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The global pursuit of safer and higher-capacity energy storage devices emphasizes the 

crucial link between the microstructures of electrochemically active materials and overall battery 

performance. The emergence of solid-state electrolytes featuring multi-layered, variable porosity 

microstructures presents fresh opportunities for developing the next generation of rechargeable 

batteries. However, this advancement also brings forth novel challenges in terms of device 

integration and operation. In this dissertation, solid-state Li-ion conducting electrolytes were 3D 

printed to enhance the performance of porous electrolyte layers within porous-dense-porous 

trilayer systems. 

LLZO-based garnet electrolyte scaffolds were fabricated via 3D printing using direct ink 

writing (DIW), facilitating the generation of scaffolds with minimal tortuosity and constriction in 

comparison to previous porous scaffolds manufactured through tape casting. Rheological 



  

techniques, including stress and time sweep tests, were employed to characterize the DIW inks 

and discern their conformal and self-supporting properties. 

The analysis focused on ink characteristics critical for Direct Ink Writing (DIW), 

emphasizing properties essential for achieving high aspect ratio printing and minimal 

constriction in 3D structures. Drawing from this ink research, two distinct 3D architectures, 

columns and grids, were fabricated. Column structures were utilized in assembling Li-NMC622 

and Li-SPAN cells, with detailed discussions highlighting improvements in printing and 

sintering outcomes. Notably, NMC622, characterized by larger particle sizes, demonstrated 

complete infiltration within 3D printed porous networks, yielding a promising specific capacity 

of 169.9 mAh/g with minimal capacity fade. Further optimization involved integrating a porous 

3D scaffold to facilitate SPAN infiltration in Li-SPAN cells, resulting in a specific capacity of 

1594 mAh/g, albeit with significant capacity fade. The Li-S was implemented into a grid 

structure achieving 763 mAh/gS with less than 0.25% capacity loss over 16 cycles. Lastly, 

comprehensive morphology analysis was conducted to evaluate the effectiveness of our optimal 

DIW structures and to inform future enhancements of such cells. 
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Chapter 1: Lithium-ion Batteries 

The surge in mobile technology and the increasing demand for 

environmentally friendly power sources in transportation have propelled battery 

technology into the forefront of research.1–3 Current battery technologies are 

insufficient to satisfy the demands for batteries in grid storage systems, portable 

electronics, and electric vehicles.1,2 Additionally, addressing the prevalent safety 

concerns associated with Li-ion battery technology has become imperative.1–3 Over 

the past two decades, there has been a significant increase, approximately 24 times, in 

publications on lithium solid-state batteries. However, only a small fraction of these 

publications have centered on processing and manufacturing aspects as seen in figure 

1.1.4 

 
Figure 1.1: Lithium solid-state battery publication analysis showing (a) number of 
publications by year during 2000 to 2020 and (b) radar plot depicting the distribution 
of research in key technical areas.4  

Batteries like other energy producing methods store energy in the form of 

chemical potential energy and release it in the form of direct current.5 Batteries can be 

broken down into 4 major components: cathode, anode, electrolyte, and current 

collectors. Anodes naturally oxidize, while cathodes undergo reduction, establishing 
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the potential that determines the voltage of the anode-cathode pair. These two 

electrodes are separated by an ionically conductive and electronically insulating 

electrolyte. This setup forces the electrons to traverse through the electronically 

conductive current collectors and the ions to diffuse through the electrolyte. 

Commonly, a separator is incorporated into the electrolyte to prevent direct contact 

between the anode and cathode. During discharge, electrons move from the anode to 

the cathode, and during charging, electrons flow in the opposite direction as seen in 

figure 1.2. The potential energy stored in the battery is determined by the pairing of 

the cathode and anode, as well as their respective quantities. Current collectors 

establish a highly conductive pathway for negatively charged electrons, while the 

electrolyte establishes a highly ionic-conductive pathway for positively charged ions, 

such as Li+, in lithium-ion batteries. Both negative electrons and positive ions will 

reunite to maintain charge neutrality. The electrolyte must not conduct electricity or 

permit the formation of electrically conductive species that bridge between the anode 

and the cathode; otherwise, electrons will bypass the current collectors, leading to a 

short circuit. 
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Figure 1.2: Left) Basic schematic of a battery charging. Right) Basic schematic of a 
battery discharging.6 
 

1.1 Organic Liquid Electrolytes 

1.1.1 Background 

In contemporary lithium-ion batteries, a LiPF6 organic liquid electrolyte 

separates a graphite anode from a lithium metal oxide cathode, such as LiCoO2.7 

Battery technology has progressed slowly, particularly concerning the miniaturization 

of electronics, despite its apparent simplicity. Exxon pioneered lithium batteries in the 

1970s, which led to the discovery that the lithium anode could react with the 

electrolyte, resulting in device explosions.1,8 In the late 1970s to the early 1990s, John 

Goodenough utilized lithium metal oxides in cathodes to circumvent compatibility 

issues associated with lithium metal.9–12 Sony produced modern commercial lithium-

ion battery technology in 1991, employing graphite and lithium transition metal 
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oxides derived from Goodenough's research.1,7 Liquid electrolytes, like LiPF6 in EC 

or DMC, have dominated the modern battery market owing to their high ionic 

conductivity, typically around 1×103 S/cm.13,14 This specific liquid electrolyte 

chemistry exhibited both high Li-ion conductivity (~10-3 S/cm) and the capacity to 

establish a stable SEI that passivated the electrolyte-graphite interface, significantly 

reducing detrimental side reactions responsible for performance deterioration.14 To 

prevent the anode from bridging over to the cathode and forming a short circuit, a 

physical membrane or separator is necessary when using liquid electrolytes. 

The surge in electric vehicle adoption over the past decade has led to a 

significant increase in demand for newer and improved batteries, reaching 

unprecedented levels.15 In less than 10 years, the number of electric vehicles used has 

exploded from virtually none to hundreds of millions.15 

 
Figure 1.3: Total number of electric vehicles by segment and market between 2015 to 
the projection of 2025.15 
 

Amidst the rise in electric vehicles, there has been an unprecedented increase 

in battery-related thermal runaway fires as seen in figure 1.4.16 To sustain the 
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electrification of transportation and personal electronic devices, it is imperative to 

explore solutions and alternatives to mitigate the flammability of batteries. 

 
Figure 1.4: The global count of aviation battery fires caused by thermal runaway from 
the very first incident in 1996 to 2019.16 

1.1.2 Material Challenges/Safety 

LiPF6, often mixed with carbonates, are crucial in both sustaining high ionic 

conductivity and ensuring electrode contact.17,18 These electrolytes have low flash 

points, posing a significant danger, especially when exposed to oxidation reactions, 

leading to numerous fire-related accidents.19–28 Attempts to mitigate the flammability 

in these electrolytes involves adding flame-retardant at the cost of electronic 

conductivity.14,29 
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Figure 1.5: Li metal anode growing a dendrite through PEO during battery cycling.30 

Table 1.1: Select incidents of battery fires around the world in between 2013 and 
2018.26 
Device Date Location Description 

 
 

Mobile 
Phone 

2016/08/24 Korea First explosion of a Samsung 
Note7 (World).19 

2016/09/18 China First explosion of a Samsung 
Note7 (China).19 

2018/12/30 United States User burned form iPhone XS max 
self-ignition.20 

 
 
 
 

Electric 
Vehicles 

2013/10/02 & 
2017/10/18 

United States Tesla Model S fire after 
accident.26,27 

2016/01/01 Norway Tesla Model S fire during 
charging.21 

2016/05/14 China EV bus fire due to battery short.21  
2016/09/07 Netherlands Tesla Model S battery fire killed 

driver.21 
2017/01/15 & 

2018/05/21 
China EV bus self-ignited during 

operation.22,23 
2017/02/19 China Tesla Model X fire after crash.22 
2017/05/01 China EV bus fire during charging.22 
2018/03/24 United States Tesla Model S fire.23 

Airplanes 2013/01/07 United States Boeing 787 battery pack fire.24 
2013/01/16 Japan Boeing 787 fire midflight.25 

 
LiPF6-based electrolytes incorporate solid separators to inhibit the growth of 

electronically conductive dendrites within the battery.31 Soft materials such as liquid 

electrolytes do not block dendrites from short circuiting the cell. Brissot et al. 
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demonstrate the formation of lithium dendrites in a lithium symmetric cell using a 

PEO electrolyte containing LiTFSI.30  

LiPF6 electrolytes exhibit a narrow stability range and decompose above 4.5V 

(vs. Li/Li+), limiting the utilization of high-voltage cathodes and thus impeding the 

potential energy density of such systems.3,32 This decomposition often means 

excluding the high specific capacity anode Li metal as it forms an unstable SEI layers 

with liquid carbonate electrolytes, resulting in capacity loss. Elemental sulfur is 

recognized as a promising cathode material due to its high theoretical capacity of 

1670 mAh/g.33,34 However, when paired with LiPF6-based electrolytes, specific 

lithium sulfide species dissolve into the electrolyte, leading to irreversible capacity 

loss.33–39 This phenomenon is known as the "polysulfide shuttle effect."33,34 

1.2 Solid-State Lithium-Ion Electrolytes 

1.2.1 Background 

SSBs have emerged as a compelling technology to address the increasing 

demand for next-generation energy storage. They offer potential for high energy 

density and reduced flammability concerns.4,40,41 Solid electrolytes should naturally 

fill the role of a physical separator to block dendritic growth with increased 

hardness.42–44 

There are a number of new SSE technologies (oxides, sulfides, hydrides, 

halides, thin films, and polymers).2 Oxides such as perovskites, NASICON, and Li-

garnet have high ionic conductivity, chemical and electrochemical stability, voltage 

window, and mechanical strength.2 Sulfides including Li2S-SiS2 and thio-LISICON 

have high ionic conductivity, mechanical strength, and flexibility.2 LiBH4, LiNH2, 
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and other hydrides have high ionic conductivity, mechanical strength, flexibility, and 

stability with lithium metal, the golden standard anode.2,40,45 The low intergranular 

resistance makes sulfides and hydrides very promising materials.2 Halides and thin 

films are potentially suitable SSE, but they have ionic conductivities at least two 

orders of magnitude lower than oxides, sulfides, and halides.2  

 

