear history. The maximum shar rate (γ; s-1) is calculated by using the following equation where 𝑄 (mm3/s) 

is the volumetric flow rare, and 𝑟 (mm) is the nozzle diameter [82]. 

γ!"# =
$%
&'!

                                                                      (1) 

Understanding the ink's characteristics, particularly its rheological characteristics, is crucial. There are 

several mathematical models proposed to investigate printability of inks. One of the most common is the 

Herschel-Bulkey model proposed below: 

τ = τ( + Kγ)                                                                  (2) 

where 𝜏 (Pa) is the shear stress, 𝐾	(Pa s) the viscosity parameter, 𝑛 the flow index and 𝜏𝑦 (Pa) yield stress. 

The shear-thinning behaviour has n < 1 whereas shear thickening behaviour if n > 1. The shear rate profile 

and pressure gradient necessary to print ceramic inks can be predicted using this model [79,82]. The loss 

modulus (G’’) and storage modulus (G’) represent the ink viscous and elastic behaviour. The ratio of 

between loss and storage modulus define the viscoelasticity of the ink [82]. Figure 8 demonstrated how the 

Hershel-Bulkey equation is interpreted on a shear rate vs. shear stress plot to interpret shear-thinning, shear-

thickening, and Bingham plastic behaviour. 
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Figure 8: Plot demonstrating shear-thinning, shear-thickening, Newtonian and Bingham plastic 

behaviour. 

The characterization of the rheology parameters can be done by using a rotational rheometer as show in 

Figure 9. 

 

Figure 9: Schematic diagram showing the ideal rheology of a printable ink a) flow curve with 

highly shear-thinning behaviour; b) rapid recovery of elastic modulus; c) solid-like behaviour 

below yield stress. Retrieved from [79]. 
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Nozzle Diameter 
An important analysis in DIW processing involves examining how process parameters and ink rheology 

affect extruding filament. One of the most important factors is the nozzle diameter since it influences the 

printed filament's shape, form retention, and line width. The nozzle, which comes in a variety of nozzle 

diameters commercially, allows the ink to flow under shear stress. The shear-thinning feature of ink 

increases as the nozzle diameter decreases distorting the contour of the structure. Furthermore, the 

probability of clogging in the nozzle increases as the nozzle diameter decreases. Commercially, two 

different types of tips are available with varying nozzle diameters, the needle and tapered tip (Figure 10). 

Concave or convex nozzles at the needle tip, affects the extruding swell impact. In comparison to convex 

nozzles, concave nozzles have a lesser extruding swell impact. However, the tapered nozzle has possibility 

of filament diameter modulation [80]. 

 

Figure 10: Schematic diagram of tapered and needle tip geometries. 

Extrusion Pressure 
The extrusion pressure is another critical process parameter and influences the rate/flow of the extrusion. 

As the extrusion pressure increases, the ink flow increases as well as the increase in shearing of ink that 

decreases the viscosity of the ink [80]. 

Extrusion Flow Rate 
Excess material can be deposited because extrusion pressure affects extrusion flow rate; this needs to be 

controlled through line speed and moderate extrusion rate. By doing this, filament breakdown in the printed 

lines will be lessened. As opposed to a high extrusion rate, a low extrusion rate can produce continuous 

filament with a greater viscosity ink and fewer pores. With a higher extrusion rate, the filament will become 

increasingly thinner overall because the extrusion rate is correlated with the ink's shear-thinning property 

[80].  
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Nozzle-Substrate Distance 
The last critical process parameter of DIW is the nozzle substrate distance. If the nozzle – substrate height 

is greater than the height of filament layer, the ink will not extrude in a confined line as expected and is 

more prone to being forced in other directions. On the contrary if the nozzle-substrate height is too small, 

the nozzle tip will drag the ink or filament while printing [80].  

Layer Thickness 
The layer thickness or filament width is frequently associated with speed, pressure, and temperature. 

Illustrations of these trends are shown in Figure 11 below. 

 

Figure 11: Trend plot of filament width with respect to a) speed, b) pressure, and c) temperature. 

Retrieved from [83]. 

In summary, DIW has advantages in material diversity of ink synthesis, high printing throughput, easy 

operation and relatively affordable cost. In the past decade or so, DIW has proved to be a feasible method 

to additive manufacture components of the battery such as anode, cathode and polymer and ceramic 

electrolytes.  

In 2016, Fu Kun et al. demonstrated DIW of graphene oxide-based electrode inks using a Benchtop Robot 

Fisnar F4200n printer to print prepared anode and cathode ink in an inter-digited pattern on a glass substrate 

(Figure 12). The line speed of printing was set to 5 mm/s with 60 psi nozzle pressure. The thickness of 

electrodes can be increased by printing more layers on the glass substrate with each layer thickness 

measured to be 0.18 mm. Up to 18 layers were printing providing an overall thickness of 3.24 mm for 

electrodes. The printed electrode inks were further freeze-dried to remove solvent and annealed at 600℃ 

for 2 hours in argon/hydrogen gas before depositing the composite electrolyte ink between the printed 

anodes. This was done at the same 5 mm/s line speed with 60 psi nozzle pressure [84]. The schematic of 

printing is shown in which achieves a battery of 3 mm by 7 mm size.  

a) b) c)
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Figure 12: a) Printing LFP+GO anode ink; b) Printing LTO+GO cathode ink; c) Printing 

composite electrolyte; d) Final printed Li-ion batteries. Retrieved from [84]. 

In 2018, McOwen et al. demonstrated the first garnet LLZO solid-state-electrolyte for an all-solid-state 

battery printed via DIW [14]. In this study, two types of ink were synthesized, conformal and self-

supporting inks. Various binders, and solvents were used to alter rheological properties of these inks. The 

conformal ink has a lower viscosity (1090 cP) with Newtonian behaviour indicating the printed ink will not 

retain its shape under high shear stress whereas the self-supporting ink has a higher viscosity (1500 cP) 

with Bingham plastic behaviour indicating the printed ink will retain its shape under high shear stress 

(Figure 13a). The solvent fraction can be adjusted to either increase or decrease the viscosity of the ink 

(Figure 13b) [14].  

 

Figure 13: a) Shear rate vs. shear stress plot for conformal and self-supporting ink; b) shear rate vs. 

shear stress plot for various solvent fractions in conformal ink. Retrieved from [14]. 

The prepared conformal and self-supporting inks were printed using the nScryt 3Dn-300 printer with 

SmartPumps and 12.5, 25, or 125 µm diameter nozzles. While printing, the stage was heated to 30-35℃ to 

facilitate solvent drying evenly and reduce stresses caused by drying on the printed part. Lines, grids, and 

columns patterns were printed on LLZO tape substrate in layers to increase height on both sides of the 

LLZO tapes before sintering at higher temperature for annealing (unpublished). The sintered scaffold can 

then be used to create a solid-state battery by filling electrodes (Figure 14) [14].  

a) b)
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Figure 14: Schematic diagram of the printed solid-state electrolyte; a-c) lines, grids, columns 

printed designs with d-f) conformal ink, and g-i) self-supporting ink. Retrieved from [14]. 

The applications of DIW on printing battery components in solid-state, composite, or traditional Li-ion 

batteries is vast. There are numerous studies published outlining success in 3D printing various architectures 

to improve battery performance. However, more research and analysis is required to commercialize such 

technique and understand how to optimize and improve the ink synthesis and printing process.  

2.2.2.2 Fused Filament Fabrication 

Fused Filament Fabrication (FFF) is a filament-based extrusion technology that is widely employed in AM 

due to its ease of use and ability to print things of varying sizes. DIW provides better resolutions than FFF, 

although as previously stated ink preparation and handling might be challenging. FFF, on the other hand, 

employs solid thermoplastic-based filament that is heated to a semi-molten condition at the fine nozzle tip 

prior to extrusion, resulting in a comparatively straightforward 3D printing method. Despite the benefits of 

FFF, the available filaments for battery applications are limited to polymer-based composites and electrode 

filaments [75,85]. Despite these obstacles, entire ceramic electrodes for Li-ion batteries were created using 

a standard desktop FFF 3D printer, the i3 Hephestos (Figure 15). The anode and cathode of choice were 

lithium titanium oxide (LTO) and lithium cobalt oxide (LCO) printed with different architecture designs 

into 10 mm diameter by 1.5 mm height and 6 mm diameter by 7 mm height, respectively. Table 4 details 

the printing parameters. Following the successful prints, de-binding was performed at 550℃ and sintering 

at 900℃ x 6h in a N2 and 5% H2/Ar atmosphere [85].  
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Figure 15: a) Full ceramic LTO (white) and LCO (black) electrodes printed and sintered, b) LTO 

porous electrodes in green and sintered states; SEM image of c) LTO electrode, d) pore size of grid-

shaped electrodes; Retrieved from [85]. e) Schematic diagram of FFF; Retrieved from [17]. 

This study reported the first-ever success in creating ceramic electrodes for Li-ion batteries using FFF 3D 

printing. This approach may create a wide range of designs, from macroscale to microscale. More research 

and filament development are required to ensure the successful production of solid-state Li-ion batteries 

using FFF 3D printing. 

Table 4: FFF printing parameters for LTO and LCO ceramic electrodes [85]. 

Process Parameter Value 

Nozzle Temperature 210℃ 

Nozzle Diameter 0.2 mm 

Line Speed 5-40 mm/s 

Flow Rate 0.1 and 0.4 mm3/s 

Layer height 0.1 mm 

 

2.2.2.3 Ink Jet Printing 

Ink jet printing (IJP) is a printing process that allows for the deposition of functional inks by continuous 

drop-on-demand (DOD) printing. A constant stream of droplets produced by a pressure pump and 

piezoelectric crystals or plates is used to extrude the ink [73,86]. It is worth noting that there are many 

versions of IJP based on the manufacturer, which defines the printing capability. As the particle size may 

be controlled, the DOD printing method is the principal approach used [87]. DOD printers can be further 

divided into thermal, piezoelectric, acoustic, and electrostatic systems; however, the piezoelectric DOD 

a) b) 
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system will be the subject of this report. When a pressure pulse is produced, the piezo-crystal plates contract 

and compress, producing droplets that range from 1 to 1000 pL. A high resolution of printed patterns is 

possible with DOD printers with a fast speed of 500 mm/s with resolution of 5 µm x 5 µm [86]. The process 

parameters of IJP include nozzle diameter, ink concentration, substrate temperature, layer thickness, droplet 

spacing, printing repetition, and pressure. 

 

Figure 16: Schematic diagram of IJP. 

Similar to DIW, rheology of ink is a critical aspect to determining drop ejection behaviour during IJP. 

Wolfgang von Ohnesorge demonstrated how viscosity, surface tension and fluid inertia affect the flow 

behaviour. The Reynolds (Re) and Weber (We) number can be correlated using the Ohnesorge number to 

print the printability of ink (Z) as shown in equations below [86].  

Reynolds	Number;	R! =
"#$
%

                                                                        (3) 

Weber	Number;	W! =
"!#$
&

                                                                      (4) 

	Ohnesorge	Number;	O' =
()"	
+"

	                                                                    (5) 

Printability	of	Ink; 	Z = ,
-#
		                                                                      (6) 

These equations establish a straightforward approach for determining the printability of the ink by taking 

into consideration the velocity, density, characteristic length, dynamic viscosity, and surface tension. 

Although Z > 2 produces a stable drop, the printability region for DOD printing is more often referred to 

as the Z range from 1 to 10 (Figure 17a) [16,73,86].  
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Figure 17: a) Parameter space for drop on demand printing by correlating Reynold’s and Weber 

number; b) Ideal droplet ejection process for IJP. Retrieved from [86]. 

When Z is too high, satellite droplets form, whereas when Z is too low, viscous forces prohibit drop 

formation. It should be noted that a few research support slightly varying printability ranges. For instance, 

according to Jun et al., the printability region for DOD is 1 to 14. [87]. The Ohnesorge number has provided 

a way of prediction for high-quality printing in straightforward Newtonian fluids, regardless of the range 

utilized. A drop's ability to break free of a liquid's surface tension and form at the slowest feasible speed 

suggests that printing is conceivable when the Weber number is larger than 4. Complex inks with the proper 

range of surface tension, viscosity, and stability may not eject the desired drop. Therefore, to predict printing 

behaviour, each formulation still needs its unique analysis [86]. 

Sztymela et al. have studied the fabrication process of electrode inks in order to further analyze the viability 

of IJP. Particle size, viscoelasticity, rheological properties, and dispersion state are the primary issues with 

IJP that need to be explored. The nozzle diameter sets a restriction on the particle size. To enable these 

smaller particle sizes needed for smaller nozzle diameters in IJP, nanoparticles are frequently used.  Since 

insufficient physical contact between the particles might reduce electrochemical performance and electrical 

conductivity, a binder is frequently added to the ink to connect active materials with conductive agents and 

ensure adhesion to current collectors. To enhance drop formation, ink surface tension and viscosity 

(rheological properties of inks) should also be modified [86]. For printability, a viscosity range of 3 to 20 

cP and a surface tension range of 25 to 34 mN/m are preferred [88]. The choice of solvents, binders, and 

other additives can affect these properties. Finally, the printing process may be hindered by bigger 

agglomerates that form due to the dispersion state. Functional inks must be sufficiently well dispersed and 

stable to overcome these obstacles [86]. The ideal droplet ejection process is shown in Figure 17b. 

The advantages of high accuracy thin-film electrodes coupled with higher electrochemical performance 

make IJP applications in the field of Li-ion batteries beneficial.  It can be difficult to formulate ink to create 

a) b) 
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ideal droplets without drag or satellite droplets formation. Additionally, rheological characteristics of ink 

created to print thin-film electrodes must be discussed in new research publications in relation to 

printability. 

In 2020, Denis S. et al. have successfully printed a Li-rich cathode for thin-film micro-batteries. IJP's high 

resolution, adaptability, and cost-effective benefits were the driving forces behind this decision to employ 

it as a printing technique. In contrast to other deposition processes, the jetted drop can provide precision 

material deposition with a diameter of 20 µm and a structure height of 100 nm. The ink was synthesized 

using Li1.15K0.05Mn0.54Ni0.13Co0.13O2 (LMR-K) cathode material with polyvinylidene fluoride (PVDF) 

binder and carbon black as the additive using an 8:1:1 ratio ensuring homogenous distribution in the ink. 

The viscosity and surface tension of the inks were measured to determine the printability of the ink, as 

shown in Figure 18a [88]. 

 

Figure 18: a) Rheological parameters with varying LMR-K active component cathode ink; b) 

printed cathodes with varying drop spacing and layers. Retrieved from [88]. 

The ink was processed using the FujiFilm Dimatix Materials Printer DMP-2841 on a heated stage to 45℃ 

with 20 µm aluminum substate (current collector). Figure 18b illustrates the printing process using different 

drop spacing (15, 30, and 45 µm) and 5, 15, and 25 layers. The optimal drop spacing was 15 µm while 

increasing layer thickness from five layers to 25 layers increased the printed height from 2.2 ± 0.8 µm to 

11.5 ± 0.4 µm. Therefore, the average deposition was 0.46 µm per layer with a jetting velocity of 8 m/s. 

The ink was filtered through a silicon dioxide membrane to minimize the effects of nozzle clogging, and 

the shape of the jetted drops was controlled by a voltage impulse. The printed ink cathode was dried in an 

oven at 200℃ to evaporate remaining solvents [88]. This simple process flow in IJP was able to produce 

a) b) 
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precise thickness cathodes with good electrochemical properties showing potential to fabricate thinner and 

lightweight batteries in the medicinal, and aerospace applications.  

2.2.3 Critical Analysis of AM of Batteries & Summary 

New manufacturing processes ought to be investigated to satisfy the requirements as solid-state batteries 

become more widely used to boost energy density and battery lifetime. In solid-state batteries, ions are 

transported from the anode to the cathode using a SE rather than a flammable liquid electrolyte. To boost 

energy density, the SSB combines a solid-state cathode with a Li metal anode. Despite its many difficulties, 

AM has emerged as a viable alternative to the current coating techniques (tape-casting, doctor-blade) for 

custom-shaped conventional and solid-state batteries [41,46,89,90].  

 

Figure 19: Summary of cathode, anode, and electrolyte AM fabrication. Data Retrieved from [75]. 

Figure 19 combines information about AM techniques for anode, cathode, and electrolyte materials from 

published review paper. The current top-performing printing method for cathode and anode materials is 

DIW dominating by 76 and 61 percent, respectively. This information applies to all types of batteries rather 

than just Li-ion batteries. A polymer/hybrid electrolyte is typically printed with DIW, FDM, or SLA for 

whereas a solid-state ceramic electrolyte was fabricated with DIW [75]. It should be noted that other AM 

techniques, such as binder jetting and laser-based powder bed fusion of polymers (PBF-LB/P), have also 

been investigated for printing batteries but are not included in this review.  PBF-LB/P is an established 

technology with a nearly one-step production process that has been commercialized in numerous industrial 

applications (Figure 20). This method has a high degree of geometric printing freedom and does not require 

any post-processing processes [90]. Further discussion on these methods is beyond the scope of this report.  
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Figure 20: a) Conventional battery fabrication process; b) PBP-LB/P fabrication process; c) SE 

geometry. Retrieved from [90]. 