Figure 1.6: Radar plots of various solid-state electrolytes including oxides (a), 
sulfides (b), hydrides (c), halides (d), thin films (e), and polymers (f).2 
 

Polymers often do not have the mechanical support to prevent dendrites as well as 

they have a limited voltage stability window, so they cannot pair with high potential 

cathode-anode pairings.2,30 Taking a closer look at sulfides and hydrides, both of 

these SSEs are sensitive to moisture meaning these materials will need to be kept in 

dry environments during synthesis.2 Controlling moisture tends to be more difficult 

during synthesis meaning oxides seem to have a distinct advantage over other SSEs. 
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Many SSEs have much better stability with higher capacity cathodes such as 

elemental sulfur.2 The "polysulfide shuttle effect" does not occur in SSEs, indicating 

that SSEs will outperform conventional liquid electrolytes as long as the electrolyte 

does not react with elemental sulfur or any of the lithium polysulfide species.46 

1.2.2 Lithium Garnet 

Previously established is the oxide SSE show a great promise among 

emerging SSE technologies. Among the oxide SSEs, cubic Li-garnet (Li7La3M2O12, 

M = Zr, Ta, Nb) is one of the promising SSEs with its nonflammable, wide 

electrochemical stability windows, and its high ionic conductivity (~1 mS/cm).47–50 

Its high elastic modulus (156 GPa) and hardness (13 GPa) make it strong enough to 

block Li metal dendrites allowing it to act as a separator in addition to a SSE.51 First 

principles studies have determined LLZO is stable with Li metal.52 Li garnet has an 

electrochemical stability window of about 7 V (vs. Li/Li+) making it stable with 

metallic lithium anodes.53,54 A Li-S battery enabled by SSEs has the theoretical 

energy density of 2600 Wh/kg whereas a standard commercial battery only has an 

energy density of ~800 Wh/kg.37,55 

Li garnet comprises two phases: the tetragonal phase, which exhibits 1 to 2 

orders of magnitude lower conductivity, and the cubic phase, known for its higher 

conductivity.56–58 The phase of garnet is determined by the sintering temperature, 

with the cubic phase requiring high temperature sintering.56 Excessive temperature 

can lead to its decomposition as lithium vaporizes and leaves the system.56 In 

undoped LLZO, the cubic conductive phase forms above 1150°C and breaks down 

above 1250°C to the lower conductivity phase of La2Zr2O7.56 Al doping of LLZO 
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from Al2O3 crucibles was utilized to stabilize cubic LLZO phase at much lower 

temperatures than undoped.59 The addition of low parts of Al3+ ions into Li-sites 

creates extra Li vacancies which helps stabilize the cubic phase.59 In addition to Al, 

other dopants have been investigated with goal to further stabilize the cubic phase of 

LLZO as well as to improve ionic conductivity.50,60–62 Ca and Nb show promise as 

dopants for the La-site and Zr-site, respectively, in the form of LLCZN, reducing the 

sintering temperature while enhancing the ionic conductivity up to 0.8 mS cm-2.63,64 

Ta-doped LLZO has been observed in the cubic phase with temperatures as low as 

610°C.61 

1.2.3 Improving the Interface for Li7La3Zr2O12 

 

Figure 1.7: a) Schematic of Li metal wetting on LLZO before and after ALD 
interlayer deposition. b) SEM demonstration LLZO wetting without ALD layer and 
with ALD layer.65 

 

One of the most distinct challenges with the implementation of LLZO as a 

SSE is the high interfacial impedance between it and Li metal.66 As discussed 

previously, one of the main goals of using SSEs is the implementation of Li metal 

anodes.1,32 LLZO has exhibits poor wetting with Li metal which means poor 

interfacial contact resulting in high ASR.65,67 Applying an ALD coating to the surface 

improves the Li metal wetting with LLZO as shown in figure 1.7. Without ALD voids 
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were left in the interface between the LLZO electrolyte and Li metal causing 

localized high current in the areas of contact.65 Such poor contact between the anode 

and electrolyte limits the available surface area for Li+ transfer. These localized points 

of high current can be points of weakness in the electrolyte for dendrite growth.68 The 

addition of an ALD layer drastically improves the wetting creating more surface area 

between the Li metal and LLZO eliminating the localized points of high current 

density.65,67 The improved Li+ transfer is reflected in the impedance as shown in 

figure 1.8 where the resistance decreases by over 20x (3528 Ω∙cm2 to 176 Ω∙cm2). 

 

Figure 1.8: EIS measurements of Li-Li symmetric cells with and without Al2O3 ALD. 
The sample with ALD layer has an inlay to highlight its over 20x drop in 
impedance.65 
 

There have been reports of LLZO reacting with H2O from atmosphere via a 

substitution reaction as seen in equation 1.1.61  

𝐿𝐿𝐿𝐿7𝐿𝐿𝐿𝐿3𝑍𝑍𝑍𝑍2𝑂𝑂12 + 𝐻𝐻2𝑂𝑂 ↔  𝐿𝐿𝐿𝐿7−𝑥𝑥𝐻𝐻𝑥𝑥𝐿𝐿𝐿𝐿3𝑍𝑍𝑍𝑍2𝑂𝑂12 + 𝑥𝑥 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿                                         (1.1) 

This reaction is believed to happen in conjunction with the presence of CO2 in 

atmosphere and is reversible with a simple heating above 600°C in a dry atmosphere 
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where the water is removed from the surface and the Li is reinserted back into the 

LLZO structure. The LiOH on the surface does not aid Li metal wetting and it can 

cause difficulty for ALD deposition and is typically removed during LLZO 

processing. 

1.2.4 Improved Cell Performance with Three-Dimensional 
Structures 

 
Interfaces of LLZO still have higher impedance in full battery cells restricting 

their ability to be commercialized. ALD has improved Li metal wetting greatly 

reducing interfacial impedance and mitigating dendrite grown through Li-garnet 

SSEs,65–67 while 3D structures created with tape casting-laminating approach (figure 

1.9) and freeze casting (figure 1.10) both provide extended surface area to increase 

Li+ transfer and electrode utilization.69–72 3D Li-garnet frameworks show outstanding 

cycling in Li symmetric cells with Li-garnet stably cycling at 10 mA/cm2 for 500 

h.,65,69,73 and recently, a modified Li-garnet trilayer with a mixed ionic electronic 

conducting (MIEC) garnet in the porous structure achieved over 100 mA/cm2.74 3D 

Li-garnet structures perform significantly better than all other Li-garnet interface 

strategies75,76 and provide at least 40x improvement to electrode/garnet interfacial 

area when compared with planar structures.69 Yi et al. with a 3D structure created 

from freeze-casting and were able to fill 80% to 90% of the pores with NMC622 

suggesting that the porous structure shown in figure 1.10 is not open enough to easily 

infiltrate NMC622.71 No published data exists on whether NMC particles will 

infiltrate into the pores of the trilayer structure proposed by Hitz et al.69  However, the 
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community generally understands that the typically large particle sizes of NMC (3 to 

6 µm) are too large to reliably fit into the random surface porosity of the porous layer. 

 

Figure 1.9: a) Schematic of Li-Li symmetric cell built utilizing a tapecast-trilayer 
LLZO structure. b) SEM cross section of Li-Li symmetric cell built utilizing a trilayer 
LLZO structure.69 

 
Figure 1.10: Trilayer structure produced by tapecasting and freeze casting Li garnet.71 

1.2.5 Effects of Microstructure on Conductivity 

Tortuosity refers to the measure of the indirectness or convolutedness of a 

pathway traversed by ions or particles within a medium. Applying tortuosity to LLZO 

applications, we are considering the diffusion path of Li ions and electrons within the 

electrodes. Geometric tortuosity, illustrated in figure 1.11a, is defined as the ratio of 

the diffusion path length to the straight-line distance. A tortuosity of 1 represents the 

ideal scenario for conduction paths, as indicated by equation 1.2, where ∆𝑙𝑙 =  ∆𝑥𝑥, 

indicating that the path traveled is the shortest possible.77  
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𝜏𝜏𝑔𝑔𝑔𝑔𝑔𝑔 =  
∆𝑙𝑙

∆𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔
                                                                                                                        (1.2) 

The percolation factor, depicted in figure 1.11b, quantifies the ratio of the 

connected structure to the isolated structure. The percolation factor is defined as the 

percentage of the connected phase over the total phase, as depicted in equation 1.3. If 

all of the phase is connected then the percolation factor is 1.77 

𝑃𝑃 =  
𝑁𝑁𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎,   𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑁𝑁𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎,   𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
                                                                                                        (1.3) 

The constriction factor, as demonstrated in figure 1.11c, represents the ratio of 

the minimum cross-sectional area to the maximum cross-sectional area, reflecting 

bottleneck constriction as shown in equation 1.4.77–80 A constriction factor of 1 is 

ideal as that would mean the conduction path across the entire path is uniform in 

radius and by extension area, so no constriction is occurring.77 

𝛽𝛽 =  
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

                                                                                                                               (1.4) 

While 3D structures improve the cell performance,69–72 more control over the 

microstructure is required to optimize conductivity in the form of making conduction 

paths more direct between electrolyte and current collector.77 Hamann et al. report 

that high tortuosity 3D structures or structures with nonlinear conduction paths reduce 

effective conductance by up to 19.85%.77 Isolated pores in the LLZO system are also 

not conducive to a high performance system as isolated pores will have no paths to be 

infiltrated with electrode. Constriction in 3D structures works similar to the effect of 
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Figure 1.11: Schematics demonstrating a) geometric tortuosity, b) percolation factor, 
and c) constriction factor.77–80 
 
the not ALD coated LLZO with Li metal. As the Li+ conducts through the electrolyte, 

it is preferable for the number of bottlenecks to be minimized.81 Hamann et al. found 

the constriction factor was the most important factor when it came to reducing 

conductivity losses due to microstructure.81 

 
Figure 1.12: Microstructure terms plotted for various porosity LLZO samples ranging 
from 0% porosity to 56.67% porosity. P is percolation factor, 1/τ2 is the tortuosity 
component, β is constriction factor, f is the volume fraction, and M-factor is the 
combined effect on conductance of all of the previous factors.77 
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Combining these factors allows for the determination of the M-factor, as 

illustrated in equation 1.5. Subsequently, the modified conductivity can be calculated 

using equation 1.6. 

𝑀𝑀 = 𝑓𝑓 ∗
1
𝜏𝜏2
∗ 𝑃𝑃 ∗ 𝛽𝛽                                                                                                               (1.5) 

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝑀𝑀                                                                                                         (1.6) 

1.3 Research Objective: Develop Li Garnet Inks for Direct 

Ink Writing for Porous Electrolyte Control 

Introducing a 3D approach to conventional planar LLZO batteries has 

significantly enhanced the performance of SSBs. As this technology advances 

towards commercialization, optimizing performance becomes paramount. This 

dissertation aims to investigate and showcase the precise control of LLZO 

microstructure through DIW to further enhance SSB performance. 

Transforming our random porous layer into an ordered 3D printed structure 

has many advantages. First, the porosity on the surface of the porous layers would be 

more open allowing larger particle cathodes to be more readily infiltrated. 

Additionally, an ordered 3D printed structure eliminates the possibility for isolated 

pores minimizing void area in the electrodes. Secondly, the tortuosity of 3D printed 

structures approaches 1 due to improved control over the structure, allowing for 

minimized conduction path lengths and ideal conductivity. Finally, 3D printing 

enables enhanced control over the constriction within each porous region. Hamann et 

al. identified constriction as the primary limitation in 3D porous SSEs, and through 

3D printing, it can be eliminated.77 
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In our previous work, McOwen et al.82 successfully developed various solid 

electrolyte inks for DIW type of 3D printing utilizing Li-garnet for Li-cycling. 

McOwen et al. found that there are two major classifications of inks for 3D printing, 

conformal and self-supporting.82 Self-supporting inks offer direct control over 3D 

structures. However, the factors that make them ideal for DIW are not well 

understood. Furthermore, the creation of SSBs using 3D printing has yet to be 

demonstrated. This dissertation will investigate ink properties and establish 

correlations with DIW quality and battery performance. 
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Chapter 2: Development of Li Garnet Inks for 
Direct Ink Writing 
2.1 Fundamentals of Direct Ink Writing 

2.1.1 Background 
 

McOwen et al.82 and earlier researched discussed the correlation between 

viscosity and ink classification (conformal and self-supporting). Conformal inks were 

classified as having low viscosity and self-supporting inks as high viscosity as shown 

in figure 2.1. For a purely Newtonian fluid, flowability typically precludes self-

supporting capability. Flowing behavior aligns more with conformal ink 

characteristics, while rigidity and high viscosity are indicative of self-supporting ink 

behavior. Achieving self-supporting structures relies heavily on higher viscosity. 

When aiming for self-supporting structures with a Newtonian fluid, extrusion of a 

nearly solid complex fluid is necessary, but this process is limited by the viscosity 

that can pass through the narrow opening of the 3D printer nozzle. Hence, it's 

imperative to consider self-supporting inks from a non-Newtonian fluid perspective. 

For structures with high aspect ratios, shear thinning behavior is essential, which can 

be measured from viscosity data. Shear thinning is a non-Newtonian fluid behavior 

where the viscosity of a fluid decreases as the shear rate increases. In other words, 

when a shear force is applied to the fluid, causing it to flow, the viscosity decreases, 

allowing the fluid to flow more easily. However, simple viscosity tests alone do not 

suffice as they fail to provide comprehensive insights on viscoelastic recovery. While 

basic viscosity experiments provide extrusion feasibility data, it fails to capture post-
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shear thinning ink recovery properties. More in-depth methods of characterizing inks 

are required for such work. 

 
Figure 2.1: The viscosity data for the self-supporting ink was compared with that of a 
conformal ink exhibiting Newtonian behavior.82 Viscosity of the self-supporting and 
conformal inks wer measured at 1500 cP and 1090 cP respectively. The self-
supporting ink exhibited a yield stress of 280 Pa, while the conformal ink showed no 
yield stress. 
 

 

2.1.2 Direct Ink Writing Concepts and Design Goals 
DIW 3D ceramic structures require specific parameters to print high aspect 

ratio self-supporting structures. The ink must strike a balance; it cannot be 

excessively viscous, impeding flow through the printer head, nor excessively thin, 

risking collapse under its own weight. Shear thinning is crucial for DIW, as the ink 

needs to be stiff enough to support its weight in the final 3D printed product, yet flow 

easily and consistently during extrusion from the DIW printer head. Developing an 

ink with shear thinning properties is necessary to achieve these opposing behaviors. It 

is crucial for the ink to demonstrate shear thinning while also rapidly returning to a 

high viscosity state, ensuring quick viscoelastic recovery. To create a high-

functioning DIW ink, it is essential to achieve a balance among three key factors: 1) 



 

 

20 
 

high viscosity under no stress or at rest, 2) flowability under elevated stress suitable 

for application by the DIW printer, and 3) rapid return to a high viscosity state after 

stress removal or a quick viscoelastic recovery time. 

2.2 Rheology Background 

2.2.1 Concepts 
To understand the above stated requirements of the ink, the inks rheology 

must be studied. Achieving an optimal rheological balance is crucial when 

formulating inks for 3D features. The ink moduli must reach an adequate level to 

facilitate the formation of freestanding structures.82 However, DIW printers have 

limited pressure capabilities, meaning that excessively high moduli or insufficient 

shear thinning will render the self-supporting ink non-printable.  

In the early attempts to characterize the DIW printer inks, viscosity was the 

only viscosity was the major ink property investigated. McOwen et al. investigated 

shear stress and a function of shear rate to determine viscosity of the inks.82 These 

tests are effective for Newtonian fluids they represent, but as discussed previously, 

the non-Newtonian shear-thinning behavior is crucial for optimizing and ensuring the 

long-term success of DIW SSE.82 As ink viscosity increased, the non-Newtonian 

nature of the inks became apparent. In figure 2.2, a non-Newtonian ink exhibiting 

shear thinning is displayed. As the shear rate increases, the shear stress initially 

reaches a maximum before decreasing, while viscosity concurrently decreases. 
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Figure 2.2: Viscosity measurements of a non-Newtonian LLZO ink exhibiting shear 
thinning. This ink had 68 wt%LLZO loading and 32 wt% organic solvents. 
 

These inks have a much higher solids loading than reported by McOwen et al. 

leading to much more solid-like behavior.82 These tests were conducted using 

continuous rotation, and, akin to other solids, high solid loading inks exhibit plastic 

deformation earlier under this mode compared to testing via oscillatory rotation. The 

high-viscosity, viscoelastic nature of the inks necessitates that oscillatory rheology be 

conducted.83 

Viscosity is not the most descriptive term for characterizing inks, as discussed 

previously, because these high solid loading inks exhibit both solid-like and liquid-

like characteristics. 𝐺𝐺∗ and δ are much more useful variables when characterizing 

such inks. 𝐺𝐺∗ is calculated from the shear stress (σ) and shear strain (γ) applied to the 

ink as shown in equation 2.1. 

𝐺𝐺∗ =  
𝜎𝜎
𝛾𝛾

                                                                                                                                   (2.1) 
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δ is the phase angle representing the lag in the response between σ and γ. This lag in a 

complex fluid’s response means, 𝐺𝐺∗ can be broken down into two components, 

storage modulus (𝐺𝐺′) and loss modulus (𝐺𝐺") as seen in equations 2.2 and 2.3. 

G′ =  𝐺𝐺∗ cos (𝛿𝛿)                                                                                                                   (2.2) 

G" =  𝐺𝐺∗ sin (𝛿𝛿)                                                                                                                    (2.3) 

When 𝛿𝛿 = 0, there is no lag in stress response, so G′ = 𝐺𝐺∗, and when 𝛿𝛿 = 𝜋𝜋
2� , G" =

𝐺𝐺∗. Solid-like behavior is often considered represented by G′ and liquid-like behavior 

is represent by G" of a complex fluid.83,84 When dividing equations 2.3 by 2.2, we see 

δ, G′, and G" are related in equation 2.4.  

tan(𝛿𝛿) =
𝐺𝐺"

𝐺𝐺′
                                                                                                                          (2.4) 

 
 

2.2.2 Stress and Time Sweeps 
 

To characterize the inks, two rheology tests are conducted: stress sweeps, time 

sweeps, and frequency sweeps. During a stress sweep, the ink undergoes a range of 

stresses from low to high, as suggested by the name of the test. This test provides 

information on G′, G", flow point, and non-Newtonian behavior. For this test, a 

starting stress of 10 Pa was selected, which was the chosen initial point for most 

stress sweep tests. For extremely high viscosity inks, lower stresses may yield noisy 

data. Therefore, the starting stress is increased to mitigate the noise. 
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Figure 2.3: LLCZN ink oscillatory stress sweep test. The concept of flow point is 
demonstrated at where δ is 45° and where G" becomes larger than G′. 
 

Figure 2.3 depicts a stress sweep test conducted on an LLZO ink. Initially, G′ 

is greater than G", and as stress increases, both G′ and G" decrease. However, G" 

declines slower with ramping stress, resulting in G" exceeding G′ beyond the flow 

point, identified as the point where δ reaches 45°. Since both G′ and G" are decreasing 

with increasing stress, the LLCZN ink system is shear thinning which is the desired 

property for DIW. At stresses lower than the flow point, G′ is dominant and at 

stresses higher than the flow point, G" is dominant. 
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Figure 2.4: LLCZN ink oscillatory time sweep test or 3ITT. Interval I and III are low 
stress holds below the flow point and interval II is a high stress hold above the flow 
point. 
 