Numerous fabrication methods for AM were covered in this review, including DIW, IJP, and FDM. Due to 

the wide range of rheological parameters required, DIW was said to be the widely used approach. The 

advantages of its straightforward operation include quick, high-resolution printing at a low cost. Similarly, 

IJP can print high-resolution battery components that include active elements already incorporated into the 

ink. However, synthesizing the ink with the appropriate rheological characteristics for DIW and IJP has 

proven to be challenging, making commercialization of these approaches complicated.  In Figure 21 and 

Table 5 below, a comprehensive summary of the comparison of different methodologies is presented. 

 

Figure 21: Radar Plots for DIW, IJP, FDM, and SLA fabrication methods. Retrieved from [75]. 
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Table 5: Summary for DIW, IJP, FDM, and SLA fabrication methods. Table recreated from [15]. 

Method Available materials Printing 
Resolution 

Advantages Disadvantages 

DIW • Plastic 
• Metal 
• Ceramic 
• Food 

50 µm • affordable cost  
• easy operation 
• large material 

diversity 

• Weak mechanical properties 
• High requirement in 

materials 
• Shrinkage and warping 

IJP • Metal 
• Conductive 

polymers 
• Carbon-based 

materials 

20 µm • low cost 
• multi-material 

printing capability 

• low printing speed 
• not good for high-volume 

printing 
• print head is less durable 

FDM Thermoplastic 50 - 200 µm • user-friendly  
• high speed 
• large size capability 

• limited resolution on z-axis 
• weak mechanical properties  
• low surface quality 

 

SLA Photopolymers 0.25 - 10 µm • high resolution 
• high surface finish 
• high efficiency 

• strong limitation in multi-
material deposition 

 

Further comparison of fabrication techniques can be done with fabrication speed, thickness of produced 

film, and material wastage. DIW, IJP, FDM and SLA printing techniques all have fast fabrication speed, 

micron range of film thickness, and less material wastage. Conventional battery fabrication techniques such 

as casting and coating can have fast fabrication speed, similar film thickness but higher material wastage 

compared to AM techniques with significantly low design freedom [41,91]. Table 6 below reiterates the 

benefits of design freedom, areal energy density, power density and volumetric energy density in 3D printed 

batteries compared to tape casting for conventional batteries. To further highlight critical reporting metrics 

required for successful battery manufacturing meeting current demands, Narita K. et al. have published a 

chart with rationale as shown in Table 7 [17].  

Table 6: Summary of 3D printing and tape-casting batteries. Table recreated from [75]. 

Manufacturing Process Design 
Freedom 

Areal Energy 
Density 

Areal Power 
Density 

Volumetric 
Energy Density 

Manufacturing 
Cost 

3D Printing Batteries high high high high moderate 

Tape Casting for 
conventional batteries 

low low low low low 

Deposition techniques for 
3D micro batteries 

moderate moderate moderate low high 
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Table 7: Summary of reporting metrics required for future studies of AM of batteries. Table 

recreated from [17]. 

Category Reporting Metric Rationale 

Electrochemical 
Performance 

Gravimetric Capacity 
(mAh/g) 

• Asses electrochemical performance of material 

• Discharge capacity should be normalized by active material mass 

 Areal Capacity  • Useful comparison to conventional batteries 

• 3D printed batteries can have high areal capacities à reduce 
need for current collectors 

• Normalized by battery footprint area 

 Rate Capability (%) 

 

• Rate capability at high rates (e.g. 2C) should be reported 

• 3D printed battery is promising by optimizing ion and electron 
trajectories 

• Capability at high rate should be normalized by theoretical 
capacity  

 Capacity retention 
(%) 

 

• Capacity retention after long cycling should be reported to assess 
cycle life and degradation 

• Number of cycles before 80% initial capacity is reached 

Constituent 
materials 

Active material 
fraction. (wt and 
vol%) 

• Delineate between AM approaches which superfluous 
electrochemically inactive material for printing  

 Minimum feature 
size (µm)  

• Assess the potential for reported AM method to reduce 
ion/electron length  

3D structure 
design 

Relative Density (%) • Practically void space is filled with electrolyte and should be 
minimized 

 Interfacial area ratio 
(unitless) 

 

• $!"#$%&'($
$&))#*%!"#

 

• Assess degree to which 3D geometry improves ion transport 
pathways and quantify benefits of interdigital fully 3D battery 
structures 

 

In summary, new developments in advanced coating technologies will be required to produce controlled 

interfaces, microstructures, and form factors as the battery industry continues to expand quickly, notably 

with the growing usage of solid-state batteries in electric vehicles [46]. The manufacturing of Li-ion 

batteries has several critical problems that must be resolved to boost production efficiency, decrease cost, 

and permit innovative designs. 

A collaboration between academia and can help bridge the gap in theory and practical innovation [76,92] 

In the past few years many start-ups have emerged promoting the commercialization of battery 

manufacturing with AM technologies. With new advances in technology and research in AM methods, 

applications in battery manufacturing are feasible.  
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2.3 Ink Synthesis & Challenges  

Section 2.3 includes a review of ink components and its synthesis techniques, and DIW printing of ceramics. 

2.3.1 Components of a Printable Ink 

The ink prepared for DIW printing is critical to obtaining a well-printed sample. The properties of the ink 

such as viscosity (10-1 to 103 Pa s) and homogeneity determine how well the ink can be dispensed uniformly 

without clogging the nozzle tips. The components of the ink and their respected functions are summarized 

in Table 8. 

Table 8: Components of ceramic ink with its respective function. 

Component of Ink Function 

Solid Particles Determine solid loading of ink 

Dispersant Aid solid particles to disperse evenly in the ink  

Solvent(s) Liquid substance(s) in which other components of ink can dissolve or disperse in 

Binder Enhance the strength of the green body by establishing connections or bridges between particles 

Plasticizer Soften binder to increase the flexibility of green body  

 

Solid Loading 
The solid loading of the ink is dependent on the amount of solid particles are dispersed in the ink. A higher 

solid loading will increase the viscosity of ink and the density of green part [93]. 

Dispersant 
A dispersant, also known as a deflocculant, is a chemical additive designed to facilitate the even dispersion 

of solid particles within ink, by enhancing the repulsion between these particles. Dispersants also play a 

crucial role in stabilizing colloidal suspensions. Typically, only a very small concentration of dispersant is 

required, ranging from 0.5% to 2% by weight [93]. 

Dispersants can be categorized into three groups based on their chemical structure: simple ions and 

molecules, short-chain polymers featuring functional head or end groups, and low to medium molecular 

weight polymers. Simple ions and molecules are effective in aqueous solvents, aiding the dissociation of 

dissolved inorganic compounds. Surfactants, characterized by short-chain polymers with functional head 

or end groups, have a brief organic tail (50-100 carbon atoms long) and a functional head group that can be 

either non-ionic or ionic. Surfactants can reduce the surface tension between phases of substance whereas 

dispersants prevent large particle agglomerates. Non-ionic surfactants are typically used in organic solvents, 
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whereas ionic surfactants are more commonly employed in aqueous solvents. The adsorption of these 

polymers can take place through weaker van der Waals bonding or hydrogen bonding [93]. 

In SE inks, a few common dispersants include menhaden fish oil [94,95], castor oil phosphate [12,96,97], 

and ethylene glycol [12], among others. 

The viscosity of the ink is influenced by the content of dispersant (Figure 22a). Yu Mingxian et al. 

demonstrated that the viscosity of alumina ink initially decreased with an increase in dispersant content, 

and then reached a minimum point. This decrease in viscosity corresponds to the absorption of dispersant 

on the surface of the ceramic powder. After reaching a point of dispersant saturation, any excess dispersant 

remaining in the solvent, leads to an increased viscosity [97]. 

 

Figure 22: a) Plotted relationship between dispersant content and viscosity. Retrieved from [97]; b) 

Plotted relationship between binder concentration and viscosity of ink. Retrieved from [93]. 

Solvents 
Solvents are liquid substances in which the other ink components can either dissolve or disperse, facilitating 

solution-based processing [9,12,93,98]. The choice of solvent(s) has a direct impact on the drying process 

of the printed or tape-casted ceramic. It is crucial to consider the physical characteristics of the solvents, 

including viscosity and vapor pressure, when selecting the most appropriate solvents. Neglecting to 

consider these properties can result in premature cracking during the drying process. 

Binder 
A binder serves as an additive that imparts strength to the green body by forming connections or bridges 

between particles and facilitating effective dispersion [93,98]. Typically, binders are long-chain polymers 

composed of ring-type monomers. A wide array of organic substances can be used as binders, and they may 

be soluble in either water or organic solvents. It is crucial to conduct a thorough analysis of how binders 
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influence the rheology of a solvent. The addition of an organic binder can elevate the viscosity of the ink. 

Binder concentrations can be categorized into low, medium, and high viscosity grades as outlined in Figure 

22b. However, it is important that the binder does not cause a rapid increase in solvent viscosity as its 

concentration rises. This can restrict the amount of powder that can be incorporated into the ink [93]. 

The binder plays a pivotal role in governing the interactions between solid particles and aids in achieving 

the desired shape, density, and strength prior to its removal through burning [99]. In ceramics, an effective 

binder should possess a slow burn rate to maintain structural integrity during pyrolysis or binder 

elimination. Inadequate organic burnout can lead to issues such as reduced density, diminished mechanical 

strength, and compromised electrical properties [98]. In the case of SE inks, a commonly used binder is 

polyvinyl butyral (PVB) which has a boiling point of 660°C [14,93–96,98,99]. 

 

Figure 23: a) Chemical structure of PVB and b) BBP. 

 Plasticizer 
A plasticizer is an additive that increases the flexibility of the green body by softening the binder. Generally, 

plasticizers are organic compounds with a lower molecular weight than the binder. These plasticizer 

molecules position themselves between the polymer chains, reducing the van der Waals bonding of the 

binders and disrupting their alignment [93]. In the case of SE inks, one commonly used plasticizer is butyl 

benzyl phthalate (BBP), which has a boiling point of 370°C [14,94–96]. 

Analyzing the ratio of binder to plasticizer in an ink can provide valuable insights into the impact on the 

density and strength of green tapes, while keeping the binder content and solid loading constant. For 

instance, in a study by Yu Mingxian et al., it was observed that the density and strength of green tapes 

gradually increased up to a 1:1 ratio of binder to plasticizer (using PVB as the binder and BBP as the 

plasticizer). However, beyond this 1:1 ratio, both the density and strength of the green tapes decreased 

(Figure 24). The incorporation of BBP plasticizer into the slurry was determined to be successful in 

reducing the glass transition temperature of PVB. This proved advantageous in reorganizing particles to 

attain microstructure homogeneity in the green tapes, ultimately leading to higher density and strength. 
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However, excessive plasticizer content had the opposite effect, leading to a decrease in the strength and 

density of the green components [97]. 

 

Figure 24: Plotted plasticizer/binder ratio relationship with density and strength of green tapes. 

Retrieved from [97]. 

2.3.2 Mixing of Ink Components 

The preparation of inks hinges on the interactions between solids and liquids and can be categorized into 

several distinct stages: (1) mixing of solids, (2) mixture wetting, and (3) stable suspension formation. It's 

essential to differentiate between wetting and dispersing, a concept referred to as mixture wetting (Figure 

25). When a solvent is introduced to solids, this process is termed wetting. Conversely, when solids are 

added to a solvent, it is referred to as dispersing. Saturation of the components can lead to adhesion stress, 

resulting in the formation of agglomerates. Various mixing techniques can be employed to break down 

these agglomerates, ultimately achieving a stable and uniform mixture [72,100]. 

 

Figure 25: Depiction of dispersion of solids and solvents. Retrieved from [72]. 
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The dispersion of solid particles within liquid mediums can take various forms, each contingent upon the 

energy requirements involved. These forms are typically categorized as follows: impeller mills, ball mills, 

stirred media mills, vibratory mills, and ultrasonic dispersers, ordered by increasing breakage energy for 

particle dispersion. The choice of mixing equipment required for dispersion is determined by factors such 

as ink viscosity, particle size, and the strength of agglomerates [94,101]. 

In the preparation of ceramic ink, it is a common practice to employ ball mills to disperse solid particles 

and binders within a solvent mixture. The effectiveness of dispersion can be adjusted by varying factors 

such as the rotational speed, ball size, ball type, and ball density. This allows for the dispersion of inks with 

low to medium viscosity [101]. 

To ensure sufficient shear stress for dispersion, typically, milling media fills approximately 40-60% of the 

mill volume. However, it is important to note that as the liquid volume within the mill increases, the 

efficiency of dispersion decreases slightly. This decrease in efficiency occurs because the mixing balls need 

to emerge from the liquid phase during the duration of the process to achieve good dispersion [101]. 

2.3.3 Preparation of Ceramic Inks for DIW 

There are three primary ink types used in DIW: colloidal, hydrogel, and organogel suspensions. Colloidal 

suspensions are comprised of densely concentrated inks that contain ceramic particles suspended in a low-

viscosity liquid, along with a small quantity of organic additives. In this composition, electrostatic, steric, 

or electrosteric interaction forces can occur among the particles. Introducing dispersants and plasticizing 

agents into the ink improves extrudability. In contrast, gel-embedded inks like hydrogels and organogels 

demonstrate unique rheological properties primarily determined by the characteristics of the gel phase 

rather than interactions among particle  [5,9]. It is important to note that this thesis focuses on the synthesis 

and printing of colloidal inks.  

Ceramic materials, including zirconia, alumina, and carbides, exhibit favorable physical and mechanical 

properties such as electrical conductivities, hardness, strength, and wear resistance across different 

temperatures. These characteristics make ceramics suitable for diverse applications in the biomedical, 

aerospace, automotive, and energy sectors. The typical production methods for ceramics involve die 

pressing and tape casting, employing additives and binders. However, AM presents an innovative approach 

for creating intricate and precise three-dimensional structures. [5]. A brief comparison of ceramic materials 

printed with DIW is presented in Table 9. 
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Table 9: Summary of common ceramic particles printed with DIW. 

Ceramic Material Additives DIW Printing Parameters Sintering method Ref 

Li6.4La3Zr1.4Ta0.6O12 PDMS, Ethylene glycol, wax 

Paraffin oil, DMF, wax 

Castor oil, Span80, wax 

Nozzle size: 150 - 400 μm 

Size: 5.7 × 5.7 × 3 mm 

 

1050℃ x 2h + 
1260℃ x 12h 

[12] 

8Y-ZrO2 Pluronic® F-127 + distilled 
water 

Nozzle size: 580 μm 

Size: 10 mm diameter, 
10.44 mm height 

700℃ x 1h + 1450℃ 
x 2h 

[102] 

rutile titania powder deionized water, sodium 
hexametaphosphate and sodium 
alginate 

Nozzle size: 1- 2 mm 

Size: 20 mm diameter, 40 
mm height 

1300℃ x 3h [103] 

ZrO2 ammonium citrate, polyvinyl 
alcohol (PVA), deionized water 

- 1250°C x 4h [104] 

Y2.97Nd0.03Al5.00O12.00 
(Nd:YAG) 

poly(ethylene glycol), ether-
based solvent, ether-derivatized 
carboxylic acid 

Nozzle size: 610 μm 

Size: 4 mm, x 20 mm  

Line speed: 5 mm/s 

1750°C x 4h; Hot 
isostatically press 

[105] 

α-SiC powders PEG, TMAH, guar gum, short 
carbon fibres 

Nozzle size: 500 μm 

Size: 4.5 × 4.5 × 52 mm 

Line speed: 12.5 mm/s 

1600°C x 2h under 
vacuum 

[106] 

alumina-zirconia-silica sodium hydroxide, sodium 
silicate and distilled water 

Nozzle diameter: 840 μm 

Size: 50 × 5.88 × 5.04 mm3 

1200°C - 1400°C [107] 

SiO2–Al2O3 silica fume, water Nozzle diameter: 2 mm 

Layer height: 0.8 - 1.8 mm 

Line speed: 35 mm/s 

1600 °C x 3h [108] 

 

In summary, the biggest processing challenge of the ink synthesis and printing process is associated with 

the ink synthesis and composition. The ink synthesis route is designed to yield a homogenous ink with 

minimal agglomerates. The mixing method of choice influences the ability to break down large 

agglomerates during the synthesis process due the breakage energy. Failure to relieve large agglomerates 

can cause the printing nozzle tips to clog impeding the flow. The composition of the ink including solid 

loading, solvent, ratios, and binder-plasticizer ratios can impact the drying of the printed ceramic part. 

Therefore, another challenge identified with the ceramic ink composition is the cracking associated with 

shrinking, and the adhesion to the printing substrate. These challenges must be resolved by optimizing the 

ink synthesis, composition, and processing procedure. 

After ceramic fabrication, the green bodies must undergo post-processing treatments such as thermal de-

binding and sintering to achieve hardening and consolidation [5].  
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2.4 Sintering of LLZO & Challenges 

There are multiple methods available for achieving dense sintered LLZO ceramics, encompassing various 

preparation, processing, and sintering techniques such as hot pressing, field-assisted sintering, and spark 

plasma sintering [19]. Nevertheless, these approaches come with considerations regarding equipment 

expenses, reproducibility, and intricate processes. 

The processing of LLZO ceramics presents notable complexities. While most literature reviews delve into 

topics like crystal chemistry, doping, electrochemical attributes, and interface manipulation, the discourse 

on LLZO processing remains scarce [19].  

Some common challenges are: 

• inadequate sintering capabilities due to Li loss experienced at temperatures exceeding 1000℃. 

• intricacies surrounding sintering conditions and set-ups. 

• susceptibilities to H2O/CO2 reactivity. 

• a limited grasp of the relationship between composition and microstructure.  

2.4.1 Poor Sinterability of LLZO 

Traditionally, the successful sintering of LLZO ceramics has demanded elevated temperatures ranging from 

1100°C to 1300°C for extended periods [19,21,109]. Despite the straightforward and scalable nature of 

ceramic processing, a substantial challenge encountered in LLZO ceramics processing is the pronounced 

Li loss at these higher temperatures. This predicament is primarily due to the sublimation of Li2O, which 

occurs at temperatures exceeding 1000°C during prolonged sintering, resulting in the loss of Li. This 

phenomenon introduces phase impurities and deviations in composition, consequently impacting the 

efficacy of the LLZO SE. The structural integrity of LLZO is compromised, often leading to the coexistence 

of the pyrochlore La2Zr2O7 phase, which in turn diminishes the material's ionic conductivity [19,21,109]. 

To address this challenge, various techniques are explored, including enclosing pellets with additional 

LLZO mother powder, or introducing excess Li within the initial green part. However, considering the 

presence of costly rare earth metals like La and other dopants in doped LLZO, the use of LLZO mother 

powder material as an excess Li source can lead to cost escalation [21]. Hence, a more cost-effective 

approach is to investigate alternate Li sources or to explore rapid sintering methodologies. Numerous 

articles propose incorporating extra Li during the calcination of the powder to facilitate subsequent sintering 

[30,59,110–116], or the direct introduction of excess Li within the initial composition of bulk pellets or 

thinner pellets/films [20,59,96,115,117–120]. 
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Calcination 
Comprehending the sintering characteristics of LLZO hinges upon a comprehensive grasp of the precursor 

calcination stage, which predominantly involves metal oxides, hydroxides, or carbonates of Li, La, and Zr, 

alongside dopants like Li2CO3, La2O3, ZrO2, and Ta2O3. While a straightforward reaction equation may be 

developed, the complexities of these reactions are clearly evident from in situ observations. 

3La.O/ + 4ZrO. + 7Li.CO/ → 2Li0La/Zr.O,. + 7CO.	                            (7) 

During the decomposition of Li salts in the precursor materials, gaseous species such as CO2, H2O, and 

Li2O are generated. The rate of decomposition of lithium carbonate plays a pivotal role in managing Li loss, 

making Li more accessible within the environment. This accessibility contributes to the formation of the 

cubic LLZO phase. 

To counterbalance the Li loss inherent to the calcination process, an excess of 5-15 wt% of Li salt is 

incorporated into the precursor materials. Notably, the decomposition of lithium carbonate initiates at 

approximately 740°C, leading to the amorphous state and, culminating the La2Zr2O7 intermediate phase at 

750°C [30,121,122].  

	Li.CO/ + ZrO. → Li.ZrO/ + CO.                                              (8) 

	La.O/ + 2ZrO. → La.Zr.O0                                                 (9) 

The initiation of LLZO phase formation commences at approximately 800°C, which subsequently 

progresses into layer-to-layer diffusion at 900°C (Figure 26). The duration of the calcination phase spans 

from 10 to 15 hours within the temperature spectrum of 900°C to 1000°C. As the material cools, the cubic 

phase can transition into the tetragonal phase at 650°C. Nevertheless, the incorporation of dopants such as 

Ta serves to inhibit this phase transition, thereby ensuring the stable cubic structure [109,121]. 

 

Figure 26: Weight fractions of phases during LLZO formation from 35℃ to 1000℃. Retrieved 

from [123]. 
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Sintering 
The synthesized LLZO powder can undergo subsequent processing to create either bulk pellets or thin films 

based on the intended application, followed by a sintering stage to yield a compact ceramic structure. This 

phase is arguably the cornerstone of LLZO ceramic preparation, marked by the influence of numerous 

factors. The properties of the calcined powder parameters such as particle size, distribution, shape, and 

composition, have a significant impact over the ceramics' sintering capability. For optimal efficiency in the 

sintering process, fine particle sizes within the range of 500 nm to 1 μm are typically favoured as they 

facilitate more effective surface diffusion. Several studies have also demonstrated the impact of dopants on 

sintering [19,67,116,122,124–127]. In comparison to Ta and Nb dopants, Ga-dopants tend to necessitate 

lower sintering temperatures and shorter durations [66]. 

Numerous sintering parameters influence the sintering behaviour of LLZO, including heating profiles, 

crucible powder covering, ambient conditions, and sintering additives. These factors are elaborated upon 

in the subsequent section. Conventionally, sintering within the temperature range of 900°C to 1300°C with 

heating rates ranging between 3 to 10°C per minute. Investigating multi-step sintering processes at 900°C, 

1100°C, and 1200°C has been explored with the intent of mitigating impurity phases. Figure 27 

demonstrates the heating profile for ultra-fast, multi-step and isothermal sintering. Facilitating the transition 

from tetragonal garnet to cubic garnet requires suitable time and temperatures, and employing a multi-step 

strategy to sinter Al-LLZO pellets has demonstrated notable improvements to reduce impurity. In the 

conventional approach of single-step sintering, grain sizes become larger as pores reduce, leading to an 

increase in density upon higher-temperature sintering. Nonetheless, with a multi-step sintering technique, 

grains continue to grow during each phase, thus decreasing pores further and boosting the relative density 

to over 90% [128]. 

 

Figure 27: Temperature-time plots of ultra-fast, multi-step, and isothermal sintering. 



 

 37 

2.4.2 Sintering Environment and Set-up 

The sintering process is significantly affected by the surrounding environment [19]. Several sintering 

factors must be considered, including the sintering environment (ambient air versus inert gas), the type of 

crucible used, the use of sintering additives, the chosen sintering temperature, the duration of the sintering 

process, and how excess Li is incorporated (within the green body versus external powder). 

Sintering Environment 
LLZO ceramic bulk electrolytes are often sintered in the presence of ambient air flow. Nonetheless, various 

research developments have revealed the use of flowing inert gas to preserve the cubic crystal phase during 

sintering. The gas flow has a major effect on the sintering process. For example, Paolella et al. found that 

decreasing the gas flow can help limit the rate of Li loss, which is assisted by lithium carbonate 

decomposition [121]. This intervention allows Li2CO3 to remain in a molten state for a relatively extended 

duration, effectively decelerating the decomposition rate. This strategic method promotes interactions 

between Li2CO3 and intermediate La2Zr2O7 phases, inducing the formation of LLZO under a Li-rich 

environment [121]. While this study asserts the successful synthesis of cubic LLZO, gas flow environments 

remain common within the literature. They ensure gas exchange, thus enabling additional reactions that 

influence the final stoichiometry. 

X-ray photoemission spectroscopy depth profiling can reveal the development of Li2CO3 layers, 

approximately 5-10 nm thick on the LLZO particles. The potential routes for these processes are illustrated 

in Figure 28. Several reaction mechanisms concerning the carbonation of LLZO are proposed in an effort 

to comprehend this phenomenon [129]. 

	Li1.3La/Zr,.3Ta4.3O,. + xH.O(6) → Li1.389H9La/Zr,.3O,. + xLiOH(:)                        (10) 

	2Li1.3La/Zr,.3Ta4.3O,. + xH.O(6) + xCO.(6) → Li1.389H9La/Zr,.3O,. + 𝑥𝐿𝑖𝐶𝑂/	(;)          (11) 

	LiOH(:) +
,
.
CO.(6) →

,
.
Li.CO/(:) + H.O									                                      (12) 

Figure 28: Reaction pathways for LLZO particle contamination when exposed to H2O and CO2. 

Retrieved from [129]. 
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The intricate surface reactions of LLZO upon exposure to ambient air involving H2O and CO2 give rise to 

processing and storage complications for LLZO. The presence of a Li2CO3 layer has been demonstrated to 

have adverse effects on performance [19,129]. Hence, conducting sintering in inert atmospheres like argon, 

where the concentration of CO2 is lower, allows to minimize the Li2CO3 phase on the surface, preventing a 

decrease in efficiency [110,129]. 

Crucible Type 
Frequently employed crucible materials for the processes of calcination and sintering are alumina, 

magnesium oxide, zirconium oxide, or platinum. Earlier investigations into LLZO revealed that during 

sintering, aluminum ions (Al3+) diffuse from alumina crucibles, leading to doping within the LLZO sample. 

This phenomenon can expedite the sintering process and promote the stabilization of the cubic phase, 

resulting in larger grain sizes and heightened conductivity [19,109,130]. However, this diffusion can 

become uncontrolled, potentially inducing the formation of secondary phases at grain boundaries (such as 

LiAlO2 or LaAlO3), consequently leading to reduced conductivity. Moreover, the interaction between Al3+ 

and Li2O can generate challenges in terms of reproducibility. The reaction between Li2O and Al2O3 gives 

rise to a eutectic liquid, thereby accelerating the sintering of LLZO [130]. Hence, crucibles made of MgO 

and Pt are favoured as they avoid aluminum contamination, providing better control over phase 

compositions [19].  

(2x − 3)Li.O	(g) + Al.O/(s) → 2Li.98/AlO9                                      (13) 

Sintering Additives  
Sintering additives are recognized for their ability to decrease sintering temperatures while concurrently 

enhancing the densification process. These additives possess the ability to modify the chemistry of grain 

boundaries, thereby contributing to improved mechanical strength and stability at the Li interfaces. In the 

context of LLZO sintering, a variety of additive categories are employed: those containing Li, those free of 

Li, and soft additives [19]. 

Additives containing Li compounds exhibit a notably low melting point, prompting the emergence of a 

liquid and ionically conductive phase at grain boundaries. Noteworthy example is tri-lithium tri-borate 

(Li3BO3), which have a low melting point of approximately 700°C [20,114,131,132]. Another prominent 

Li-containing additive is lithium oxide. Invariably, the presence of a glass-like phase forms at grain 

boundaries due to Li2O association with liquid-phase sintering behavior. This formation leads to a reduction 

in porosity and a corresponding elevation in density, with values increasing from 91.5% to 97.3% [133]. 

The concentration of Li2O has an impact on the optimal sintering temperature, while simultaneously 

augmenting density, as demonstrated in Table 10 [133]. In this work, the Li-containing additive is used. 
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Table 10: Influence of Li2O concentration on optimal temperatures, relative density, total 

conductivity, activation energy, and electronic conductivity of ceramic electrolytes. Retrieved from 

[133]. 

 

Another approach documented involves the use of dual additives, Li3BO3 and Al2O3, to facilitate sintering 

at a significantly reduced temperature of 790°C. This innovative process culminated in a final relative 

density of 90%, coupled with an impressive ionic conductivity value of 0.36 mS/cm [134]. 

The second category of additives comprises Li-free counterparts such as Al2O3, MgO[57], B2O3 [135], BN 

[136], CuO [137], and La2Zr2O7 [138]. The inclusion of these additives proves advantageous in fostering 

LLZO densification, while simultaneously enhancing various other properties such as chemical attributes, 

mechanical strength, and stability at the Li interfaces. 

Lastly, the third class encompasses soft additives, which establish a composite with LLZO through low-

temperature treatments. These additives frequently manifest as Li-ion conductors [19]. 

Sintering Temperature & Duration 
Typically, the sintering of LLZO involves an isothermal heating process, where the desired temperature is 

maintained for a specific duration. Earlier investigations commonly employed high temperatures exceeding 

1200°C for extended periods, usually surpassing 20 hours, as effective sintering conditions [19]. Doped 

LLZO variants, such as those with Al, Ga, Ta, Sr, and Fe, are recognized for their ability to accelerate the 

sintering process. The sintering duration has shown variation in recent research, spanning from 0.5 hours 

to 24 hours [20–22,25,27–31,56,57,61,62,128,139]. Alternatively, rapid high-temperature sintering with 

elevated heating rates at temperatures above 1300°C has the potential to induce rapid densification in LLZO 

[19,21]. In 2019, Yang Li et al. introduced an innovative approach involving rapid sintering. This method 

entails sintering LLZO ceramic electrolytes at 1360°C for 10 minutes, a method aimed to mitigate Li loss 

and curb abnormal grain growth. Remarkably, these pellets achieved both high conductivity (8.5 x 10-4 

S/cm at 25°C) and a relative density (97%) without the requiring excess Li from mother powder [21]. 
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Evidently, properties of ceramic bulk pellets and thin films differ in thickness, processing methods and 

applicability as shown in Table 11. Therefore, it can be inferred the sintering properties also differ to favour 

the application. Thin film LLZO ceramic electrolytes have a larger surface area to volume ratio leading to 

more Li loss. To mitigate this, the temperature and duration can be adjusted to achieve a high-density cubic 

phase ceramic. Comprehensive literature review of LLZO pellets and thin-film sintering is presented in 

Table 12 and Table 13.  

Table 11: Comparison between LLZO pellets vs thin-film properties. Table recreated table from 

[19]. 

 Ceramic Bulk (Pellets) Thin-Film 

Properties • Conductivity: 10-4-10-3 S/cm 
• Thickness: mm-µm 

• Conductivity: 10-8-10-4 S/cm 
• Thickness: < µm 

Processing method • Powder pressing 
• Conventional sintering 
• Advanced sintering 

• Physical vapour deposition 
• Chemical vapour deposition 
• Sputter, aerosol deposition 
• 3D printing 

Battery applicability • Researched process 
• Sintering difficulty 
• Poor interfacial contact 

• Processing difficulty 
• Good interfacial contact  
• Low battery capacity 
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Table 12: Literature comparisons of sintering conditions of LLZO solid electrolyte pellets. 

Composition Additives/ Excess Li Sintering Conditions Atmosphere Crucible Type Phase Relative 
Density (%) 

Total Conductivity 
(x10-4 S/cm)  

Ref 

Li6.4La3Zr1.4Ta0.6O12  - 1250℃ x 40 min Ambient Air Alumina cubic 79 5.22 [109] 

Li6.25Al0.25La3Zr2O12 1wt% BN 1100℃ x 12h Ambient Air Alumina cubic 83.8 6.21 [136] 

Li6.5La3Zr1.5Ta0.5O12 Mother Powder 1200℃ x 12h Ambient Air MgO cubic 86.7 1.18 [21] 

Li6.5La3Zr1.5Ta0.5O12 Mother Powder 1320℃ x 0.5h Ambient Air MgO cubic 87.1 2.2 [21] 

Li6.5La3Ta0.5Zr1.5O12 Mother Powder 1140℃ x 16h Ambient Air Alumina cubic 88 4 [130] 

0.25Al-LLZO Mother Powder 1200℃ x 24h Ambient Air Alumina cubic 89 1.81 [60] 

Al-Li6.75La3Zr1.75Ta0.25O12 10mol% Li2CO3 1200℃ x 4h Ambient Air Alumina cubic 91.1 6.1 [140] 

Al-LLZO Li3BO3 700℃ x 5h + 900℃ x 36h Ambient Air Alumina cubic 92 1 [113] 

Li6.4La3 Zr1.4Ta0.6O12 6 wt.% LZO / Mother 
Powder 

1200℃ x 2.5h Ambient Air Alumina cubic 92 5.84 [138] 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 10% excess LiNO3 / 
Mother Powder 

1050℃ x 12h Ambient Air Alumina cubic 92  [141] 

LLZO Mother Powder 1150℃ x 6h Ambient Air  cubic 92 1 [142] 

Li6.5La3Zr1.5Nb0.5O12 1.4 wt% B2O3 / 
Mother Powder 

1100℃ x 6h Ambient Air Zirconium cubic 92.4 1.86 [135] 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 - 1050℃ x 16h Ambient Air Alumina cubic 93 1.8 [120] 

Li6.5La3Zr1.5Ta0.5O12 - 1200℃ x 12h Ambient Air MgO cubic + LZO 93.3 4.17 [21] 

Li6.4La3Zr2Ta0.6O12  Li3BO3 1000℃ x 24h Ambient Air - cubic 93.4 5.47 [132] 

Li6.4La3Zr1.4Ta0.6O12  Mother Powder 1250℃ x 40 min Ambient Air Pt cubic 94 6.35 [109] 

Al-Li6.75La3Zr1.75Ta0.25O12 10 mol% LiOH  1100℃ x 4h Ambient Air Alumina cubic 94.1 9.28 [140] 

Li6.5La3Ta0.5Zr1.5O12 Mother Powder 1150℃ x 20h Ambient Air Alumina cubic 94.5 3.87 [25] 

Li6.4La3Zr1.4Ta0.6O12  - 1250℃ x 40 min Ambient Air MgO cubic 95 6.32 [109] 

Li6.5La3Zr1.5Ta0.5O12 - 1320℃ x 0.5h Ambient Air MgO cubic 95.6 5.31 [21] 

0.25Al-LLZO Mother Powder 1200℃ x 24h Ambient Air Pt cubic 96 4.48 [60] 

Li6.4La3Zr1.4Ta0.6O12 6 wt% MgO 1280℃ x 20mins + 
1180℃ x 5h 

Ambient Air Pt cubic 97 7.3 [27] 

Li6.75La3Zr1.75Ta0.25O12  6wt% Li2O 1170℃ x 6h Ambient Air Alumina cubic + Li0.5La2Al0.5O4 97.2 6.4 [133] 

Li6.3La3Zr1.65W0.35O12 2 wt% CuO 1120℃ x 6h Ambient Air Alumina cubic 97.6 1.88 [137] 

Li6.4 La3 Zr1.4 Ta0.6 O12 6 wt% MgO 1150℃ x 5h Ambient Air Pt support inside 
MgO 

cubic 98.2 5.17 [57] 
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Table 13: Literature comparisons of sintering conditions of thin-film LLZO solid electrolyte. 