The second test for inks involves analyzing their viscoelastic recovery, which 

requires a time sweep test, also known as a Three Interval Time Test (3ITT). An 

example time sweep test is depicted in Figure 2.4, illustrating the sequence of stress 

holds from low to high, and back to low stress. Intervals I and II are baseline holds 

and interval III is where recovery time is determined. If the time sweep test is 

conducted properly, G′ should be dominant in intervals I and III and G′ should be 

dominant in interval II. The LLCZN ink in Figure 2.4 exhibits a slight delay in 

returning to its steady-state condition. To determine the initial modulus value and the 

approximate steady-state value, 𝐺𝐺0′  and 𝐺𝐺∞′  are used, respectively. τ indicates the time 

required for the ink to recover a certain percentage back to 𝐺𝐺∞′  from 𝐺𝐺0′ . Due to the 

high solid loading in the inks, the moduli from interval III often does not recover back 

to the moduli in interval I. This occurs due to the plastic deformation induced by the 
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high stresses applied to the inks during the sweep tests. Both the stress sweep and 

time sweep tests are destructive, and the ink properties never fully recover to their 

original moduli. 

The last test, the frequency sweep, holds fixes the stress experienced by the 

ink, but gradually increases the frequency of the stress experienced. This test looks at 

how inks behave at different time lengths. These types of tests could give insights on 

how to adjust applied pressure to the inks. Ideally, the time scale should change 

minimally in G′ and G" and overall non-Newtonian character should not change. 

For each of these tests, the ink is loaded underneath the geometry completely 

to ensure good measurements as the loss of a total filling will lead to inaccuracies for 

the measurements. Each test was performed in atmosphere with air cooling to the 

rheometer to prevent overheating to the mechanism. All of our rheology 

measurements were done with a TA Instruments AR2000 rheometer or a 

ThermoScientific Haake Mars iQ rheometer. 

2.2.3 Viscoelastic Recovery 
 

To underscore the need for comprehensive characterization, two similar inks 

are shown in figure 2.5. In figures 2.5a and 2.5b, stress sweep tests reveal comparable 

initial moduli (5410 Pa for ink A and 4275 Pa for ink B) and similar trends as 

oscillatory stress increases. However, upon closer examination of their time sweep 

tests, distinct differences emerge. Ink A exhibits a sharper modulus drop, 

accompanied by a rapid τ50 at 15 s (figure 2.5c), whereas ink B displays a more 

gradual modulus loss, with a slower τ50 at 39 s (figure 2.5d). The morphology  
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Figure 2.5: Rheological data for two inks and their corresponding 3D printed 
structures. a-b) Stress sweep results of ink A and ink B, respectively. c-d) Time 
sweep resultf of ink A and ink B, respectively. e-f) SEM cross-section images 
depicting column structures printed using ink A and ink B, respectively. 
 
analysis in figure 2.5e reveals that ink A assumes a rounded, conformal appearance, 

likely due to its significant modulus reduction under high stress during the time 

sweep test. Conversely, ink B (figure 2.5f) exhibits a slightly more supportive 

structure and minimal beading compared to ink A, attributable to its more consistent 

modulus distribution throughout the time sweep test, despite a slower τ50. These 
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findings underscore the inadequacy of stress sweep tests alone for characterizing 

these complex inks. 

2.3 Rheology Testing 

2.3.1 Oscillatory Stress Sweeps 
 

Conformal and self-supporting inks were defined in previous sections and this 

section is apply the ideas and methods to characterize the inks. The first step to 

characterizing the inks was to conduct an oscillatory stress sweep test. It is crucial to 

characterize the changes in G′ and G" with increasing stress and identify the point at 

which they intersect (flow point) from the stress sweep. This data provides valuable 

insights for subsequent time sweep tests aimed at identifying thixotropic behavior. 

Each ink was subjected to oscillatory rheology testing at a frequency of 10 rad/s and 

shear stress ranging from 10 Pa to 1000 Pa. Shear stresses below 10 Pa often resulted 

in significant experimental noise. Although the AR2000 rheometer could measure up 

to 10 kPa, some inks exhibited noise levels exceeding 1 kPa, particularly when 

transitioning to a flowing state, due to ink ejection from underneath the geometry. 

The experiments involved testing over one hundred inks, resulting in 

significant variations. These variations were initially challenging to control and not 

immediately intuitive, but we will discuss the hypotheses and findings later.  
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Figure 2.6: Oscillatory stress-sweep rheology tests of three different inks; a) ink 1 – 
conformal ink, b) ink 2 – semi self-supporting ink, and c) of ink 3 – conformal ink. G′ 
and G" of ink 3 are inaccurate due to exceeding the maximum measurable modulus of 
the rheometer. 
 

Figure 2.6 depicts stress sweeps of three ink types: a) conformal, b) semi self-

supporting, and c) self-supporting. These inks are the best examples that had rheology 

measured and were 3D printed in future chapters. G′ and G" are related to viscosity 

and previous work82 classified higher viscosity inks as more self-supporting. From the 

figures 2.6a-c, one can see that as both G′ and G" increase, so did the classification 

from conformal to self-supporting. 

When analyzing the resulting of figure 2.6, the important figures of merit are 

flow point which is characterized by 𝐺𝐺′ = 𝐺𝐺" or when 𝑡𝑡𝑡𝑡𝑡𝑡(δ) = 1 and yield stress 

which is characterized by the inks transition on a stress sweep from the linear region 

to its non-linear region.  

Figure 2.6a presents the stress-controlled sweep of our first ink which started 

yielding around 800 Pa of oscillatory stress and flowing around 4 kPa with initial 𝐺𝐺′ 

of 449 kPa and initial 𝐺𝐺"of 124 kPa.  

Figure 2.6b depicts the stress-controlled sweep of our next ink which started 

yielding around 300 Pa of oscillatory stress and the flow point is close to 1 kPa. 
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Comparing this stress sweep to figure 2.6a, we observe higher 𝐺𝐺′ and 𝐺𝐺" (4.54 MPa 

and 3.75 MPa respectively) for this ink.  

Figure 2.6c presents the stress-controlled sweep of our last ink. The data 

collected from the AR2000 rheometer was reading a negative 𝐺𝐺′ and 𝐺𝐺" which does 

not have a physical meaning suggesting that the capabilities of the machine were 

exceeded. The 𝐺𝐺′ and 𝐺𝐺" values would be significantly higher than those observed 

from the previous inks. 

 

Figure 2.7: Initial 𝐺𝐺′ and complex viscosity of inks 1, 2, and 3. Both 𝐺𝐺′ and 𝜂𝜂∗ of ink 
3 is approximated from the time sweep 𝐺𝐺" and assuming initial δ is 10°. 
 

As seen from figure 2.7 there is a trend from ink 1 to ink 3 as they are 

characterized with more self-supporting behavior, the inks 𝐺𝐺′ and 𝜂𝜂∗ both increase 

which is also in agreement with the previous study only analyzing viscosity. 

2.3.2 Oscillatory Time Sweeps 
 

Once the data from the aforementioned three inks was collected, their time 

responses were analyzed using time sweep tests. Similar to the stress sweep tests, the 



 

 

30 
 

testing frequency was maintained at 10 rad/s; however, the testing stresses were 

determined based on the stress sweeps conducted earlier. 

As previously discussed, two stresses are analyzed for stress sweep tests: high 

and low. The high stress was set to a stress level beyond the flow point of the ink. For 

consistency, the high stress parameter was set as close to 200% strain as possible, as 

200% strain was consistently observed in the high stress region during the stress 

sweeps. The low stress was set anywhere before yielding, preferably as low as 

possible where the measurable 𝐺𝐺′ and 𝐺𝐺" were not noisy. This value was kept as close 

to 1% strain as possible. Time sweep tests consist of three intervals, which can be 

simplistically referred to as Intervals I, II, and III. Intervals I and III are set to the 

fixed low stress value and interval II is set to the fixed high stress value. Interval I 

serves as a baseline measurement under low stress, interval II represents the ink past 

yielding and flowing at high stress, and interval III characterizes the ink's time 

dependent recovery in 𝐺𝐺′ and 𝐺𝐺". For inks which have a more noticeable viscoelastic 

response, there will be an arc in interval III as the 𝐺𝐺′ and 𝐺𝐺" recover back to steady 

state. 𝐺𝐺0 is denoted the initial value for modulus immediately after relieving the high 

stress of interval II. 𝐺𝐺∞ stands for the modulus steady state in interval III. The 

recovery time (τ) can then be derived from the interval III as the amount of time 

needed to recover to 𝐺𝐺∞.85,86 

Figure 2.8 illustrates stress sweeps of three ink types: a) conformal, b) semi 

self-supporting, and c) self-supporting. These inks are the best examples that had 

rheology measured and were 3D printed in future chapters. 
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Figure 2.8: Oscillatory time-sweep rheology tests of three different inks; a) ink 1 – 
conformal ink, b) ink 2 – semi self-supporting ink, and c) of ink 3 – conformal ink. G′ 
and G" of ink 3 are inaccurate due to exceeding the maximum measurable modulus of 
the rheometer. 
 

Figure 2.8a presents the time-controlled 3ITT of the first ink shown in figure 

2.6a. The 𝐺𝐺′ and 𝐺𝐺" of the conformal ink recovered 50% of it 𝐺𝐺∞ (𝜏𝜏50) after 47.2s 

which is not quick enough to maintain the aspect ratios of the prints after extrusion. 

The combination of low moduli and high recovery time characterizes this ink as 

conformal. 

Figure 2.8b presents the time-controlled sweep of ink shown in figure 2.6b. In 

contrast to the first ink, this ink exhibits a faster convergence to 𝐺𝐺∞, 15.1 s of 

recovery to 50% of 𝐺𝐺∞′  (𝜏𝜏50′ ) and 66.4 s of recovery to 50% of 𝐺𝐺∞"  (𝜏𝜏50" ). While the 

𝜏𝜏50"  is high, the overall change to 𝐺𝐺" in interval III is only 2.72 kPa compared to the 

delta in 𝐺𝐺′ in interval which is 62.4 kPa. Since the 𝐺𝐺0"  and 𝐺𝐺∞"  are close in value, we 

suspect the real value of 𝜏𝜏50"  is closer to 𝜏𝜏50′ . The higher initial moduli and lower 

recovery time makes this ink self-supporting, but we will discuss our most self-

supporting ink next.  