Composition Additives/ Excess Li Thickness of 
SE (µm) 

De-binding 
Conditions 

Sintering 
Conditions 

Atmosphere Crucible Type Phase Relative 
Density (%) 

Total Conductivity 
(x10-4 S/cm)  

Ref 

Al-LLZO Acrylic pore former 65 600℃ 1100℃ x 20s Ar 

Alumina + 
Graphite/carbon 
plate sandwich cubic 50 0.32 

[143] 

LALZO 
25 wt% Excess Li 
(LiOH) < 200 600℃ x 12h 1100℃ x 12h Ar 

Alumina + 
Graphite 
Sandwich cubic 90 - 

[95] 

Li7La3Zr1.75Nb0.25Al0.1O12  0.5 wt% Li3BO3 150–175 650℃ x 1h 1000℃ x 6h Ar 

Alumina + 
Graphite 
Sandwich cubic 90.8 2.82 

[20] 

Li6.25Al0.25La3Zr2O12 
5 wt% MgO / 5 wt% 
Li2CO3 200 700℃ x 2h 1115℃ x 3h  

Alumina + 
Graphite 
Sandwich cubic 91 2.3 

[118] 

Li6.45Al0.05La3Zr1.6Ta0.4O12 - 50-240 - 1175℃ x 10h Air Alumina  cubic 92.8 3.9 [110] 

Li6.25Al0.25La3Zr2O12 - <30  - 1090℃ x 1h Air  cubic 94 2 [144] 

Al-LLZO Li2CO3 < 35 600℃ (air) 1100℃ x 15 mins N2 

Carbon + 
Graphite 
Sandwich cubic 95 0.19 

[96] 

Li6.25Ga0.25La3Zr2O12 50 wt% Li 25 - 1130℃ x 0.3h N2 
Graphite 
Sandwich cubic 95 1.3 

[59] 

Li6.4La3Zr1.4Ta0.6O12 
1.2 wt% Li2O / 
Mother Powder 200 650℃ x 1h 1100℃ x 6h Air  cubic 99 5.2 

[119] 

Li7La2.75Ca0.25Zr1.75Nb0.25O12  ~50 700℃ x 4h 1050℃ x 16h Air - cubic 99 2.12 [115] 

Al-LLZO 5 wt% Li2CO3 50 600℃ x 2h (air) 1150℃ x 15 mins N2 

Carbon + 
Graphite 
Sandwich cubic  6.4 

[120] 

LLZTO 10 wt% LiOH ~200 700℃ x 12h 1100℃ x 1.5h Ar 

Graphite + MgO 
plate sandwich in 
a MgO   cubic 95 2 

This 
Work 
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As mentioned in previously, ceramics are typically processed with binders within the green body. The de-

binding process eradicates the binder to increase densification of the final part [5]. This is typically 

performed at a lower temperature than the sintering temperature suitable for the specific binders used 

[145].  

It can be concluded LLZO thin-films require more excess Li, lower sintering temperature, and longer 

sintering duration in comparison to bulk LLZO counterparts. Notably, a de-binding step is introduced in 

thin-film sintering and the set-up involves using graphite sheets to prevent reactions between crucible and 

LLZO green parts. The additives are added within the green body. The alumina plates are used to keep the 

green part from warping during sintering. The sintering set-up for bulk parts is presented to be simpler as 

fewer challenges are reported. 

Excess Li source 
A study conducted by Liu et al. highlights the advantages of employing an excess of Li when synthesizing 

Ta-doped LLZO within alumina crucibles. The following key points are outlined in their work [130]: 

(1) The precise quantity of necessary Li is indeterminate, thus the required excess Li to offset this 

loss remains largely qualitative. Differing quantities of excess Li salts can lead to deviations in 

the stoichiometric Li ratio [8]. 

(2) The incorporation of Li2O as an additive yield augmented density for Ta-doped LLZO and 

enhances ionic conductivity. 

(3) The presence of aluminum contamination originating from alumina crucibles is noted to affect 

sinterability. The use of Li salt results in a melt phase involving alumina from the crucible, 

thereby influencing the properties of the sintered LLZO. 

To compensate for the excess Li loss during high-temperature heating of LLZO, Li sources like Li2CO3 

and LiOH are commonly used. Nonetheless, most studies have documented adverse impacts of Li2CO3, 

where densely packed structures coated with Li2CO3 exhibit diminished ionic conductivity. In a study by 

Ren et al., a comparison was made between the effects of Li2CO3 and LiOH-H2O as excess Li sources in 

Al-LLZO pellets. The findings concluded that LiOH-H2O yields a purely cubic garnet structure, displaying 

a more spherical and narrower particle size distribution compared to pellets with excess Li2CO3 as show 

in Figure 29 [140]. 
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Figure 29: XRD patterns for calcinated Al-LLZO powders from 10 wt% of different Li salt 

calcinated at 900℃ for 6h; Retrieved from [140]. 

2.4.3 Relationship between composition, microstructure, and properties 

The microstructure and composition of LLZO ceramics wield a substantial impact on chemical stability, 

interface resilience, and mechanical robustness. A preference exists for larger grain boundaries, as they 

correlate with improved chemical and electrochemical stabilities [146]. It's noteworthy that the choice of 

crucible employed during sintering can also exert an influence on the resulting grain sizes and boundaries 

in sintered pellets. Xia et al. demonstrated LLZO pellets sintered in Pt crucibles exhibit superior 

characteristics compared to those sintered in alumina crucibles. This advantage shown are a higher relative 

density, larger grain sizes, and fewer grain boundaries, ultimately leading to a heightened ionic 

conductivity even after exposure to ambient air [60]. 

 

Figure 30: Processing route for ceramic electrolytes. Retrieved from [19]. 
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On the contrary, some studies suggest that LLZO SE should have smaller grains and multiple grain 

boundaries for successful performance [147].  

In summary, the sintering process is critical in successful preparation of a ceramic electrolyte. Therefore, 

the processing challenges including poor sinterability from Li loss at high temperatures, and sintering 

environment and set-up need to be resolved to achieve a high density LLZO SE with the desired cubic 

crystal phase. 

2.5 Summary 

In summary, this chapter described the state of the art and literature review for the solid-state Li-ion 

battery, AM of batteries, particle ink synthesis and post-processing sintering of LLZO SE. Additionally, 

it provides background information required to meet the set objectives of this study.  
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Chapter 3 Methodology  

3.1  Preparation of the LLZO Ink  

In this study, Ta-doped LLZTO garnet powder (Li6.4La3Zr1.4Ta0.6O12, referred to as LLZTO) (AmpceraTM, 

MSE Supplies, Tucson, AZ, USA) was procured. The average particle size of LLZTO was 500 nm and the 

powder density was 5.5 gcm-3. These particles were used to formulate an electrolyte ink with a 3:7 ratio of 

alpha-terpineol (99%, Alfa Aesar, Haverhill, MA, USA) and n-butanol (99%, Alfa Aesar, Haverhill, MA, 

USA). The dispersant of choice was Menhaden Fish oil (Z-3, Tape Casting Warehouse, Morrisville, PA, 

USA), binder of choice was polyvinyl butyral (B-98, Tape Casting Warehouse, Morrisville, PA, USA) and 

plasticizer of choice was butyl benzyl phthalate (S-160, Tape Casting Warehouse, Morrisville, PA, USA). 

The list of materials and suppliers are presented in Table 14. Additionally, a 0.7 mm Ta-LLZO garnet 

pellet (AmpceraTM, MSE Supplies, Tucson, AZ, USA) was purchased for comparison of phase and 

microstructure characterization. 

Table 14: Summary of chemical list and manufacturers. 

Material Purchased From 

Ta-doped Lithium Lanthanum Zirconium Oxide (LLZTO) MSE Supplies 

Menhaden Fish Oil (MFO) Z-3, Tape Casting Warehouse  

Alpha-Terpineol (⍺T)	 99%, Alfa Aesar 

n-Butanol (nB) 99%, Alfa Aesar 

Polyvinyl Butyral (PVB) B-98, Tape Casting Warehouse 

Butyl Benzyl Phthalate (BBP) S-160, Tape Casting Warehouse 

 

A process flow chart describing the ink synthesis process is shown in Figure 31. The materials and process 

were adopted form McOwen et al. [9]. Firstly, the solvents were combined with dispersant using magnetic 

stirring to incorporate the fish oil evenly in the ink before dispersing the LLZTO SE powder. This is done 

in small batches to ensure even distribution of the solid powder in the precursor eliminating large 

agglomerates. The precursor was mixed using planetary centrifugal mixer (ARE-310, THINKY, Laguna 

Hills, CA, USA) at 2000 rpm for 3 minutes. Finally, calculated amounts of binder and plasticizer are added 

to the slurry precursors before ball milling at low rpm with zirconia milling media (10 mm and 5 mm) for 

24 hours. This process is done in careful steps to ensure, the ink is homogenous without the presence of 
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large agglomerates that can impede printing smoothly. The ink formula optimization was done in multiple 

phases. Phase 1 describes the initial testing of the ink. Phase 2 evaluates the rheological properties. Phase 

3 outlines the final ink composition suitable for DIW processing. Phases 4 and 5 demonstrate the solid 

loading relationship to layer thickness and adding excess LiOH within the ink for Li compensation.  

 

Figure 31: Process flowchart for LLZTO ink synthesis adopted from [14]. 

Exploration of Ink Components & Behavioral Changes 
The ink formula was optimized via a series of experiments observing the ink behavior during DIW printing 

and drying. The ink compositions A to I tested are outlined in Table 15.   

Table 15: Ink Composition A to I. 

 
Ink Composition (wt%) 

A B C D E F G H I 

LLZTO 45 47.74 47.74 47.74 43.8 30 35 35 35 

MFO 0.5 0.65 0.65 0.65 0.25 0.2 0.35 0.35 0.35 

⍺T 14.9 3.65 11.8 11.62 13.1 17.1 18.2 17 15.8 

nB 34.6 35.65 27.71 27.1 30.45 39.8 42.5 39.66 36.86 

PVB 3.1 7.44 7.44 6.45 6.45 6.45 2 4 6 

BBP 1.9 4.56 4.56 6.45 6.45 6.45 2 4 6 

 

Dispersant

Menhaden Fish Oil

Solvent 1

alpha-Terpineol, 96%

Solvent 2

1-Butanol, 99% PrecursorMagnetic 
Stirring 

Solid Electrolyte

Ta-LLZO

Slurry 
Precursor

Binder

Polyvinyl Butyral (PVB)

Plasticizer

Butyl Benzyl Phthalate (BBP)

Printable 
Ink

3D 
Printing 

Printed SESintering

+Batch 1: 1/2 powder
Batch 2: 1/4 powder
Batch 3: 1/8 powder
Batch 4: 1/8 powder

+

+

Materials Process Condition

Thinky Mixer + 
Ball Milling

Thinky Mixer + 
Ball Milling

Final 
Printed SE
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Ink Rheology 
Examining the ink rheological properties can be useful to determine the behaviour of the ink during high 

shear rates. The ink compositions with varying binder and plasticizer (B+P) content used for the 

measurements is outlined in Table 16. The varying ink compositions were synthesized by Cara Kolb at the 

TUM School of Engineering and Design (Garching bei München, Germany).  

Table 16: Ink compositions for rheological studies. 

 R-4 wt% B+P R-6 wt% B+P R-8 wt% B+P R-10 wt% B+P R-12 wt% B+P 

LLZTO 30 30 30 30 30 

MFO 0.15 0.15 0.15 0.15 0.15 

⍺T 7 7 7 7 7 

nB 16.33 16.33 16.33 16.33 16.33 

PVB 2 3 4 5 6 

BBP 2 3 4 5 6 

 

Optimized Ink Formula  
The optimized ink formula considered the observations and conclusions drawn in ink synthesis phase 1 

and 2. A solid loading of 30-35 wt% is suitable with 1 wt% dispersant content with respect to LLZTO 

particles. The alpha-terpineol to n-butanol solvents ratio is 3:7 while the binder to plasticizer ratio is 1:1. 

The optimized ink formulation can be found in Table 17. It is noted the optimized ink formula with 30 

wt% solid loading is used to collect data for the volumetric flow rate model and the LLZO drying study. 

The optimized ink formula with 35 wt% is used for sintering studies to increase the density of the SE. 

Table 17: Optimized LLZTO ink formula. 

Components wt% wt% 

LLZTO 30 35 

MFO 0.3 0.35 

⍺T 17.0 15.53 

nB 39.7 36.23 

PVB 6.45 6.45 

BBP 6.45 6.45 
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Solid Loading vs Layer Thickness  
The solid loading is shown to have an impact on the layer thickness printed. Therefore, 20, 25, 30, and 35 

wt% solid loading of LLZTO particles using the optimized ink formula ratios (outlined in Ink Synthesis – 

Optimized Ink Formula) were used to study the printed layer thickness.  

Excess LiOH within the Ink 
To explore Li compensation, lithium hydroxide was incorporated in concentrations of 5, 10, and 20 wt% 

LiOH at final ink synthesis step. The ink was then ball milled until LiOH to dispersed evenly.   

3.2 Casting LLZTO Ink with Mayer Rod 

The prepared LLZTO ink was casted on a polyethylene terephthalate (PET) substrate using a 200 µm wire-

wound Mayer Rod (BuschmanTM, Cleveland, OH, USA) to test the drying properties of the ink before 

processing with DIW. This casted ink was left to dry in ambient conditions. Ink compositions G-I and inks 

with LiOH within the ink were casted using the Mayer Rod. 

3.3 Direct Ink Writing Printing LLZO Ink 

The prepared ink was printed using a pneumatic material extrusion printhead (OptimeterTM, Nordson EFD, 

Westlake, Ohio, USA) and a controller (ValveMateTM 9000, Nordson EFD, Westlake, Ohio, USA) was 

used to control the air-pressure for material extrusion. The dispensing nozzle tips used had a precision 

needle tip or tapered tip geometry. The nozzle diameter for the precision needle tips used were 250 and 

350 µm. The nozzle diameter for the tapered tips used were 200, 250, and 400 µm. The LLZTO ink was 

deposited on a PET substrate in a circular pattern with 13-15 mm diameter. To filter large agglomerates in 

the ink, a 250 µm mesh is cut and placed within the syringe (Figure A3). The printed SE were then dried 

in ambient conditions and lifted off the PET substrate.  

Printing of Ink Compositions  
The ink compositions A-F were extruded through a 250 µm tapered tip applying 2-3.5 bar of pressure. The 

translation velocity used was 10-50 mm/s.  

Volumetric Flow Rate Model 
The volumetric flow rate model studied the flow rate of the optimized 30 wt% solid loading ink extruded 

through 250 and 350 µm precision needle tips, and 200 and 250 µm tapered tips. The schematic diagram 

for needle and tapered tips is shown in Figure 10. The applied pressure was varied from 0.4 to 3.5 bar. The 
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area of the LLZTO printed electrolytes was 2.25 cm2 while the density of the ink was 1.18 g/cm3. The line 

speed and time required for print for each nozzle is outlined in Table 18.  

Table 18: DIW printing parameters for volumetric flow rate model. 

Nozzle Geometry Nozzle Diameter Translation Velocity Time 

Precision 250 µm 10 mm/s 25 seconds 

Precision 350 µm 25 mm/s 10 seconds 

Tapered 200 µm 45 mm/s 6 seconds 

Tapered 250 µm 70 mm/s 4 seconds 

 

The mass of the printed LLZTO SE was measured using a precision scale to calculate the volumetric flow 

using the mass of print (m; g), density of ink (𝜌;	gcm-1) and time (t; s) required for print (Equation 14).  

Q = !
*+
		                                                                      (14) 

Furthermore, the wet thickness can be calculated using the volume of the printed SE (ΔVolume; cm3) and 

area (A; cm2) of the print (Equation 15). 

t	 = ∆-./0!1
2

                                                                      (15) 

 

Figure 32: Optical image of DIW of LLZTO ink with a) 350 µm needle tip and b) 250 µm 

tapered tip. 

250 µm Tapered350 µm needle

a) b)
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Solid Loading vs Height 
The 20, 25, 30, and 35 wt% solid loading of LLZTO particles using the optimized ink formula ratios 

(outlined in Ink Synthesis – Optimized Ink Formula) were fabricated using 250 µm tapered tip applying 

3.5 bar of pressure. The translation velocity set was 20 mm/s. 

The wet thickness describes the thickness of ceramic electrolyte immediately after printing or casting with 

a Mayer rod. The dry thickness describes the thickness of ceramic electrolyte after drying in air or vacuum 

oven to evaporate majority of the solvents. 

LLZO Drying Study 
A drying study was done after printing LLZTO SE to investigate the drying behaviour and time. The 

optimized 30wt% solid loading ink was printed with the 250 µm tapered tip applying 2-3.5 bar of pressure. 

The translation velocity used was 10-50 mm/s. The LLZTO printed pellets were left to dry over a 45-hour 

period on the PET substrate in ambient air conditions or dried in the convection oven (Binder, FD023UL-

120V, Tuttlingen, Germany) at 50℃ for comparison. 

 

Figure 33: Schematic illustration of the drying process of printed LLZTO ceramic part. 

3.4 Powder Pressing Bulk LLZO Pellets 

The LLZTO garnet powder was compacted into bulk pellets with a diameter of 12.7 mm and a thickness 

of approximately 1 cm, applying 200 to 400 MPa of pressure (Figure A1). Additionally, a small quantity 

(~10 µL) of alpha-terpineol was used as a binder to wet the particles of LLZTO powder for compaction. 
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3.5 Sintering of the LLZO Electrolyte 

3.5.1 LLZO Bulk Pellets 

The bulk pellets were sintered within an alumina boat (100x20x20 mm) or MgO crucible (12 mL; 

40x40x15 mm) within a tube furnace (GSL-1600×, MTI Corporation, Richmond, CA, USA) using the 

sintering conditions outlined in Table 19. The bulk pellets were buried within Mother powder (LLZTO 

powder) to compensate for the Li loss phenomenon. 

Table 19: Bulk LLZTO pellet sintering conditions. 
 

Sintering Conditions Excess Li Source Crucible 

1 1200℃ x 24h Mother Powder Alumina + lid 

2 1200℃ x 12h Mother Powder Alumina + lid 

3 1200℃ x 1h Mother Powder Alumina + lid 

4 1250℃ x 1h Mother Powder MgO + lid 

5 1230℃ x 0.75h Mother Powder Alumina + lid 

6 1320℃ x 0.5h - Alumina + lid 

 

3.5.2 LLZO Printed/Casted SE 

Sintering Phase 1: LLZTO Sintering with Mother Powder 
The 200 µm LZZTO casted film and 3D printed 300 µm SE were subjected to de-binding and sintering 

within a capped 12 mL MgO crucible with excess mother powder (LLZTO powder) as shown in Figure 

34. The de-binding process was performed at 600℃ for 3 hours, with a gradual heating rate (1℃/min) 

followed by sintering at 1200℃ for 3 hours with a fast-heating rate (10℃/min). This heating process was 

performed in the tube furnace. 
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Figure 34: Optical image of 200 µm LLZTO casted film and 3D printed 300 µm SE sintering 

set-up in MgO crucible. 

Sintering Phase 2: LLZTO Sintering with Excess LiOH within Ink in Ambient Air Conditions 
The casted 200 µm LLZTO inks with 5, 10, 20 wt% excess LiOH within the ink were dried and cut to fit 

in the crucible. The de-binding process involved heating at 600°C for 12 hours, and sintering was carried 

out at 1200°C for 12 hours in ambient air. The heating rate set was 3℃/min to 600℃ and 10℃/min to 

1200℃. This heating process was performed in the tube furnace. 

The sintering setup used in these experiments is illustrated in Figure 35. In this setup, the LLZTO ceramic 

electrolyte is placed between graphite sheets to prevent it from adhering to alumina or MgO plates. 

Although MgO is known to be inert to LLZTO, even small impurities on the surface can cause the SE to 

react with the MgO and adhere to it. The graphite sheet also acts as a buffer between the alumina or MgO 

plates, maintaining the ceramic electrolyte's flatness to prevent warping. 

 

Figure 35: Schematic diagram of LLZTO films sintering set-up with a) graphite/alumina plates 

and b) MgO plates. 
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Sintering Phase 3: Exploring Sintering Time  
The casted 200 µm LLZO SE with 5 wt% LiOH within the ink was heat processed using Condition A and 

Condition B under a high-purity argon gas flow as shown in Table 20. The heating rate to de-binding 

temperature was set to 3℃/min while the heating rate to sintering temperature was set to 10℃/min. This 

heating process was performed in the tube furnace using the graphite sheet and alumina plate sandwich as 

described in Figure 35a.  

Table 20: LLZTO de-binding and sintering parameters for condition A and B. 

 De-binding Temperature De-binding Duration  Sintering Temperature  Sintering Duration 

Condition A 700℃ 4 h 1200℃ 1.5 h 

Condition B 600℃ 12 h 1200℃ 12 h 

 

Sintering Phase 4: LLZTO Sintering with Excess LiOH within Ink in Argon  
The 0, 5, 10, 20 wt% excess LiOH within the LLZTO ink casted SE film was heat processed with 2℃/min 

to 700℃ followed by sintering at 1200℃ for 1.5 hours with a 10℃/min heating ramp in argon atmosphere. 

This was done in a furnace (Pro Press 100, Whip Mix, KY, USA) using the graphite sheet and alumina 

plate sandwich as described in Figure 35a.  

Sintering Phase 5: LLZTO Sintering with Excess LiOH in Crucible in Argon 
The 0, 5, 10, 20 wt% excess LiOH was added to edges of the MgO crucible as the 3D printed LLZTO SE 

was heat processed with 2℃/min to 700℃ followed by sintering at 1200℃ for 1.5 hours with a 10℃/min 

heating ramp in argon atmosphere. This was done in a furnace (Pro Press 100, Whip Mix, KY, USA) using 

simple sintering method shown in Figure 36.  

 

Figure 36: Schematic diagram of LLZTO sintering in MgO with excess LiOH in crucible. 
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Sintering Phase 6: Optimizing Sintering of Printed LLZTO SE  
The dried LLZTO SE was heated to approximately 60-70℃ on a hotplate and pressed with 3.8 Ton weight 

using a laboratory press (YLJ-15L/15S, MTI Corporation, Richmond, CA, USA) to improve the green 

density. Then, cut to ½ inch diameter to prevent warping during thermal heating process (Figure 37). 

 

Figure 37: Schematic diagram of preparing printed LLZTO SE for sintering; a) heating on hot 

plate at 70℃, b) pressing using die pressing blocks for at 3.8 Ton weight, and c) punching SE to 

1/2-inch diameter. 

The pressed and cute printed LLZTO were subjected to a sintering process within a temperature range 

spanning 1000°C to 1250°C, over durations of 1.5 or 6 hours, all under a flowing argon gas (~ 3 L/min) 

atmosphere. This process was done within a muffle furnace (GCF1400-6X6X6, Across International, 

Livingston, NJ, USA). To prevent deformation, these prepared LLZTO pellets were enclosed between 

MgO plates and graphite sheets within the MgO crucible and excess LiOH was added to border of crucible 

to facilitate Li rich environment (Figure 38, Figure A8). An additional step, involving a de-carbon process 

at 650°C for 12 hours in flowing compressed air, was implemented to eliminate any residual graphite 

contamination present on the final sintered LLZO ceramic. 
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Figure 38: Schematic diagram of optimized LLZTO sintering in MgO with excess LiOH in 

crucible. 

3.6 Material Characterization  

3.6.1 Rheology  

The rheological behavior of the 30 wt% solid loading LLZTO ink with varying binder and plasticizer 

content as described in Section 3.1 – Phase 2 using a rotational rheometer (Kinexus lab+, Netzsch, Selb, 

Germany). A 40 mm plate-plate geometry with a gap distance adjusted to 0.1 mm was used. Each 

measurement was conducted at ambient temperature to examine the shear-dependent flow behaviour for 

the various LLZTO inks. The Herschel-Bulkley model was employed to analyze and fit the data (Equation 

2). This data was collected by Cara Kolb at the TUM School of Engineering and Design (Garching bei 

München, Germany). 

3.6.2 Crystal Phase (XRD) 

The x-ray diffraction (XRD) analysis was conducted with an x-ray diffractometer (Miniflex II, Rigaku, 

Tokyo, Japan) to analyze the crystal phases of LLZTO material before and after heat treatment. The scan 

speed set was 1°/min with 0.03° step increments between 10-60°. The crystal phases were analyzed using 

the DIFFRAC.EVA software (Bruker, Billerica, MA, USA). The relative intensity ratio (R value) is 

adopted to characterize the impurity LZO peak relative to LLZTO cubic phase peak (Equation 16). 

%LZO = \ <%&'
<%%&('

] x	100%                                                                     (16) 
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3.6.3 Au Coating 

The surface of LLZTO SE was Au coated by ion-sputtering instrument (E5100, Polaron Instruments, 

London, England). The sputtering was conducted using 20 mA current for 2 minutes for SEM samples and 

20 mA current for 5 minutes for EIS samples on each surface of SE. This process deposits 30 nm of Au 

on SEM samples and 75 nm of Au on EIS samples providing a conductive pathway for ions to travel. 

During sputtering for EIS samples, tape was used on edges to avoid an edge short circuit. 

3.6.4 Fracture Surface Morphology (SEM) 

The microstructure for the fracture surface was analyzed using a scanning electron microscopy (SEM) 

(Vega3, Tescan, Brno, Czechi). The SEM images can analyze the grain growth during high-temperature 

sintering and examine the porosity. A highly dense SE with minimal porosity is desired. 

3.6.5 Density 

The density of the sintered SE was measured using the Archimedes method in a deionized water standard 

at room temperature.  

3.6.6 Phase Transitions & Mass Loss (DSC/TGA) 

The phase transitions and mass loss were analyzed using differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA) (STA 449 F1 Jupiter, NETZSCH, Selb, Germany).  

DSC/TGA Phase 1: DSC analysis on LLZTO powder 
To gain further insights into the phase transition of LLZTO during sintering, DSC was employed on 

commercial powder under a compressed air atmosphere. This analysis aimed to examine the exothermic 

and endothermic reactions during sintering. The heating rate was set to 5°C per minute reaching 1300°C 

with a compressed air flow of 20 mL/min. Nitrogen was used as a protective gas with flow of 20 mL/min.  

DSC/TGA Phase 2: TGA Analysis to Optimize De-Binding Parameters 
The mass loss from a TGA curve can be used to determine the temperature and duration required for the 

de-binding process in 20 mL flowing argon atmosphere. Argon was also employed as the protective gas 

with flow of 20 mL/min. Table 21 outlines the ramp and isothermal heating steps to evaluate the de-binding 

temperature and duration. 
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Table 21: TGA heating parameters to optimize de-binding parameters. 

 Ramp 1 Isothermal Ramp 2 Isothermal Ramp 3  

Evaluate de-binding 

temperature 

1℃/min to 250℃ 250℃ x 2 h 3℃/min to 1200℃ - 3℃/min to 20℃ 

Evaluate de-binding 

duration 

1℃/min to 250℃ 250℃ x 2 h 3℃/min to 750℃ 750℃ x12 h 3℃/min to 20℃ 

 

3.6.7 Electrochemical Properties (EIS) 

A two-electrode Swagelok cell (PFA 14 mm diameter and 50 mm rod, Swagelok Ontario, Mississauga, 

ON, Canada) with symmetric ion-blocking was employed to test the electrochemical properties. The 

electrochemical impedance spectroscopy (EIS) data was collected on the potentiostat (SP-300, BioLogic, 

Seyssinet-Pariset, France) in Professor Michael Pope’s lab (chemical engineering, University of Waterloo) 

to test the impedance ranging from 10 Hz to 6MHz. In-Au-LLZTO-Au-In symmetric battery was 

assembled using Au sputtering and ~75 µm Indium foil (99.99%, Sigma-Aldrich, Missouri, USA).  

The Swagelok cell can be placed in a 3D printed compression jig to apply a load between 0-50 kgF 

improving the contact between the electrodes and electrolyte (Figure 39a). The compression jig was 

designed and printed by Professor Saeed Maleksaaedi at the Multi-Scale Additive Manufacturing Lab 

(University of Waterloo, Canada). This configuration, implemented with a Swagelok cell, facilitates the 

data acquisition necessary for calculating the ionic conductivity, as defined by the equation 17. The metal 

electrodes of the Swagelok cell were wrapped with Cu foil and connected the potentiostat alligator clips 

(Figure 39b). 

		σ = 3
4$%$&'2

                                                                   (17) 

Where, R=>=$? is the total resistance (Ω) of the electrolyte sample, I is the sample thickness (cm), and A is 

the area (cm2).  



 

 59 

 

Figure 39: a) Rendered design for 3D printed compression jig; b) Swagelok cell placed in 

between the 3D printed compression jig. 

To further study the ionic conductivity at various temperatures (30, 40 and 50℃). The temperature-

dependent conductivities can linearly fit on a ln𝞂 vs. 1/T plot (Arrhenius plot) where Ea, Kb, and T are 

activation energy (eV), Boltzmann constant (JK-1) and absolute temperature (K). 

																																																																										σ = σ.e
(&
)*+                                                            (18) 

a) b)



 

 60 

Chapter 4 Results & Discussion 

The contents in this chapter include results for each ink synthesis, DIW printing, a high-temperature 

sintering.  

4.1 Ink Synthesis  

4.1.1 Exploration of Ink Components & Behavioral Changes 

The ink components were varied, and the behaviour of the ink is observed. The printed ceramic electrolytes 

were characterized by two tests. The first test involves examining the ceramic electrolyte of any cracks 

while the second test involved removing the ceramic part off the PET substrate. The results for ink 

composition A through F are shown in Figure 40.  

 

 

Figure 40: LLZTO ink compositions A-F tested via DIW printing. 

Solvent Ratios 
The solvent mixture consisting of alpha-terpineol, and n-butanol was maintained at a constant ratio of 3:7, 

as recommended by McOwen et al. [9]. This solvent ratio, characterized by specific physical properties, is 

crucial for preventing cracks during the drying process (Table 22). The differential vapor pressures of these 

solvents play a key role. N-butanol, with its higher vapor pressure of 0.67 kPa at 20°C, facilitates rapid 
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drying, while alpha-terpineol, with its lower vapor pressure of 0.0037 kPa at 20°C, encourages particle 

rearrangement during the drying phase. 

Surface tension, defined as the force acting along the surface of a liquid droplet to minimize surface area 

and maintain a spherical shape, is also a relevant factor. Alpha-terpineol possesses a slightly higher surface 

tension of 33.2 dynes/cm compared to n-butanol, which has a surface tension of 25 dynes/cm. 

Consequently, the presence of alpha-terpineol in the ink is necessary to promote the ink’s 3D behavior and 

prevent excessive spreading. Moreover, the lower vapor pressure and higher boiling point of alpha-

terpineol make it an ideal solvent for facilitating the drying of ceramics, without the occurrence of observed 

cracks. 

Conversely, n-butanol contributes to the faster drying of the printed ceramics. Therefore, maintaining the 

3:7 ratio of alpha-terpineol to n-butanol is considered ideal. Deviating from this ratio with a lower 

concentration of alpha-terpineol could lead to cracking in the printed ceramics. This occurs because n-

butanol evaporates rapidly, leaving noticeable pores in the sample, resembling cracks (Figure A4). 

Table 22: Physical properties of alpha-terpineol and n-butanol. 
 

Vapour Pressure at 20℃ Boiling Point Surface Tension at 25℃ 

Alpha-Terpineol 0.0037 kPa 219℃ 33.2 dynes/cm 

n-Butanol 0.67 kPa 117℃ 25 dynes/cm 

 

Solid Loading and Binder: Plasticizer Ratio 
The solid loading of LLZTO particles in the ink is directly linked to the ink's viscosity. As the solid loading 

increases, the ink becomes more saturated with ceramic particles, resulting in a rise in viscosity and the 

formation of larger agglomerates within the ink. Additionally, a higher solid loading extends the synthesis 

time required for the ink to achieve homogeneity. 