Figure 2.8c depicts the time-controlled sweep of the ink shown in figure 2.6c 

which experienced the rheometer error as previously discussed. The 𝐺𝐺′ in interval I 

was reading as negative indicating the similar error from the stress sweep test, but the 

𝐺𝐺" was giving a positive valve indicating that the real 𝐺𝐺" value is close to 29.5 MPa. 



 

 

32 
 

Under the stress of interval II, 𝐺𝐺′ and 𝐺𝐺" dropped in a measurable range indicating 

shear thinning behavior despite the ink's high initial moduli. Upon returning to 

interval III, both moduli remained measurable, revealing a both 𝜏𝜏50′  and 𝜏𝜏50"  are less 

than 5.7 s. This ink at a very low time scale reached well over 50% to 𝐺𝐺∞′  and 𝐺𝐺∞" , so 

this ink has a near instantaneous recovery with extremely high 𝐺𝐺′ and 𝐺𝐺" classifying 

it as our most effective self-supporting ink.  

 

Figure 2.9: Normalized data from interval III of the 3 ink samples from the time 
sweep test in figure 2.8. Data is normalized using each of the inks 𝐺𝐺0′  as 0 and 𝐺𝐺∞′  as 
1. 
 

From figure 2.9, there is noticeable quick response from the more self-

supporting inks. The sharpness of the recovery arc increases as inks 1 to 3 increase in 

self-supporting behavior. 

Simple viscosity tests are insufficient for classification, highlighting the 

importance of time sweep rheology for obtaining comprehensive data on an ink's 

conformal or self-supporting properties. 
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2.3.3 Oscillatory Frequency Sweeps 
 

The last test completed were frequency tests. The frequency response to two 

example inks are shown in figure 2.10. The conformal ink from figure 2.10a saw 

some more interesting behavior from the frequency sweep where δ actually 

transitioned over 45° meaning 𝐺𝐺" briefly was dominating indicating flowing behavior, 

but overall the δ variation was not much more than 5 degrees throughout the entire 

test. The overall δ was quite high for this ink already indicating much more liquid-

like behavior, which is indicative of its conformal classification. 

 
Figure 2.10: Frequency sweeps of two Li-garnet inks: a) low-modulus, conformal ink 
and b) high-modulus, semi self-supporting inks. 
 

The much more self-supporting ink is shown in figure 2.10b. As indicated by 

the much lower δ, this ink naturally at all tested frequencies had much more solid-like 

behavior as 𝐺𝐺′ is dominating throughout the entire test. For this reason, the δ is much 

lower than that of the conformal ink. Once again, this ink had fluctuation about 5° 

across the entire frequency sweep. For the remainer of this work, only inks with 

consistent behavior across the frequency sweep are targeted. This does coincidently 

correspond to high self-supporting inks. 
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2.4 Ink Composition 

The early ink recipes were developed very similarly to McOwen et al. 

utilizing LLZO particles as the material of interest for DIW, ESL 441 as our 

commercial binder/plasticizer system, and an ethanol carrier solvent to aid with 

mixing.82 ESL 441’s exact formula is proprietary information, but it is understood to 

be a Texanol-based ink vehicle with alpha-terpineol, ethyl-cellulose, and other minor 

additives. 

 

Figure 2.11: Photograph of two inks tilted on a 50° stage to demonstrate the 
difference between self-supporting and conformal inks.82 
 

McOwen et al. classified DIW inks into two categories: conformal or self-

supporting, as illustrated in figure 2.11. Conformal inks exhibit more liquid-like 

characteristics and cannot support their own weight to print high aspect ratio 

structures, whereas self-supporting inks possess more solid-like characteristics and 

are preferable for printing high aspect ratio structures. In the original formula, 

increasing LLZO loading would skew the inks towards self-supporting and increasing 
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ESL 441 and/or ethanol content would push the inks towards conformal 

characteristics as shown in figure 2.12. ESL 441 was discontinued as an ink vehicles 

product around 2020, so inks slowly transitioned to a similar ink composition 

containing Texanol, alpha-terpineol, ethyl-cellulose, and ethanol as the main organic 

components. Ethyl cellulose, naturally a solid, is dissolved in alpha-terpineol under 

heat at 180°C. All inks in this dissertation will be reported with the ESL441 

replacement of ethyl cellulose with Texanol, alpha-terpineol, and ethyl cellulose. 

 
Figure 2.12: Scatter plot of several LLCZN inks with various LLCZN wt% (right). G′ 
increases as LLCZN wt% increases. Vol % of the LLCZN powder is also plotted 
(left). 
 

As ink development progressed, it was clear that LLCZN and ESL 441 would 

not be enough to tune the rheological properties to the degree what was necessary to 

create self-supporting inks necessary for high aspect ratio structures. Ethyl-cellulose 

in DIW has been used as a binder/rheology tuner.87,88 The addition of ethyl-cellulose 

to the LLCZN ink system allows the inks to have lower τ and higher moduli. 
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Figure 2.13: Scatter plot of several LLCZN inks with various LLCZN wt%. τ 
increases as LLCZN wt% increases. 
 

LLCZN loading influences various physical properties of the inks, including 

the flow point. Figure 2.13 demonstrates that as LLCZN loading increases, the 

amount of oscillatory stress needed to exceed the ink's flow point also increases. This 

aligns intuitively with the conventional understanding that as LLCZN weight 

percentage rises, the behavior becomes more akin to that of a solid and the τ recovers 

quicker as a result. The nScrypt 3Dn-300 printer which is used for 3D printing can 

apply a pressure up to 70 psi which is equivalent to 4.8∙105 Pa. Even considering a 

potential loss in pressure of over an order of magnitude due to friction within the 

system, the flow point should still be reached for each of the samples. 

2.5 Particle Size and Ink Rheology 

From figures 2.12 and 2.13, there is clearly not an exact correlation between 

LLCZN wt%, low stress G′, and τ. In figure 2.12, there are 4 samples within 0.3 wt% 
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of 69 wt%. There is a very clear discrepancy between each of these inks low stress G′. 

Upon closer examination of these sample inputs (Texanol, alpha-terpineol, and ethyl 

cellulose), no other clear trends driving rheological behavior are evident. This 

suggests that there is something going on outside of the direct controls. First analyzed 

was aging effects which will be further discussed in the following section. Aging was 

observed on 24-hour timescales, but differentiation between the inks persisted even 

among similarly aged samples, indicating that aging alone did not resolve the 

discrepancies in the inks. 

 

Figure 2.14: Particle size in diameter of LLCZN powder supplied by Trans-Tech. 

The particle size of the powder obtained from Trans-Tech (a subsidiary of 

Skyworks), which was used for most of the rheology work in this thesis, was 

examined. The powder exhibited a wide range of particle sizes, as depicted in figure 

2.14, ranging from 350 nm to 700 nm. Previously, it was assumed that the variation in 

particle size within each ink sample extracted from the container would not 

significantly impact the rheological data. In figure 2.6, there are 4 inks 69±0.3 
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wt%LLCZN. These inks were diluted down back into a suitable state for DLS 

measurements, and these 4 inks increase in modulus with increasing particle size as 

seen in figure 2.15. Additionally milling of the Trans-Tech powder was able to reduce 

the particle size marginally, but the ball mill method is unable to drastically reduce 

the particle size or narrow the distribution as seen in figure 2.16. Further methods will 

be necessary to make more uniform particle size distributions. 

 
Figure 2.15: Plot of ink compositions 69±0.3 wt%LLCZN with differing average 
particles size measured by DLS. Each of these inks low stress 𝐺𝐺′ as measured with a 
oscillatory stress sweep. 

 
Inks which are complex fluids with a very high solid loading can be 

represented as stacked loose solid layers. Increased ink viscosity requires more force 

to slide one layer over another, similar to how friction acts between solid sheets. The 

observed direct correlation between 𝐺𝐺′ and particle size in the inks is hypothesized to 

stem from larger particles requiring greater force to move past each other, leading to 

higher 𝐺𝐺′. A probable correlation exists between increases in surface area of solid 

powders in suspension and modulus; however, this correlation was not observed with 
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the particle sizes used in these experiments. It would likely only be discernible at 

much smaller particle sizes. 

 

Figure 2.16: a) Particle size distributions from the inks in figure 2.15. b) 𝐺𝐺′ plotted 
against average particle size data from figure 2.15 labeled for reference. LLZO 
powder in inks 1 and 2 were milled for 2 to 3 additional weeks where as LLZO ink 
inks 3 and 4 were only milled for 1 additional week. 

2.6 Aging Effects 

 
Preliminary studies show that inks have a natural increase of modulus value 

with time as seen in figure 2.17. The predominant theory is that this increase of 

modulus is caused by the evaporation of solvents from the ink with time. During ink 

making, ethanol is predominantly removed as ethanol does not provide any desirable 

ink properties in the final ink product and is only useful for homogeneous mixing. 

The standard ink formulations usually utilize less than 5% ethanol weight content as 

higher ethanol content leads to more conformal inks. 
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Figure 2.17: Oscillatory stress sweep of an ink after 14 days compared to its initial 
stress sweep. Original ink was 𝐺𝐺" dominant, but after two weeks the ink became 𝐺𝐺′ 
dominant and increased modulus by over 2 orders of magnitude. A slight slip 
happened at round 1000 Pa stress for the 14-day sample which caused a slight 
deviation in the high stress measurements. 

2.7 Tuning Ink Rheology for Direct Ink Writing 

After extensive studies to expand the knowledge about direct ink writing inks, 

the classification between conformal and self-supporting inks has been made. 

Rheology including stress- and time- sweeps provide much needed information about 

ink morphology that simple stress strain rate tests cannot provide. 

Elevated values of 𝐺𝐺′ and 𝐺𝐺" are crucial for high self-supporting inks, 

consistent with prior research emphasizing the significance of higher viscosity for 

achieving self-supporting behavior. However, this represents only one aspect of the 

equation. The recovery of an ink after stress is also crucial for ensuring the quality of 

3D printing. In our three sample inks, it is evident that not only the initial moduli of 
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the inks contribute to their classification, but also their recovery time after stress is 

significant. 