A higher solid loading with low amounts of binder and plasticizer can cause cracks during drying as seen 

in composition A and B. The binder increased the strength of the ink while the plasticizer softened the 

binder to increase the flexibility of dried SE. The 1:1.6 ratio of the binder and plasticizer used in 

composition A through C does not provide enough flexibility to the dried SE to successfully remove off 

the PET without cracking. However, increasing the binder and plasticizer content can mitigate some of the 

cracks as seen in composition C. It was suggested by Yu Mingxian et al., a 1:1 ratio of binder to plasticizer 
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increased the strength of the alumina green tapes with the highest green density [97]. Therefore, 

composition D, E, and F employed a 1:1 ratio of binder to plasticizer to increase the strength of the ink 

and provide enough plasticizer to soften the binder present in ink. The plasticizer can reduce the PVB glass 

transition temperature allowing a better microstructure and particle arrangement homogeneity [97]. The 

high solid loading paired with higher binder and plasticizer content increased the viscosity creating a paste-

like ink with large agglomerates. This proved to be unsuitable for DIW through the 250 µm tapered tip. 

Therefore, decreasing the solid loading as shown in ink composition E and F reduced the viscosity to a 

suitable range for DIW while mitigating cracks and creating a flexible SE that can be removed from the 

PET substrate. 

To further investigate the effect of amount of binder and plasticizer necessary in the LLZTO ink, 

composition G-I were studied. Uneven particle distribution in the slurry due to electrostatic forces between 

slurry particles and the PET film were observed for the casted inks (Figure 41). However, it is observed 

the thinner wet thickness (200 µm) experiences fewer cracks during drying compared to DIW printed 

compositions (A-F). Lower quantities of binder and plasticizer, such as 2 wt% for each, were inadequate 

for producing a casted electrolyte that was both robust and flexible. In such cases, it was impossible to 

remove the green body from the PET substrate. On the other hand, a higher ratio of binder and plasticizer 

ensured even distribution of the green body, resulting in greater strength and flexibility. To successfully 

demold the green body from the PET, a slightly higher binder-to-plasticizer ratio was recommended. 

Consequently, a final binder and plasticizer content of 6.45 wt% each was established for all future prints. 

This binder and plasticizer content is higher than reported in tape casting LLZTO inks where 4 wt% PVB 

and 5 wt% BBP is employed [148]. 

 

Figure 41: Optical images of LLZTO ink composition G-I coated on PET with 200 µm wet 

thickness and dried for 24h. 
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4.1.2 Ink Rheology 

As mentioned in the previous section, it has been observed that the content of binders and plasticizers can 

significantly impact the viscosity of the ink during process of synthesizing ink. However, it is crucial to 

include a sufficient amount of binders and plasticizers to impart strength and flexibility to the ink. The 

rheological behavior of the ink is of utmost importance for achieving successful 3D printing of parts. The 

flow characteristics of the ink can be effectively described using the Hershel-Bulkley model, particularly 

evident in a 30 wt% LLZTO ink with varying binder/plasticizer contents. As shear rate is increased, 

reaching up to 10,000 s-1, there is a gradual increase in shear stress for each of the tested inks. The data 

collected, as represented in Figure 42, demonstrates a shear rate vs. shear stress curve fitted to the Hershel-

Bulkley model. From this, it can be concluded that the LLZTO ink with various binder and plasticizer 

content exhibits shear-thinning behavior, allowing the ink to be extruded through the DIW nozzle tips at 

high shear rates. The 12 wt% binder and plasticizer LLZTO ink is deemed suitable for processing with 

DIW technology achieving high shear stress at high shear rates.  

 

Figure 42: Shear rate sweeps of 30 wt% LLZTO ink with varying binder & plasticizer content. 
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4.1.3 Ink Synthesis Summary 

In summary, the ink synthesis is impacted by the ink materials, their physical property, and the ratios 

between solvents and binder/plasticizer. Each of the components can affect the ink viscosity, printing, and 

drying behaviour. Therefore, development of a suitable ink composition for LLZTO SE processing is the 

first challenge of this study. Although, many formulations exist for tape-casting of LLZTO, no explicit 

formulation of LLZTO ink suitable for DIW is reported to date. The transparency of ink materials, 

composition, and synthesis route used in our study aims to help other research groups continue our research 

further. An optimized ink formulation, combined with the suitable binder-to-plasticizer content, can help 

mitigate the observed cracking during the drying process. The binder provides strength to the ink whereas 

the plasticizer enables a flexible film is produced. The flexibility aids to remove the ceramic off the PET 

substrate after drying. Additionally, the 3:7 ratio between the alpha-terpineol and n- butanol solvents 

facilitate particle rearrangement to prevent cracks during drying. Hence, the optimized LLZTO ink 

composition used in our study includes a solid loading of 30-35 wt%, 0.35 wt% MFO dispersant 

(equivalent to 1 wt% concerning the solid loading), a 3:7 alpha-terpineol to n-butanol ratio, and a 1:1 

binder-plasticizer ratio (both at 6.45 wt%).  

4.2 Direct Ink Writing 

4.2.1 Volumetric Flow Rate Model 

Figure 43 depicts the volumetric flow rates of material extrusion rates with respect to pressure applied for 

the prepared 30 wt% LLZTO ink. The aim of the volumetric flow rate model is to aid in prediction of flow 

rate, wet thickness, and pressure required to successful print the ceramic electrolyte ink. This provides a 

critical quantitative understanding of the ink printing behaviour and provides means to find the working 

windows defined as printable regions (defined as purple regions in Figure 43). These regions help analyze 

and predict the behaviour of the ceramic ink while dispensing using the various nozzle geometries and 

tips. This region can be defined by the flow rate and wet thickness desired for each dispensing tip based 

on qualitative observations such as evenly printed ink without distortion of the structure contour being 

printed. The needle tips offer precision printing indicating a thinner ceramic can be printed resulting in 

narrower bounds. On the contrary, a tapered nozzle dispenses material at a higher flow rate increasing 

thickness of ceramic and providing a larger suitable printable region. The suitable printable region for each 

of the nozzle geometries tested are defined in Table 23. These ranges were chosen based on desired print 

properties such as thickness, continuity of print, and avoiding overflowing of ink for desired pattern. It 
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should be notes a moderate/low extrusion rate is desired to print a greater viscosity ink with fewer pores 

in the final printed part. 

 

Figure 43: Volumetric flow rate and wet thickness plotted with respect to applied pressure to print 

30 wt% solid loading LLZTO ink with a) 250 µm needle tip, b) 350 µm needle tip, c) 250 µm 

tapered tip, and d) 200 µm tapered tip.  

 

 

 

250 µm needle 350 µm needle 

250 µm Tapered 200 µm Tapered 

a) b)

c) d)
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Table 23: Defined suitable printing regions for ceramic ink for various dispensing tips. 

Suitable printable region bounds Flow Rate (mm3/s) Wet Thickness (µm) 

250 µm Needle 1.5-2.5 200-300 

350 µm Needle 5-5.5 250-350 

250 µm Tapered 5-45 150-1500 

200 µm Tapered 7-20 200-600 

4.2.2 Solid Loading vs. Layer Thickness 

The quantity of solid material within the ink noticeably impacts the thickness of a printed sample. As 

depicted in Figure 44, there is a connection between solid loading and the height of each printed layer. The 

printed layer is defined as the dry thickness of the SE.  

 

    

20 wt% Solid Loading 25 wt% Solid Loading 30 wt% Solid Loading 35 wt% Solid Loading 

 

Figure 44: a) Solid loading (wt%) vs dry thickness of printed LLZTO; b) optical cross-sectional 

images of printed LLZTO ceramics with varying layer thickness. 
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Ink with lower solid loading is more amenable to being processed through smaller nozzle openings, due 

to a reduced presence of agglomerates. Nevertheless, it lacks structural integrity during the printing process 

linked to the lower viscosity of the ink. Conversely, ink with a higher solid loading can present challenges 

during processing if it contains numerous agglomerates of larger size than the nozzle orifice. However, 

this higher solid loading ink can increase the final dry thickness of the printed sample and facilitates 

increased density after the drying and sintering processes [5]. 

The chosen translation velocity in DIW can influence the continuous filament printing process and layer 

height. A faster translation velocity is likely to result in a thinner layer height when compared to a slower 

translation velocity. It is crucial to configure this parameter in alignment with the specific characteristics 

of the ink and the applied pressure. 

The 30 or 35 wt% solid loading presents a layer thickness of 165 – 221 µm dry thickness when fabricated 

using 250 µm tapered tip applying 3.5 bar of pressure and 20 mm/s translation velocity. When sintered, 

the printed SE are expected to experience 30 – 45% shrinkage in thickness. This is evaluated from the 

sintering data presented in section 4.3.  Therefore, the higher solid loading impacting the layer thickness 

meets the research objective to achieve 150 - 250 µm thick ceramic electrolyte. 

4.2.3 Printed LLZTO Ceramic Drying Study 

An essential aspect of achieving a successful ceramic print lies in the drying process (Figure 45). It can be 

deduced that a thinner green body will dry more quickly due to its higher surface area-to-volume ratio, 

while a thicker green body with the same lateral dimensions will dry at a slower rate. 

Figure 45 illustrates the point in time when, theoretically, n-butanol and alpha-terpineol are completely 

evaporated under ambient air conditions or in a convection oven at 50°C. It is evident that evaporating the 

solvents from the green body in ambient air takes approximately more than 45 hours. In contrast, subjecting 

the green body to a convection oven at 50°C requires approximately less than 10 hours to achieve the same 

result. This insight is useful in accelerating the drying process when necessary and offers critical 

information about the green body's readiness for the succeeding sintering process. 
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Figure 45: Time plot of weight change per unit area for LLZTO printed sample drying in 

ambient air conditions and 50℃ in convection oven. 

4.2.4 DIW Summary 

In summary, the accuracy of DIW depends on many key factors including solid loading, rheology of the 

ink, printing speed, and drying mechanism. Ink printing was executed using the Nordson extrusion-based 

printing head with various nozzle size and geometry tips. The translation velocity in the Nordson program 

and applied pressure parameters were set after identifying optimal printing ranges through the DIW model 

study (Table 24). These parameters were suitable for a ink composition with a solid loading of 30-35 wt%, 

0.35 wt% MFO dispersant (equivalent to 1 wt% concerning the solid loading), a 3:7 alpha-terpineol to n-

butanol ratio, and a 1:1 binder-plasticizer ratio (both at 6.45 wt%). 

Table 24: Printing parameters for the optimized LLZTO ink. 

Nozzle Geometry Nozzle Diameter Translation Velocity Pressure  

Precision 250 µm  10 mm/s 3 bar 

Tapered 250 µm 50 mm/s 2 bar 

Precision 350 µm 20 mm/s 3.2 bar 

Tapered 400 µm 60 mm/s 1 bar 
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4.3 Sintering of LLZTO Solid Electrolyte 

In this section, the results for sintering phases 1 – 6 are described.  

4.3.1 Sintering Phase 1: LLZTO Sintering with Mother Powder 

The initial set of experiments involved the sintering of powder pressed LLZTO bulk pellets. This method 

was used to investigate the effects of sintering on bulk samples before evaluating printed SE. Table 25 

outlines the bulk LLZTO pellet sintering conditions, phase results, and relative density. The sintering was 

performed in ambient atmosphere. 

Table 25: Phase 1 - Bulk LLZTO pellet sintering conditions, phase results, and relative density. 
 

Sintering Conditions Excess Li Source Crucible Results Relative 
Density (%) 

1 1200℃ x 24h Mother Powder Alumina + lid LZO 57.82 

2 1200℃ x 12h Mother Powder Alumina + lid LZO 59.09 

3 1200℃ x 1h Mother Powder Alumina + lid c- LLZTO + LZO 69.39 

4 1250℃ x 1h Mother Powder MgO + Lid c- LLZTO + LZO 75.09 

5 1230℃ x 0.75h Mother Powder Alumina + lid c- LLZTO + LZO 80.30 

6 1320℃ x 0.5h - Alumina + lid c- LLZTO + LZO 93.15 

 

It's notable that many pellets exhibited brittle behavior due to inadequate sinterability, leading to instances 

of cracking and adhesion to the alumina crucible (Figure A2). These observations confirm the presence of 

a liquid phase sintering resulting from reactions between alumina and LLZTO. The absence of a lid was 

also noted in the initial sintering runs indicating that without a cover, Li loss at elevated temperatures 

became more pronounced. As a result, using a lid or covering is necessary to create a Li-rich environment 

using the extra Li in the mother powder and to maintain equal heat distribution for the LLZTO pellets. 

Furthermore, the reproducibility of phases during sintering emerged as a challenge due to the interplay of 

numerous uncontrollable and controllable factors. In numerous XRD analyses, the dominant peak 

consistently indicated the presence of pyrochlore La2Zr2O7 (LZO), an intermediary compound formed 

during the heat treatment reactions. This LZO intermediate compound arises in scenarios of Li deficiency 

observed during high-temperature sintering. While functioning as an intermediate, it has been known to 

impede ionic conductivity as an impurity. Therefore, a dual focus must be maintained: minimizing the 

LZO phase while simultaneously preserving the crystalline LLZTO cubic phase. 
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Figure 46 shows the XRD results for six of the sintering experiments on LLZTO pellets (1-6) whilst being 

compared to reference, cubic LLZTO phase. The sintering temperature varied from 1200℃ to 1320℃ 

while dwelling time, and sintering setup were also varied (Table 25). Traditional dwelling time of 24 hours 

without a crucible lid and enough excess Li to compensate the Li loss showed complete degradation of 

LLZTO cubic phase with only signs of LZO remaining. When the dwelling time is reduced, reduced Li 

loss is observed with the presence of small peaks of cubic LLZO. However, a shorter dwelling time can 

indicate incomplete reactions displayed as double peaking (experiment #2). The most promising results 

with a minimal LZO peak and good cubic phase was seen in experiment #3, however, the relative density 

of the pellet was 75%. To ensure a good ionic conductivity is measured, the density of the desired LLZTO.  

 

Figure 46: XRD analysis of LLZTO bulk pellets sintered at 1) 1200℃ for 24h, 2) 1200℃ for 

12h, 3) 1200℃ for 1h, 4) 1250℃ for 1h, 5) 1230℃ for 0.75h, and 6) 1320℃ for 0.5h. 
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Figure 47: SEM fracture images of sintered LLZTO bulk pellets a) commercial pellet, b) 

1200℃ for 24h, c) 1200℃ for 12h, d) 1250℃ for 1h, e) 1230℃ for 0.75h, and f) 1320℃ for 0.5h. 

SEM images offer insight into the microstructural analysis of cross-sectional grain boundaries and pores. 

A comparison between the sintered LLZTO pellets and a commercially purchased pellet is depicted in 

Figure 47. In SE, uniform grains devoid of pores are essential for facilitating Li transport. Longer sintering 

times accompanied with Li deficit produced a porous microstructure, whereas higher temperatures with 

shorter durations resulted in a larger prevalence of well-defined grains. LLZTO pellet sintered at 1320℃ 

for 0.5h displayed uniforms grains like that of commercial pellet with approximately 93% relative high 

density. 

To gain further insights into the phase transition of LLZTO during sintering, DSC was employed on 

commercial powder under a compressed air atmosphere (DSC/TGA Phase 1). This analysis aimed to 

examine the exothermic and endothermic reactions during sintering as illustrated in Figure 48. The first 

two observed endothermic peaks are attributed to moisture evaporation and LiOH decomposition. A 

600℃, an exothermic peak indicates the formation of LZO impurity, accompanied by a total mass loss of 

12.19%. Additionally, an endothermic decomposition of Li2CO3 is observed just below 700℃. The results 

of the DSC curves’ results play a crucial role in analyzing and identifying the reactions occurring at critical 

a) b)

d)

c)

e) f)
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temperature during the sintering process such as the formation of LZO phase following the LiOH 

decomposition. 

 

Figure 48: DSC plot of commercial LLZTO powder heated to 1300℃. 

The first sintering test for thinner LLZTO SE involved treating a 300 µm thick LLZTO printed sample and 

film fabricated using a 200 µm threaded Mayer rod. Both samples were subjected to sintering using the 

same setup as employed for LLZTO pellets, in MgO crucibles as shown in Figure 34.  

It was observed that de-binding of the PVB and BBP components was necessary to achieve a fully dense 

part and enhance its mechanical integrity. Given that the melting point of PVB and BBP is below 600°C, 

a de-binding process was implemented at 600°C for 3 hours, with a gradual heating rate to facilitate the 

evaporation of these components. Further refinement of this de-binding step is necessary to attain a highly 

dense ceramic.  

LiOH decomposition 

Formation of La2Zr2O7

Endothermic 
decomposition of 
Li2CO3

Exo Down

Compressed Air Flow: 20 mL/min

Nitrogen Protective Flow: 20 mL/min

12.19% Mass Loss
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A challenge encountered during the sintering process was the warping of the ceramic. As the ceramic piece 

is subjected to high temperatures, the binder, plasticizer, and residual solvents began to evaporate from the 

edges, resulting in uneven stresses and the formation of cracks. To mitigate this issue, sandwiching the 

ceramic part between plates to keep it flat is proposed to promote more uniform sintering. 