Increased Li-garnet loading had a clear trend toward increasing 𝐺𝐺′, 𝐺𝐺", and 

flow point. Li-garnet particles size also had a noticeable trend effecting G’ and G”. 

The addition of ESL441 appeared to decrease τ; however, ESL441 was discontinued 

in late 2020, and a replacement consisting of texanol and ethyl-cellulose was utilized 

for the remainder of the 3D printing process. 

To produce conformal inks, solid loading or Li-garnet particle size should be 

reduced, while the opposite approach is needed to achieve self-supporting inks. These 

principles in DIW ink formulation were applied to DIW Li-garnet for battery 

applications. 

2.8 Conclusions 

In this chapter, the rheological properties of DIW inks (storage modulus, loss 

modulus, and recovery time) of 3D printed Li-garnet inks were studied. The results 

indicate the following: 

(1) Stress-strain plots are insufficient for characterizing complex inks for 

DIW. Stress sweep and time sweep tests are suitable tools for 

characterizing an ink’s changes to physical properties with respect to 

applied stress and viscoelastic recovery. 

(2) Self-supporting inks have high 𝐺𝐺′, high 𝐺𝐺", and low τ. High solid loading 

and large particle size for Li-garnet improves the rheological properties for 
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self-supporting inks. Such rheological properties can enable high aspect 

ratio structures. 

(3) Conformal inks have lower 𝐺𝐺′, lower 𝐺𝐺", and higher τ compared to self-

supporting inks. While purely conformal inks are undesirable for more 

DIW applications, balances will need to be achieved to optimize certain 

structures. 
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Chapter 3:  Direct Ink Writing Li7La3Zr2O12 Columns 
3.1 Implementing NMC into 3D Structures 

3.1.1 Li-NMC Solid State Batteries 
 

NMC has been a popular cathode choice for Li-ion batteries due to its high 

specific energy density and stability.89–91 Higher Ni content increases the capacity of 

NMC at the cost of lower thermal stability.92–94 With commercial organic electrolytes, 

this lower thermal stability comes with the risk thermal runaway events leading to 

devastating battery fires.95,96 Carbonate based electrolytes such as DMC are 

extremely flammable and have cause a large number of battery fires.19–25,97–99 

Naturally, the implementation of a non-flammable electrolyte would drastically 

reduce the concerns of battery fires. 

Li-NMC batteries have been tested utilizing a Li-garnet separator and 

electrolyte. High NMC loading (32 mg/cm2) on a planar Li-garnet geometry resulting 

in high energy density (330 Wh/kg) batteries has been demonstrated.100 There has 

been very little literature demonstrating good NMC infiltration into Li-garnet porous 

structure and the only reported success was utilizing freeze casting.71,101 

3.1.2 Evolution of Li-Garnet 3D Structures 
 

Planar Li-garnet electrolyte structures have shown promising results in Li-

NMC batteries.100 Nonetheless, their geometry limit cathode loading and rate 

capability due to low surface area. Therefore, porous Li-garnet scaffolds have been 

introduced to increase the cathode surface area.77 The porous Li-garnet scaffolds 

facilitates higher cathode loading by establishing ionic conductive pathways 
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throughout the cathode. This allows for the utilization of thicker NMC cathodes as 

they create additional surface area for Li+ conduction between the Li-garnet and the 

NMC cathode. However, porous Li-garnet scaffolds, while enhancing battery cell 

performance, present two primary issues: 1) the random distribution of pores leads to 

tortuous and constrictive pathways, which adversely affect cell conductance, and 2) 

the pore sizes within the porous Li-garnet scaffolds are too small to accommodate the 

infiltration of relatively large NMC cathode particles (3 – 6 µm). To address these 

challenges, the freeze casting technique was developed to align the pores within a 

porous Li-garnet layer.71,101 This structure has lower tortuosity and NMC is more 

easily infiltrated into it. Because the pores are better aligned (lower tortuosity), 

creating more direct paths to the Li-garnet separator, it is possible to achieve 80 to 

90% NMC pore filling.71,101 While this is a significant improvement, there is still 10 

to 20% wasted space. Therefore, we propose constructing a precisely controlled 

structure using DIW 3D printing. This method enables precise control of the pore 

structure, eliminating conductance losses due to tortuosity and constriction, which 

will enhance battery performance. The best structure for low tortuosity, low 

constriction, and high porosity is the column structure. The proposed final full cell 

design is shown in figure 3.1. 
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Figure 3.1: 3D schematic of our NMC622-Li full cell with an electrolyte scaffold 
made through direct ink writing. Self-supporting columns are printed on the dense 
side of a bilayer substrate. Lithium metal is infiltrated on the random porous side and 
NMC622 with carbon black infiltrated on the 3D printed side.102 
 

3.2 Substrate Design 

3.2.1 Tape Casting Li-Garnet Bilayers 
 

To start developing our structure in figure 3.1, the substrate has to be eligible 

as a printing substrate. Since the bilayer and the DIW structure are the same material, 

they can be sintered in the same step, so the development of a flat substrate for the ink 

to print on is paramount. 

The bilayers consist of two distinct components: 1) the porous tape, which 

serves as the medium for ionic conduction within the Li metal anode, and 2) the dense 

tape, which acts as the Li-ion conducting separator. LLCZN powder was obtained 

from Trans-Tech (a subsidiary of Skyworks). Using these powders, two tapes were 

cast: a dense tape with particle sizes ranging from 300 to 500 nm and a porous tape 

for use as an anode (particle size >1 µm) with PMMA pore former (15 µm diameter). 
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Each of the tapes were made in accordance to previous work with a BBP and PVB 

binder-plasticizer system.69 The smaller particle sizes in the dense tape aid in 

densification, while the larger LLCZN particle sizes and pore former in the porous 

tape contribute to a more porous 3D structure, therefore increasing the interfacial area 

between the anode and electrolyte. To form the bilayer substrate, the two tapes were 

laminated together at 82°C under 2 metric tons of applied pressure. The tapes were 

laminated to achieve dense layers approximately 40 to 80 µm thick. The thickness of 

the dense layer is crucial, as overly thin samples become fragile and challenging to 

handle after sintering, while excessively thick layers adversely affect cell 

performance. 

The LLCZN powders were characterized by a Bruker D8 X-ray diffractometer 

and the particle size distribution is the same as the LLCZN in chapter 2 in figure 2.13. 

3.2.2 Laser Cutting for Increasing Sample Throughput 
 

Preparing one sample at a time is highly inefficient. To enhance the 

throughput and consistency of this project, larger-than-necessary bilayers were 

prepared and then perforated into smaller pieces, each approximately 1 cm2 in size. 

The bilayers prepared for sintering were sized 4 cm by 4 cm. Ensuring flatness during 

sintering poses challenges, leading to curling or warping along sample edges. To 

mitigate this, the edges of the 4 cm by 4 cm samples stabilize the internal Li-garnet. 

Consequently, each 4 cm by 4 cm sample comprises nine 1.1 cm by 1.1 cm pieces, as 

depicted in figure 3.2. This configuration provides space for curling along the edges 
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of all nine samples without compromising their flatness. As all samples remain in 

contact with each other, they collectively maintain each other's flatness. 

 

Figure 3.2: Laser cutting profile used for laser cutting the 4 cm by 4 cm LLCZN tape 
samples. Individual squares are 1.1 cm by 1.1 cm. The pattern is slightly larger than 4 
cm by 4 cm to ensure proper cutting to the edges of the sample. 
 

The separation between the perforation cuts varies depending on the sintering 

process. The cuts must be large enough to create weakness in the sample, causing it to 

break preferentially along the perforated edges, yet small enough to prevent 

separation during sintering which will lead to curling or warping. 
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Figure 3.3: Nine 3D-printed column samples were produced on a laser-perforated 
sample. The entire sample measures 4 cm by 4 cm, with each internal sample 
measuring 1.1 cm by 1.1 cm. The sample is taped to the plate below to prevent sliding 
during the 3D printing process. 

3.3 Direct Ink Writing 

3.3.1 Direct Ink Writing Controls for Column Printing 
 

The 3D printing process involves several direct controls, including tip size, 

extrusion pressure, valve rod position, valve rod speed, extrusion distance, and 

vertical speed. Tip size determines the diameter of the extruded ink stream, resulting 

in a column of equal diameter upon extrusion. As the ink stream contacts the 

substrate, the excess ink widens the structure, potentially increasing the diameter of 

the resulting column. 



 

 

49 
 

The operator can control pressure in DIW, which, along with another 

parameter, determines the extrusion rate of the ink. Higher pressure results in a faster 

extrusion rate. The n-Scrypt printer we use can apply a maximum pressure of 70 psi 

or 483 kPa. 

We can control the position and speed of the valve rod. It is equipped with an 

O-ring at its end, which seals when lowered and opens when raised. The speed at 

which the valve moves significantly affects extrusion properties. Before printing, we 

establish set points for the open and closed positions of the valve rod where the open 

position has consistent extrusion, and the closed position does not allow the extrusion 

or leaking of any ink. Rapid opening of the valve can result in a strong burst of ink 

initially, posing challenges when aiming for consistent extrusion rates, especially 

during column printing. 

Printing distance is a variable controlled during the 3D printing process. It 

interacts with the extrusion rate determined by pressure and valve rod positions. 

Adequate ink flow is necessary for substrate contact before nozzle translation 

upwards to form the upright column. However, excessive ink can lead to a larger 

column base if the printing height is too low. 

The final parameter under our control for 3D printing columns is the vertical 

speed profile. It's essential to retract the printer head at the same rate as material 

extrusion to maintain column thickness. However, excessive retraction may prevent 

proper column deposition, leading to material accumulation at the base of subsequent 

columns. Gentle retraction is necessary to avoid carrying excess material to the next 

column, ensuring consistency. Careful adjustment of vertical nozzle speed is required 
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for each column structure to prevent weak adhesion or column removal during 

printing. 