Furthermore, the attempt to use excess mother powder as a source of additional Li to compensate for Li 

loss was found to be unviable. This was due mother powder adhering to the LLZTO component and 

concerns about the appropriate quantity of excess Li. While thinner samples have a higher surface area-to-

volume ratio, the need to compensate Li loss becomes more significant. XRD analysis revealed a notable 

degradation of the cubic LLZTO phase in both scenarios, leaving only the LZO impurity phase intact 

(Figure 49). This indicates the necessity for additional research on Li loss in the sintering process of LLZO. 

The possibility of introducing excess Li by adding it within the green body or within the crucible is 

considered. 

 

Figure 49: a) Sintering profile of LLZTO and b) XRD of 300 µm 3D printed LLZTO and casted 

200 µm LLZTO film in MgO crucible sintered in ambient air with mother powder. 

a) b)

De-binding

Sintering
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4.3.2 Sintering Phase 2: LLZTO Sintering with Excess LiOH within Ink in Ambient Air 

Conditions 

The LLZO mother powder was found to be an insufficient source of Li during the sintering of casted SE. 

Consequently, alternative methods for ensuring an adequate Li compensation were explored. The first 

approach chosen to investigate this was the addition of excess LiOH (5, 10, and 20 wt%) to the ink.  

As indicated by the XRD results in Figure 50b, it was evident the quantity of excess Li did not contribute 

to the stabilization of the cubic phase, suggesting that excess Li alone is not the sole factor influencing 

phase stability. Other factors, such as the environment and sintering setup, exert significant influence on 

the phase.  

 

Figure 50: a) Sintering profile of LLZTO and b) XRD LLZTO with 10, 20, and 30 wt% excess 

LiOH in ink sintered in ambient air 

4.3.3 Sintering Phase 3: Exploring Sintering Time 

In addition to addressing Li compensation, the sintering atmosphere also plays a pivotal role in achieving 

a dense ceramic electrolyte with a cubic phase. As previously mentioned, the use of an inert gas atmosphere 

can effectively reduce reactivity with CO2 and promote the stabilizing of the cubic phase. Consequently, a 

a)

De-binding

Sintering

b)
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high-purity argon gas flow was selected to sinter two ceramic components under different sintering 

conditions, labeled as Condition A and Condition B. Condition A entailed a de-binding process at 700°C 

for 4 hours, followed by sintering at 1200°C for 1.5 hours. On the other hand, Condition B involved de-

binding at 600°C for 12 hours, followed by sintering at 1200°C for 12 hours. 

 

Figure 51: a) LLZTO sintering profile A and B and b) XRD of LLZTO sintering conditions 

with 5 wt% excess LiOH in ink in argon atmosphere. 

The XRD findings, comparing the two sintering conditions, reveal that sintering Condition A led to a more 

pronounced cubic phase (Figure 51) for the casted SE with 5 wt% excess LiOH. Conversely, sintering 

Condition B resulted in the presence of a purely LZO impurity phase. These results affirm that having 

flowing argon gas during sintering is effective in stabilizing the cubic phase for 3D printed ceramic 

electrolytes, provided that the sintering duration is reduced. Reducing the sintering time at elevated 

temperatures diminishes Li loss, ultimately yielding a phase composition that is desirable with minimal 

impurities. 

a)
Sintering Conditions A:

• De-binding: 700℃ x 4h
• Sintering: 1200℃ x1.5h

Sintering Conditions B:
• De-binding: 600℃ x 12h
• Sintering: 1200 ℃ x12h

b) Condition A 

Condition B

SinteringSintering
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4.3.4 Sintering Phase 4: LLZTO Sintering with Excess LiOH within Ink in Argon 

To further investigate these effects, cased LLZTO ceramic electrolytes were sintered with varying amounts 

of excess Li in the ink, specifically 0, 5, 10, and 20 wt%, while maintaining the de-binding and sintering 

conditions as outlined in Table 26. The XRD results indicate that even a small amount of excess Li can 

facilitate the transition from the intermediate LZO phase to the cubic LLZO phase (Figure 52). The R 

value, which represents the intensity of the LZO peak relative to the highest intensity of the cubic LLZTO 

peak as percentage, is a crucial parameter. A smaller R value is preferred, signifying a lower presence of 

LZO impurities. The calculated R values for 0, 5, 10, and 20 wt% excess Li are 553, 2.52, 81.15, and 

8.40%, respectively. In theory, with the addition of excess Li leads to a reduced in R values. However, it's 

important to acknowledge that other factors, such as the setup and argon flow rate, can influence the phase 

composition. 

The SEM analysis provides insights into the grain size generated during the sintering process. A well-

sintered component exhibits minimal pores and polyhedral grains when the cross-section is examined. The 

SEM cross-section analysis reveals a trend, suggesting that excess Li can also serve as a sintering aid 

decreasing porosity in the sintered part. It is noted the film sintered with 10 wt% excess LiOH in ink 

exhibited more grain growth compared to other 5 and 20 wt% LiOH inks. This can be attributed to 

temperature, placement of plates within furnace, and other environmental parameters. Due to issues with 

reproducibility and poorly controlled atmosphere, it cannot be stated with certainty the cause of this grain 

growth.  

Table 26: Phase 4 - Sintering conditions, phase results, and relative density for casted LLZTO 

films – 0, 5, 10, 20 wt% excess LiOH within the ink and argon atmosphere. 
 

De-binding 
Conditions 

Sintering Conditions Excess LiOH in 
Ink 

Results R Value 
(ILZO/ILLZTO) 

1 2℃/min to 700℃ 1200℃ x 1.5h 0 wt% LZO 553 

2 2℃/min to 700℃ 1200℃ x 1.5h 5 wt%  c- LLZTO + LZO 2.52 

3 2℃/min to 700℃ 1200℃ x 1.5h 10 wt% c- LLZTO + LZO 81.15 

4 2℃/min to 700℃ 1200℃ x 1.5h 20 wt% c- LLZTO + LZO 8.40 
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Figure 52: XRD of casted LLZTO films sintered with 0, 5, 10, 20 wt% excess LiOH in ink at 

1200℃ for 1.5h in argon atmosphere. 

0wt% LiOH

5wt% LiOH

10wt% LiOH

20wt% LiOH
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Figure 53: SEM fracture images of casted LLZTO films sintered with a) 5 wt%, b) 10 wt%, and 

c) 20 wt% excess LiOH in ink at 1200℃ for 1.5h and argon atmosphere. 

4.3.5 Sintering Phase 5: LLZTO Sintering with Excess LiOH in Crucible in Argon 

Similar to introducing excess LiOH within the ink, a similar experiment design was conducted to evaluate 

the effect of LiOH on the phase of LLZTO. The quantity of LiOH was measured based on the weight of 

the printed SE and strategically placed along the edges of the MgO crucible. The sealed MgO crucible 

plays a role in creating a Li2O atmosphere when the LiOH melts, thus facilitating the transformation of 

intermediate phases into the cubic LLZTO phase. 

Table 27:  Phase 5 - Sintering conditions, phase results, and relative density for printed LLZTO 

SE – 0, 10, 20, 30 wt% excess LiOH in crucible and argon atmosphere. 
 

De-binding 
Conditions 

Sintering Conditions Excess LiOH in 
Crucible 

Results R Value 
(ILZO/ILLZTO) 

1 2℃/min to 700℃ 1200℃ x 1.5h 0 wt% LZO 439 

2 2℃/min to 700℃ 1200℃ x 1.5h 10 wt%  c- LLZTO + LZO 30.76 

3 2℃/min to 700℃ 1200℃ x 1.5h 20 wt% c- LLZTO + LZO 6.42 

4 2℃/min to 700℃ 1200℃ x 1.5h 30 wt% c- LLZTO + LZO 22.59 

183 µm

127 µm
137 µm

a) c)b)
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Figure 54: a) XRD of printed LLZTO SE sintered with 0, 10, 20, 30 wt% excess LiOH in MgO 

crucible and argon atmosphere; SEM images of top view of b) 0 wt%, c) 10 wt%, d) 20 wt%, 

and e) 30 wt% excess LiOH in MgO crucible. 

30wt% LiOH

20wt% LiOH

10wt% LiOH

0wt% LiOH

a)

b) d)c) e)
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The XRD analysis results shown in Figure 54a, as indicated by the R value, demonstrate that the addition 

of 20 wt% excess LiOH in this manner resulted in maintaining the cubic LLZTO phase with a reduced 

impurity phase, approximately 6.42%. The SEM analysis revealed a densely sintered pellet when viewed 

from the top, with grain sizes ranging from approximately 4 to 10 µm and minimal pore formation (Figure 

54b-e). These results lead to the conclusion that introducing an excess Li source into the crucible is a 

straightforward and effective method for compensating for Li loss. However, it's important to note that 

challenges related to the reproducibility of phases, the removal of the SE from the MgO crucible without 

cracking or adhesion, and improving density still need to be addressed. 

4.3.6 Optimizing De-binding using Thermal Gravimetric Analysis 

Up to this point, the temperature and duration of both the de-binding and sintering steps are held constant 

to better understand the relationship between Li compensation and phase analysis. However, it is evident 

from the literature review that the temperature and duration of de-binding and sintering have significant 

effects. 

 

Figure 55: TGA plot of LLZTO solid electrolyte heated to 1200℃. 

n-butanol/ Alpha-
terpineol Mass Loss

MFO + PVB + BBP 
Mass Loss

32.3% 34.3%

4%

Argon Flow: 20 mL/min
Argon Protective Flow: 20 mL/min

Ramp 1: 1℃/min to 250℃

Isothermal hold: 250℃ for 2h

Ramp 2: 3℃/min to 1200℃

Ramp 3: 5℃/min to 20℃
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To address this, a TGA curve can be employed to assess the mass loss that occurs during the heating 

profile, as depicted in Figure 55 and Figure 56 (DSC/TGA Phase 2). Two TGA curves were conducted to 

determine the appropriate de-binding temperature and duration. This stage is crucial in establishing an 

effective de-binding cycle before exploring sintering parameters. 

Figure 55 displays the plot of mass loss (%) vs. temperature, illustrating the heating of the SE to 1200°C 

without any additional isothermal heating time for de-binding. The plot reveals an approximate 34% mass 

loss by 750°C. This mass loss is the solvents and dispersants evaporating, while approximately 30% can 

be attributed to the burnout of the binder and plasticizer. This plot indicates the ideal temperature for de-

binding PVB and BBP falls within the range of 700-750°C. 

 

Figure 56: TGA plot of LLZTO solid electrolyte heated to 750℃ for 12h. 

In Figure 56, the TGA curve depicts the de-binding process with an isothermal hold at 750°C over a 

duration of 12 hours. Once again, an initial weight loss of approximately 35% is observed before the 

isothermal heating at 750°C commences. An additional 2% mass loss is noted before the weight stabilizes, 

35.6%

2%

Weight stabilized after ~11 
hours de-binding

n-butanol/ Alpha-
terpineol Mass 
Loss

MFO + PVB + BBP Mass Loss

Argon Flow: 20 mL/min
Argon Protective Flow: 20 mL/min

Ramp 1: 1℃/min to 250℃
Isothermal hold: 250℃ for 2h
Ramp 2: 3℃/min to 750℃
Isothermal hold: 750℃ for 12h
Ramp 3: 5℃/min to 20℃
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which occurs after approximately 11 hours. This analysis confirms an isothermal hold for12 hours within 

the temperature range of 700-750°C is necessary to ensure the complete PVB and BBP burnout from the 

sample before advancing to the subsequent sintering step. 

4.3.7 Sintering Phase 6: Optimizing Sintering of Printed LLZTO Solid Electrolyte 

Although sintering remains a formidable challenge for LLZTO ceramic electrolytes, several additional 

steps can be incorporated into the standard operating procedure (SOP) to enhance sinterability. Up to this 

point, efforts are made to address the issues related to excess Li, sintering environment, and de-binding 

parameters. The addition of 5-20 wt% excess Li has proven effective in maintaining the cubic phase at 

elevated temperatures of 1200°C with a high purity flowing argon atmosphere. Nonetheless, challenges 

persist, particularly concerning the adhesion of the ceramic electrolyte to the MgO plate and the density of 

the electrolyte. 

Numerous research groups have employed graphite films to sandwich the LLZTO SE films [95,118,149]. 

Graphite is preferred as it does not react with LLZTO, and the pressed film between plates helps keep the 

electrolyte flat, preventing warping along the edges. However, the proposed setup involves a unique 

approach, where the sandwiched LLZTO and excess Li is placed directly inside the crucible, with a lid, 

creating a freestanding configuration. This innovative setup offers several advantages, including ensuring 

the LLZTO remains flat, being sandwiched between graphite to prevent adhesion to MgO plates, and 

establishing a Li-rich environment required to maintain the cubic phase. A comprehensive schematic of 

this newly proposed setup is presented in Figure 38. 

Moreover, printed LLZTO pellets are gently heated on a hot-plate to activate the binders, and then they 

are subjected to compression at a pressure of at 3.8 Ton weight using weighing paper and 30 mm die 

pressing blocks. This step ensures the ceramic particles are tightly packed together before the sintering 

process. Subsequently, the compressed thin pellets can be cut to the desired size, typically 1/2 inch, using 

a metal puncher. This cutting process focuses on removing thinner edges that could warp during sintering, 

further contributing to the achievement of a flat and dense solid ceramic electrolyte. This process is 

depicted in Figure 37. 

The sintering temperature is known to be a significant factor in the formation of larger polyhedral grains, 

which are ideal for ionic transport and achieving higher density. Therefore, printed and cut LLZTO pellets 

were subjected to sintering at three different temperatures: 1000°C, 1100°C, and 1200°C for a duration of 

1.5 hours, without the use of excess Li. The naming convention used is G-1100Cx1.5h-0EL, G-
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1100Cx1.5h-0EL, and G-1200Cx1.5h-0EL where ‘G’ represents using a graphite sheet, and ‘EL’ 

represents the excess LiOH. The results indicated a greater Li deficiency is observed at the higher 

temperature of 1200°C in comparison to 1000°C and 1100°C (Figure 57a and Table 28). Although impurity 

levels remain relatively low compared to previous results, these findings underscore the advantages of the 

new set-up within the box furnace. The relative densities for these thinner pellets are recorded as 62%, 

85%, and 93% (Figure 57b), accompanied by R values of 1.7%, 3.14%, and 11.45% for LZO impurity, 

respectively. 

Table 28: Phase 6 – Sintering conditions, phase results, and relative density for printed LLZTO 

pellets sintered with new sintering set-up – No excess LiOH in crucible in argon atmosphere. 
 

De-binding 
Conditions 

Sintering 
Conditions 

Excess LiOH in 
Crucible 

Results R Value 
(ILZO/ILLZTO) 

Relative 
Density (%) 

1 700℃ x12h 1000℃ x 1.5h 0 wt% c- LLZTO  1.70 61.64 

2 700℃ x12h 1100℃ x 1.5h 0 wt%  c- LLZTO  3.14 85.09 

3 700℃ x12h 1200℃ x 1.5h 0 wt% c- LLZTO + LZO 11.46 92.72 

 

Figure 57: a) XRD of printed LLZTO pellet sintered with new sintering set-up - no excess LiOH 

and argon atmosphere; b) relative density plot relating temperature to density of SE. 

a) b)
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The positive outcomes of the previous DOE have encouraged the exploration of extended sintering 

durations, specifically 1.5 hours and 6 hours, at temperatures of 1100°C and 1250°C. This study involved 

varying the presence of excess Li in the crucible, with concentrations of 0 and 10 wt%. The results are 

presented in Table 29, Figure 58, and Figure 59. 

Table 29: Sintering conditions, phase results, and relative density for printed LLZTO pellets 

sintered with new sintering set-up – 0, 10 wt% excess LiOH sintered at 1100℃ and 1250℃ in 

argon atmosphere. 
 

De-binding 
Conditions 

Sintering 
Conditions 

Excess LiOH in 
Crucible 

Results R Value 
(ILZO/ILLZTO) 

Relative Density 
(%) 

1 700℃ x12h 1100℃ x 1.5h 0 wt% c- LLZTO  2.82 85.09 

2 700℃ x12h 1100℃ x 6h 0 wt%  c- LLZTO + LZO 10.41 83.91 

3 700℃ x12h 1100℃ x 1.5h 10 wt% c- LLZTO  1.85 95.45 

4 700℃ x12h 1100℃ x 6h 10wt% c- LLZTO  1.92 85.73 

5 700℃ x12h 1250℃ x 1.5h 0 wt% c- LLZTO + LZO 44.67 - 

6 700℃ x12h 1250℃ x 6h 0 wt%  c- LLZTO  119.81 88.09 

7 700℃ x12h 1250℃ x 1.5h 10 wt% c- LLZTO  35.07 93.64 

8 700℃ x12h 1250℃ x 6h 10 wt% c- LLZTO  507.83 83.82 

 

The most favorable results were achieved when sintering at 1100°C for 1.5 hours with 10wt% excess 

LiOH, yielding the lowest observed impurity at 1.85% and a relative density of 95%. However, as the 

temperature and annealing duration are increased, there is a noticeable rise in LZO impurity and a 

degradation of the cubic LLZTO phase. During the sintering process, the pellets experienced a lateral 

shrinkage of approximately 34% in each run and a thickness reduction of 43%. Polyhedral grains were 

observed, characterized by minimal pore formation, which is comparable to commercial LLZTO pellet. 
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Figure 58: XRD of printed LLZTO sintered with new sintering set-up - 0, 10 wt% excess LiOH 

sintered at 1100℃ and 1250℃ for 1.5h and 6h in argon atmosphere.  
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Figure 59: SEM fracture images printed LLZTO pellets sintered with new sintering set-up - 0, 

10 wt% excess LiOH sintered at 1100℃ and 1250℃ for 1.5h and 6h in argon atmosphere. 

In summary, the optimal conditions for achieving a flat, dense, and cubic-phased pellet with a thickness of 

201 µm were established at 1100°C for 1.5 hours after a de-binding step at 700°C for 12 hours in a flowing 

Ar gas environment, employing 10 wt% excess LiOH, and using the novel sintering setup.  

These results are comparable to what is seen in literature for sintering the films of a similar thickness range. 

Table 13 compares many thinner LLZO ceramic film de-binding and sintering parameters. It can be 

inferred that a small amount of excess Li is often required to compensate for the Li loss. Parejiya et al. 

demonstrated tape-casting of Al-LLZO films with a 200 µm thickness, using PVB binder and BBP 

plasticizer in the ink formulation [95]. The de-binding temperature used in the paper is lower (600℃) than 

the one we employed (700℃) for the same duration of 12 hours. The purpose of the de-binding step is to 

ensure all binder and plasticizer is burned off the green body before undergoing high-temperature sintering. 

Considering the boiling point of PVB and BBP is 660℃ and 370℃, a 700℃ de-binding temperature can 

ensure successful burnout of binder and plasticizer. This was confirmed with the TGA results shown in 

Figure 55. It is noteworthy, the amount of binder and plasticizer used in this research to facilitate DIW, 

drying without cracking, and successfully remove green body off PET substrate, is greater than reported 

in the literature [95]. Therefore, the higher temperature can increase the rate of PVB/BBP burnout ensuring 
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the 12 hours is sufficient time duration for this process as seen in Figure 56. Additionally, a sintering 

temperature of 1100℃ is employed in this research comparable to the literature review [96,119,143]. 

4.3.8 Correlation of Thickness to the Cubic Phase 

One of the significant advantages of 3D printing is its capability to produce thin SE in various shapes. 

Typically, bulk pellets need to be relatively thick, usually > 5 mm, to achieve a dense pellet with a cubic 

phase. Sintering thinner films, with a thickness in the range of a few hundred microns, poses a more 

complex challenge. This is because the higher surface area-to-volume ratio in thinner pellets has a 

significant impact on the phase during the sintering process. As a result, a thinner green thickness SE 

requires more excess LiOH to compensate the Li loss compared to a thicker SE. This is demonstrated in 

the XRD results of sintered LLZTO with green thicknesses of 434, 357, 278, and 195 µm (Figure 60 and 

Figure 61b).  

 

Figure 60: XRD of printed LLZTO pellets sintered with new sintering set-up – 10 wt% excess 

LiOH in crucible sintered at 1100℃ for 1.5h in argon atmosphere. 



 

 88 

The thinner SE sintered at 1100℃ for 1.5h with 10 wt% excess LiOH show more LZO impurity in the 

crystal phase. Interestingly, it has been discovered that samples with a green thickness exceeding 400 µm 

can attain a cubic phase without the need for excess Li when sintered at 1100°C for 1.5 hours. However, 

for ceramics with a green thickness of approximately less than 200 µm, as much as 20 wt% excess LiOH 

is required (Figure 61a).  

 

Figure 61: a) Excess LiOH (xEL wt%) compensation for Li loss at 1100°C for 1.5h to achieve 

minimal LZO impurity with varying green thicknesses SE and b) the effect of green thickness 

on LZO impurity peak R value sintered at 1100 °C for 1.5h with 10 wt% excess LiOH. 

Additionally, with the aid of SEM images in Figure 62, it can be observed the addition of Li acts as a 

sintering aid to further densify the thinner solid ceramic electrolytes. This finding is unique in the context 

of LLZTO sintering and can provide the basis to conduct further research in this area. To our knowledge, 

there are no prior articles in the literature that have explored the correlation between excess Li and the 

cubic phase in the same manner.  

a) b)
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Figure 62: SEM fracture images of printed LLZTO pellets sintered with new sintering set-up – 

10, 15, and 20 wt% Excess LiOH in MgO sintered at 1100℃ for 1.5h in argon atmosphere.  

4.3.9 Sintering Summary  

In summary, multiple optimization efforts were conducted to successfully prepare a high-density, cubic-

phase LLZTO SE. Sintering experiments were performed on bulk LLZTO pellets casted films, and 3D 

printed pellets to gain insights into the sintering behavior of ceramic electrolytes. The optimized sintering 

parameters are 1100℃ for 1.5 hour with 10 wt% excess LiOH after de-binding at 700℃ for 12 hours. 

Additionally, it is evident that thinner SE require a lower sintering temperature and a higher excess of Li 

to achieve a dense, cubic phase electrolyte. 

Moreover, a novel sintering setup was developed to create a Li-rich environment conducive to sintering 

3D printed LLZTO pellets. This setup involves sandwiching the SE between graphite sheets and MgO 

plates. The graphite sheets play a crucial role in preventing the SE from adhering to MgO or alumina 

plates. The de-binding and sintering procedure should take place in flowing high-purity argon environment 

to preserve the crystal phase. The challenges initially outlined in section 2.4, such as insufficient sintering 

capabilities, sintering conditions and set-ups, H2O/CO2 reactivity, and composition and microstructure, are 

addressed in the optimized sintering setup achieving a SE with cubic crystal phase with 95% relative 

density. 
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4.4 Electrochemical Performance of LLZTO Solid Electrolyte 

Thus far, numerous attempts were made to sinter a successful working dense, and cubic phased LLZTO 

ceramic electrolyte. A 200 µm LLZTO ceramic electrolyte was sintered with 95% relative density and 

purely cubic phase as shown in Figure 63 sintered at 1100℃ for 1.5h with 10 wt% excess LiOH.  

 

Figure 63: a) XRD of sintered LLZTO, b) optical image of SE, and SEM imaging of c) 

commercial pellet compared with d) 217 µm 3D-printed pellet. 

The dense LLZTO SE was tested using the EIS set-up described in section 3.6.7. The resulting Nyquist 

plot is shown in in Figure 64 at room temperature. Fitting the Nyquist plot to an appropriate circuit can be 

a challenge for SE as they can exhibit non-ideal behaviour. The high-frequency semi-circle corresponds to 

the grain boundaries. The right point of semicircle determined as the total resistance [150]. The linearity 

of low-frequency tail was used to analyze the total resistance in the cases a full-semicircle is not observed. 

The Li+ ion migration in the ceramic is too rapid not revealing a semi-circle at the highest detection 

frequency of 6 MHz [150,151]. The calculated ionic conductivity is 2 x 10-4 S/cm (2 mS/cm) at room 

temperature. 

a)

b) c) d)
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Figure 64: Nyquist plot characterizing 200 μm LLZTO SE with 95% relative density sintered at 

1100°C for 1.5h with 10 wt% excess LiOH. 

 

Figure 65: a) Nyquist plot characterizing 217 μm LLZTO SE sintered at 1100 °C for 1.5h with 

10wt% excess LiOH at 30, 40, and 50℃ and b) Arrhenius plot for LLZO pellet. 

Ea = 0.44 eV

a) b)
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As the temperature is increased (applying 15kgF), the semi-circle is smaller, and the total resistance is 

lower [150,151]. At 50℃, the semicircle nearly vanishes and only a tail is seen (Figure 65). Using the low-

frequency tail, the calculated ionic conductivity for 30, 40 and 50℃ is 1.1, 1.6, and 2.7 mS/cm. The 

temperature-dependent conductivities can linearly fit on a ln𝞂 vs. 1/T plot (Figure 65b) using equation 16. 

The calculated Ea value obtained from slope of the linear fit is 0.44 eV. This represents the low energy 

barrier the ions need to overcome to move within the LLZO lattice. 

The ionic conductivity achieved at room temperature and elevated temperatures is comparable to the 700 

µm LLZTO commercial pellet available at MSE Supplies with an ionic conductivity range of 0.4-1 mS/cm. 

Therefore, the 3D printed LLZTO SE demonstrating 95% relative density obtain a higher ionic 

conductivity than commercially available SE. In future works, the ionic conductivity can be approximated 

with more accuracy with the use of an appropriate circuit rather than low-frequency tail approximations 

done in this work.  

4.4.1 EIS Summary 

In conclusion, the 3D printed LLZTO SE demonstrated a high ionic conductivity of 2 mS/cm at ambient 

temperature with 95% relative density for a symmetrical In-Au-LLZTO-Au-In cell. Increasing the 

temperature increased the ionic conductivity of the ceramic electrolytes to 2.7 mS/cm at 50℃. The 

calculated activation energy was 0.44 eV. In future works, a Li-LLZTO-Li symmetric cell can be 

configured to compare ionic conductivities to gold blocking electrodes. Additionally, more research into 

the fitting of EIS curves can be done to accurately calculate the ionic conductivity of the SE. 
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Chapter 5 Summary, Conclusions, and Future Work 

In this chapter, the research project in this thesis is summarized and conclusions are drawn. The 

achievements and future works are listed and described.  

5.1 Thesis Summary  

In this thesis, LLZTO ceramic solid-state electrolytes were fabricated via direct ink writing for all-solid-

state battery applications. The ink synthesis, direct ink writing processing, sintering, and electrochemical 

characterization work is reported. 

The electrolyte ink was synthesized using optimized composition of ceramic particles, dispersant, solvents, 

binder, and plasticizer. It was observed an optimized ink formulation was critical to the processing and 

drying of the ceramic electrolyte. The suitable ink composition consists of a solid loading of 30-35 wt%, 

0.35 wt% MFO dispersant (equivalent to 1 wt% concerning the solid loading), a 3:7 alpha-terpineol to n-

butanol ratio, and a 1:1 binder-plasticizer ratio (both at 6.45 wt%).  Furthermore, the dispersion and mixing 

techniques used including magnetic stirring, planetary mixer, and jar-milling with milling media aided to 

develop a homogeneous ink with minimal agglomerates. A 250 µm tapered tip is recommended for 3D 

printing since large particle agglomerates can impede printing through fine 250 – 350 µm needle nozzle 

tips. The wet thickness of the SE can be adjusted by varying the applied pressure, as demonstrated in the 

volumetric flow model. 

Ceramic sintering is an essential process for increasing density through grain growth. The Li loss at 

temperatures exceeding 1000℃ depletes the cubic phase in LLZO solid electrolytes. Therefore, methods 

of Li compensation, sintering conditions and set-ups need to be optimized to understand the sintering 

capability, composition and microstructure relationship. The optimized sintering set-up involves a graphite 

and MgO plate sandwich within an MgO crucible with excess LiOH around the crucible. This allows for 

uniform, flat shrinkage in a Li-rich environment resulting in a flat, dense, cubic crystal phase of the final 

electrolyte. The optimal heating profile is de-binding at 700℃ for 12 hours and sintering at 1100℃ for 1.5 

hours with 10 wt% excess LiOH in the MgO crucible. The de-binding and sintering process should be 

performed in a high-purity argon flow. Furthermore, the electrochemical properties result in a high ionic 

conductivity (2 mS/cm) and low activation energy (0.44 eV).  
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5.2 Conclusions 

The conclusions are listed as follow. 

1. The research presented in this thesis provides an alternative method for fabrication of LLZO ceramic 

electrolytes – direct ink writing. When compared with alternative fabrication technologies like 

powder pressing, tape-casting and chemical vapour deposition, direct ink writing has the advantages 

of easy operation and capable of producing multi-material cathode composite inks. Additionally, 

this method can be used to create diverse geometries in a wide range of sizes. The preliminary results 

in this thesis demonstrate the feasibility of using direct ink writing to manufacture ceramic solid-

state electrolytes. This conclusion meets objective 2 to fabricate 150 – 250 µm SE using direct ink 

writing.  

2. A known challenge in ceramic manufacturing is the cracking seen during shrinkage (drying and 

sintering). This phenomenon is directly related to the ink composition. As a result, a suitable ink 

composition that has appropriate solvent ratios and binder-plasticizer content is developed for the 

processing and drying of ceramic electrolytes. The solvent ratios assist the ideal drying rate of the 

ceramic part avoiding cracks.  The binder strengthens the ink, while the plasticizer allows for more 

flexibility in the printed ceramic solid electrolyte. This conclusion meets objective 1 to formulate a 

ceramic electrolyte ink suitable for direct ink writing.     

3. The final step in the processing of ceramic electrolytes is sintering. Although extensively studied in 

literature, the poor processing results in poor reproducibility impeding the path to 

commercialization. This research addressed and provided solutions to some common sintering 

challenges such as reproducibility of a flat, high density solid electrolyte with the desired crystal 

cubic phase. This conclusion meets objective 3 to find suitable sintering parameters for printed 

LLZTO ceramic electrolyte.  

4. This work presented a correlation between the green thickness of the LLZTO ceramic electrolyte 

with the Li depletion impurity phase. A green thickness of approximately less than 200, 300, and 

400 µm, as much as 20, 10, and 0 wt% excess LiOH is required to compensate for the high-

temperature Li loss and maintain the desired cubic crystal phase. To our knowledge, this data has 

not been presented in literature in a similar manner.  

5. The electrochemical analysis of the final sintered solid electrolyte revealed a high ionic conductivity 

exceeding the ionic conductivity of a thicker bulk pellet commercially available. This signifies the 



 

 95 

ability of LLZO to efficiently conduct Li-ions rapidly. This conclusion meets objective 4 to 

characterize the printed LLZTO ceramic electrolyte. 

5.3 Future Works 

1. Additive manufacturing demonstrates freeform design capability to enhance the areal energy density 

and volumetric energy density. In this thesis, printing dense solid electrolytes is demonstrated. 

However, exploring unique customized designs for specific applications has not been studied. 

Additionally, a porous ink can be synthesized to add a porous LLZO layer enhancing the battery 

capacity and improving the integration with cathode material. 

2. A cathode ink can be synthesized, and fabricated on top of the sintered LLZO using direct ink 

writing to create a cathode composite layer on the solid electrolyte increasing the interfacial contact 

between the cathode and electrolyte. Additionally, features can be printed on dense solid electrolyte 

to further enhance the interfacial contact. 

3. The thickness of the printed LLZTO solid electrolyte is known to greatly impact the Li-depleted 

LZO impurity phase in the final crystal phase. Further studies can be done to validate the findings 

of this research and perform statistical analysis for this phenomenon. An understanding of the phase 

correlation to green thickness can lead to more reproducible results with the desired crystal phase in 

the future, making us one step closer to commercialization of this LLZO solid electrolyte. This data 

can also be used to study the Li diffusion at the microstructure scale using x-ray photoelectron 

spectroscopy. 

4. Finally, a 3D printed full cell battery with high energy density Li metal, and high-voltage cathode 

material can be created for further electrochemical analysis included charging and discharging 

cycling. 
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Appendix 

 
Figure A1: Optical images of powder preparation, and compaction using uniaxial dry pressing 

to create a bulk LLZTO pellet. 

 

Figure A2: Optical images of sintered LLZTO bulk pellet with uneven sintering (left) and 

broken brittle bulk pellet (right). 

 

Figure A3: Optical images of 250 µm mesh placed within the syringe to filter large 

agglomerates (left) and used mesh (right). 

 

 

 

Powder Preparation Compact LLZTO Powder



 

 124 

 

Figure A4: Optical images printed ceramic electrolytes cracked during drying. 

 

Figure A5: Optical images of LLZTO rectangular green body sheet (left) and sintered LLZTO 

rectangular sheet (right) in an alumina boat crucible. Photographs show significant warping of 

the thin sheets. The black contamination in/on alumina crucible is possible contamination from 

other materials in the tube furnace. 



 

 125 

 

Figure A6: Optical images of LLZTO rectangular green body sheets a) placed within MgO 

crucible, and b-c) sandwiched between MgO plate. Warping is noticed due to small spaces 

between MgO plates. Thinner sheets can be seen adhering to MgO plate due to reactions 

between MgO plate and LLZTO SE (c). 

 

 

Figure A7: Optical images of warping and cracking LLZO solid electrolyte sintering challenges. 

A flatter ceramic is observed after implementing a pressing and cutting step to pack solid 

particles together and cutting thinner edges out. 

 

 

a) b) c)

GREEN BODY

SINTERED
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Figure A8: Optical image of MgO sandwich sintering technique within the 12mL MgO crucible. 

 

 

 

 

 

 

 

Figure A9: Optical images of sintered LLZTO ceramic electrolyte. 

 