Each of these properties is meticulously adjusted for each DIW pattern and 

ink. The quality of columns may vary depending on ink adjustment and tuning. It is 

essential to recognize that calibration for each sample can evolve over time due to 

changes in ink rheology under pressure or the development of clogs in the printer 

nozzle. 

3.3.2 Column Design 
 

The objective is to 3D print low-constriction and high-tortuosity column 

structures using the nScrypt DIW. Columns offer limited mechanical support parallel 

to the LLCZN planar surface.  

The 3D printer software directly controls two properties of columns: height 

and separation. While the n-Scrypt 3D printer has limited control over column shape, 

users can influence it through other parameters. The first directly controllable 

parameter is height. Essentially, users specify the extrusion stop height to determine 

the column height. However, due to the high viscosity and non-Newtonian nature of 

these inks, they may adhere to the nozzle tip and stretch when pulled away, 

inadvertently increasing the column height. The highly viscous nature of the inks 

means they do not flow well at rest, often adhering to the printer tip and stretching as 

the tip moves away from the column, making precise control of column heights, in 

practice, difficult. The more self-supporting the ink, the better for column structures. 
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Another crucial factor in controlling our column microstructure is the spacing 

between columns, which is directly programmed into the n-Scrypt system. The 

arrangement of columns is also a design decision. To minimize the distance between 

the cathode and any column, we opted for a hexagonal array, as depicted in figure 

3.4. 

 
Figure 3.4: Top-down images depict 3D printed columns arranged in a hexagonal 
pattern: a) an optical image of inks before sintering, and b) a profilometer heat map 
generated from a sintered column structure. 

3.4 3D Printing Process 

3.4.1 N-scrypt Commands 
 

Two methods were implemented for DIW columns: the text command method 

and the fly-by-dots method, with the latter being a more recent upgrade to the n-

Scrypt system. The n-Scrypt recognizes three different commands: movement (xyz), 

translation speed, pauses, valve rod positions, and valve rod speed. Each of these 

tools can be combined to form the instructions for 3D printing columns. Pressure 
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remains constant throughout the entire print and is not varied during this process. An 

excerpt of the text code used for printing will be provided in the appendices.  

Fly-by-dots is a more intricate system wherein the process of creating each 

column is predetermined and a pattern is implemented to specify the printing location 

of each column. This system is more forgiving, as parsing through 1000+ lines of 

code to find an error is tedious. Fly-by-dots offer more controls than regular text 

code, and the user interface provides a visual representation of the printing pattern. 

3.4.2 Troubleshooting 
 

Two basic types of issues occur during DIW columns: leaking and clogging. 

Leaking happens when the ink flows from the nozzle despite the valve rod being set 

to a height that should prevent ink extrusion. Common fixes for this issue include 

recalibrating the valve rod closing position due to the O-ring slightly shifting or 

replacing the O-ring altogether if it has unset itself or developed a crack, breaking the 

seal. 

Clogging arises when an agglomerate or large particle accumulates or 

becomes stuck in the nozzle opening, impeding the ink flow. Addressing clogging 

involves removing the printer tip and cleaning out the clog. However, ink clogs tend 

to recur, indicating an underlying ink issue. Inks clog when the particle size is too 

large or when ink particles are prone to agglomerating, increasing the risk of 

clogging. 
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3.5 Sintering 3D Structures 

3.5.1 Sintering Setup and Procedure 
 

Sintering followed a method similar to previous work conducted in our lab. A 

Li-garnet powder bed was placed on a porous MgO plate, with the 3D-printed sample 

layer positioned on top and sacrificial-tapes protecting both sides. These tapes 

prevented the powder bed from adhering to the sample, while the excess Li from both 

the sacrificial-tape and powder bed served to volatilize sacrificially, preventing Li 

loss in the samples. Internal investigations conducted by our lab indicated that bilayer 

structures exhibited better structure after sintering when the dense layer faced 

downward. This orientation is believed to facilitate the easier removal of extra 

organics from the porous layer during burn-off, preventing entrapment. Despite the 

high porosity and open space of the 3D-printed structure, placing it face down should 

still enable the efficient exit of burn-off species. The mechanical strength of the 3D-

printed inks post-printing is sufficient to support the weight of the bilayer and an 

additional thin sacrificial-tape. 

The samples underwent solid-state sintering in tube furnaces. The ramp-up to 

600°C was conducted at a slower rate, with temperatures under 240°C ramping up 

even more gradually to prevent rapid burnout of organics. Temperature holds were set 

at 240°C and 600°C for one hour each to ensure temperature equilibrium. The 

designated sintering temperature for Li-garnet was 1100°C for a duration of 3 hours. 

A schematic of the sintering profile is shown below in figure 3.5. 
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Figure 3.5: Sintering profile of Li-garnet in tube furnaces. The entire process is done 
in flowing oxygen for just under 24 hours. Holds are at 240°C, 600°C, and 1100°C. 
 

 
Figure 3.6: XRD pattern of LLZO powder from Trans-Tech after sintering (black) 
and its Rietveld refinement (Red). No splitting at the peaks indicates cubic phase as 
opposed to tetragonal. 



 

 

55 
 

Oxygen is essential for effectively burning out the organics from the tape and 

inks; otherwise, residual carbon may remain, potentially leading to cell shorting. A 

slow organic burnout rate is also necessary to prevent defects arising from excessive 

organic vapor escaping the system. 

The Li-garnet phase of the powder prior to sintering showed high tetragonal 

phase which is less favorable for ionic conductivity; however after sintering all 

samples showed cubic phase garnet suitable for solid electrolyte applications as 

shown in figure 3.6. 

3.5.2 Post-sintering Processing 
 

Following sintering, the samples undergo two post-processing steps before 

cell assembly: Li2CO3 removal and ALD. In the Li2CO3 removal step, the samples are 

heated in a furnace to 800°C to eliminate Li2CO3 from the surface. This high heat 

causes an exchange between Li+ and H+ ions, resulting in the formation of a species 

that can be driven off as water and CO2. This process is conducted in an N2 or Ar 

environment. Finally, the ALD process was conducted in the glovebox to facilitate Li 

metal wetting for the anode. 

3.6 Effects of Solvents on Structure 

Ethanol, a low-viscosity solvent, was employed to uniformly mix the inks and 

decrease their overall viscosity. However, an oversight occurred regarding the 

similarity in composition between the inks and the green tapes, allowing excess fluid 

in the inks to permeate back into the green tape. As only localized sections of the tape 
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experience rewetting, no uneven drying issues arise in the green tape. As depicted in 

figure 3.7, localized cracking at the base of the column resulted from liquid-induced 

damage to the bilayer structure during uneven drying. 

 
Figure 3.7: SEM images depict columns printed with high solvent loading, resulting 
in damage to the dense layer due to uneven drying after rewetting of the layers during 
the 3D printing process. 
 

Due to the rewetting capability of DIW inks on the bilayer substrate, a 

favorable sintering contact was established between the 3D printed structures and the 

underlying dense layer. This contact is crucial, as inadequate adhesion would result in 

poor sintering of the 3D structures to the dense layer, leading to detachment after 

sintering. Figure 3.8 illustrates a column that toppled over during handling, pulling 

out the remainder of the dense LLZO layer, serving as evidence of the effective 

contact achieved by our 3D printed garnet on bilayers. 
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Figure 3.8: SEM images reveal excellent contact between the 3D printed garnet 
columns and the dense garnet. Accidental knocking over of the column during 
handling resulted in the extraction of a significant portion of the dense garnet, 
highlighting the intimate contact achieved. 
 

 
Figure 3.9: SEM images depict samples with 3D printed columns containing varying 
ethanol content: a) 5.1 wt% EtOH, b) 2.2 wt% EtOH, and c) 1.8 wt% EtOH. 
 

Figure 3.9 illustrates three distinct column structures with varying rheological 

properties. In figure 3.9a, a highly conformal ink containing 5.1 wt% EtOH is 

depicted, resulting in the infiltration of a high percentage of EtOH into the dense 

layer. This led to excess solvent absorption by the dense layer, causing significant 

cracking during the redrying in the sintering burn off process. Although reducing the 

EtOH content to 2.2 wt% in figure 3.9b alleviated some cracking issues compared to 

the 5.1% sample, the problem persisted, ultimately would have resulted in shorting 

when assembled into a cell. Conversely, in figure 3.9c, the least damaged sample of 

the three showcases a combination of lower EtOH content (1.8 wt%) and a slower 
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ramp during the organic burnout phase. Despite a missing column revealing direct 

visibility into the porous layer, indicating robust adhesion to the dense layer, a portion 

of the removed dense layer exhibits a shape consistent with solvent absorption, 

suggesting some degree of solvent adsorption creating weakness in the sample. 

3.7 Column Structures and Surface Morphology 

 

Figure 3.10 a-b) Top-down images show 3D printed columns employing high 
viscosity inks with rapid recovery time. a) Top-down optical microscope images 
capturing the pre-sintering 3D printed column structure. b) Isometric view of a 
column sample before sintering. c) Top-down SEM image capturing the sintered 3D 
printed column structure. d) Cross section view of a column sample after sintering. 
 

Figures 3.10a-b demonstrate the printing capability of high-quality self-

supporting structures prior to sintering. Figures 3.10c-d exhibit top-down and a cross 

section view of the sintered 3D printed Li-garnet printed structures. As shown in 

figure 3.10, the structures maintain their shape and integrity throughout the 3D 
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printing process and are proportionally unchanged during sintering. The structures 

shrinkage around the same rate as the bilayer LLCZN substrate. A boundary was 

printed around the entire column array to aid in preventing NMC622 cathode slurry 

from spilling over the edge of the samples, thus avoiding short circuits. 

 

Figure 3.11 a-c) SEM images of various sintered column structures a) columns 
printed with more conformal inks. b) Columns printed with semi self-supporting inks. 
c) Columns printed with self-supporting inks. 
 

Figure 3.11a displays SEM images showing column structures printed using 

conformal inks. These structures exhibit distinct profiles, including half-circle, half-

oval, and hourglass shapes. The observed shapes imply lower moduli and higher τ, 

aligning with the findings of the stress- and time-sweep tests shown in chapter 2. The 

hourglass shape primarily arises from column collapse directly after extrusion as τ of 

the ink is high. 

Figure 3.11b shows column structures printed using semi self-supporting inks, 

exhibiting a higher moduli and lower τ compared to figure 3.11a. The rheological 

properties of the semi-self-supporting inks can be directly compared in chapter 2. The 

decreased τ leads to straighter, non-vertical edges, resulting in diverse cone profiles 

which improve direct path conductivity and tortuosity. The higher moduli facilitate 
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the formation of taller cones because each of these structures were made by inks 

which have low τ making direct control over the inks final structure possible. 

Figure 3.11c exhibits a column structure printed using a highly self-supporting ink, as 

characterized in chapter 2. This ink possesses a significantly high moduli and near-

instantaneous recovery time (τ close to zero). The near-instantaneous recovery 

ensures minimal deviation from the printed shape, enabling the formation of nearly 

perfect cylindrical columns. Precise adjustment of printing parameters (applied 

pressure, printing speed, and other minor parameters) is critical for achieving optimal 

results with these inks. When parameters are properly set, the columns exhibit a near 

90° angle at the base, providing minimal tortuosity and direct path conductivity. 

Slight imperfections to printing parameters can lead to necking at the base of the 

columns, resulting in constriction. Consequently, Li+ must conduct through a more 

narrow pathway compared to the rest of the column which is bad for diffusion and by 

extension conductance. Cells with necking at the base of the column as seen in top 

sample of figure 3.11c were also more likely to break after sintering because that 

narrow connection to the dense layer is a mechanical weakness. 

3.8 Li-NMC Cell Assembly and Testing 

In an argon glovebox environment, lithium metal was melted into the pores of 

the LLZO samples. Typically, NMC calendaring is employed to enhance NMC 

cathode performance.103 However the proposed 3D structure combined with the 

brittle nature of Li-garnet, poses challenges for calendaring without fracturing the Li-

garnet structure, so on the cathode side, 3 µL of 1M LiPF6 in EC:DEC (1:1) liquid 

electrolyte are employed to promote improved interfacial contact. Additional carbon-
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black was drop cast on the surface of Li-garnet 3D printed structure for extra 

electronic conductivity. A well-mixed conventional NMC622 cathode was prepared 

for the batteries, so conductivity is not affected by any localized tortuosity within the 

cathode. 1 mg/cm2 NMC loading is deposited within the 3D structure of the cell 

(Figure 3.1). The assembled cells were sealed in a 2032 coin cell within an argon-

filled glovebox. 

LLZO sintered 3D-printed layers were observed using a Hitachi SU-70 SEM 

in the UMD AIMLab and a Hitachi S-3400 SEM in the UMD FabLab. EIS was 

performed over a frequency range of 1 MHz to 1 Hz on a Solartron SI-1260. Cell 

testing was conducted using an Arbin battery cycler at a 0.05C rate, with voltage 

cycling between 2.5 V and 4.35 V at room temperature (22°C). 

 
Figure 3.12: SEM images show 3D printed cells infiltrated with a NMC622 slurry 
containing carbon black. a) Top-down view of columns coated with the drop-casted 
NMC622 slurry. b) Presents cross-section images showing the close contact between 
the NMC622 slurry and the 3D printed Li-garnet electrolyte. 
 

Full cells were fabricated and filled with an NMC622 and carbon black slurry. 

Figure 3.12 shows that the cathodes were made with good interfacial contact between 

Li-garnet structures and NMC/carbon black slurry. The gel-NMC fills the porosity 

left by the columns and no identifiable voids were found in the cathode layer. In 

figure 3.12b, our additional carbon layer for improved electronic conductivity is 

shown in between the garnet columns and the NMC622 cathode. 
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We used 3D printing to shape Li-garnet ink into columnar structures with 

different physical dimensions on Li-garnet bilayer tape substrates as shown in figures 

3.13a-c. Figure 3.13a-c shows the cross-sectional SEM images of 3D printed Li-

garnet electrolytes used to make Li-NMC full cells. Additional information about the 

printed structures is listed in Table 3.1. The corresponding cell impedance is shown in 

figures 3.13d-f and cell cycling is shown in figures 3.13g-i.  

 

Figure 3.13: a-c) SEM cross-section images illustrate the DIW structure of three cells 
reported in this work. d-f) EIS measurements were conducted on the structures when 
assembled into Li-NMC622 cells. g-i) Cell cycling results show 20 cycles for each of 
the assembled structures in Li-NMC622 cells. The cells were tested between 2.5V to 
4.3V, a rate of 0.05C, and at room temperature (22°C).  
 

Figure 3.13a shows the cross section of cell 1 showing an increased in the 

available surface area of 99.8%, with 75.4% open porosity, and with column height 
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average of 106 µm. Figure 3.13b shows cell 2, showing taller average column height 

at 280 µm with a higher surface area increase of 331%, and a low open porosity of 

60.5%. Figure 3.13c shows the cross section of cell 3 which had the lowest added 

surface area of 57.8%, the most open porosity of 88.0%, and an average column 

height of 96.3 µm. Each of the above cells were printed to take up about a 0.5 cm2 

area after sintering. 

Table 3.1: Compiled information about the 3D printed structures and cells shown in 
figure 3.13. Additional surface area represents the percent increase to surface area 
compared to a planar interface. Surface area to volume ratio only considers the 
surface area and volume added by the columns. Porosity is calculated from the void 
space between the columns and nothing above the column height. Impedance is 
measured from the EIS. Discharge capacity was taken from the initial capacity after 
the formation cycle and coulombic efficiency is the final coulombic efficiency after 
20 cycles. 

 

Figure 3.13d presents the Nyquist plot for the EIS characterization of cell 1. 

The limited increase of NMC utilization resulting from the size and shape of the 

structures led to a cell impedance of 1590 Ω. Figure 3.13e is the Nyquist plot of cell 2 

showing reduced impedance of cell 2 compared to cell 1, likely from the increased 

surface area of the structures creating more interface for Li+ transfer. These columns 
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100% 
3.86 x 10-2 

µm-1 106 µm 75% 1590 Ω 82 mAh/gNMC 97.6% 

2 
 

331% 
3.02 x 10-2 

µm-1 280 µm 61% 1080 Ω 120 mAh/gNMC 91.7% 

3 
 

58% 
5.06 x 10-2 

µm-1 96.3 µm 88% 690 Ω 170 mAh/gNMC 98.2% 
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may introduce minor losses associated with tortuous paths. The overall improvement 

in surface area led to a cell impedance of 1080 Ω. Cell 3 demonstrated the lowest 

impedance among the three cells at 690 Ω (Figure 3.13f). This is likely attributed to 

the shorter diffusion distance of the Li+ enabled by increased porosity. 

In figure 3.13g, Cell 1 exhibited a low initial capacity of 81.9 mAh/gNMC, 

which can be attributed to loss in performance from higher impedance compared to 

Cell 2 and Cell 3. The coulombic efficiency of the cell remained high at 97.6% after 

20 cycles. The presence of capacity fade, along with the poor initial capacity, 

indicates the deterioration of interfacial contact between NMC and Li-garnet during 

cycling, resulting in reduced access to the cathode over time likely due to minimal 

additional surface area added by the DIW. Cell 2 in figure 3.13h demonstrated 

enhanced initial capacity and low capacity fade over 20 cycles. The high capacity of 

120.3 mAh/g can be attributed to the significantly increased interfacial area between 

NMC and Li-garnet achieved by the improved column structure. The specific 

geometry of the columns may mitigate interfacial separation during cycling, resulting 

in the lowest capacity fade among the three reported cells. In figure 3.13i, Cell 3 

showed the highest capacity among the three cells, with an initial capacity of 169.9 

mAh/g although it still showed some capacity fade. The column structure of cell 3 

likely facilitated improved NMC interface which enabled more cathode utilization 

improving the capacity. 

From the cell data in figure 3.13, notably cell 2 had the least amount of 

capacity fade among the tested cells. The 3D printed structure of cell 2 had visually 

the highest tortuosity of the 3 cells. The roughness of the columns could trap the 
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cathode preventing it from separating between cycles. Since each of the cells in figure 

3.13 were constructed by hand, there are possible dependencies not captured by the 

cell performance data. We hypothesize that increasing surface area and surface area 

to volume ratio are beneficial to improving battery performance. There is likely an 

optimum height for Li-garnet columns as too short columns limits cathode capacity 

and too tall columns increases cell resistance by increasing conduction path length. 

Increased porosity allows a higher amount of cathode to be infiltrated. Li-garnet 

structure provides an ionic conduction pathway and a surface for an electronically 

conductive coating. There is likely an optimum porosity for 3D column structures 

dependent on the surface area to volume ratio and spacing of the columns. 3D 

modelling could help support these hypotheses in future work. 

3.9 Column Structures with a Li-SPAN Battery 

3.9.1 SPAN Background 

Cobalt has been a rising concern in the battery community due to its rarity and 

methods of acquisition. There are estimates of global cobalt shortages as early as 

2042 if new sources of cobalt are not discovered and cobalt consumption does not 

decrease.104 Many researchers have started investigating other promising cathodes. 

One of which is sulfur as it is much more earth abundant than cobalt and it is also far 

cheaper. Sulfur has an extremely high theoretical capacity at 1675 mAh/g which is 

much higher than other commercially available cathodes as seen in figure 3.14. 
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Figure 3.14: Bar chart comparing the theoretical capacities of LFP (170 mAh/g), 
NMC622 (277 mAh/g), and elemental sulfur (1675 mAh/g). 
 

SPAN emerged as the preferred choice for the sulfur active material, owing to 

its demonstrated superior cycling stability, enhanced electronic conductivity, and 

reduced volume expansion compared to elemental sulfur.105–107 Shi et al. introduced 

Li-S solid-state systems with gel-polymer catholytes, incorporating SPAN as the 

cathode material, which exhibited remarkable capacity and capacity retention on a 

planar interface.108 The SPAN/LiFSI cathodes can easily undergo melt infiltration, 

enabling seamless integration with 3D LLZO microstructures possessing sufficient 

porosity.108 The SPAN/LiFSI cathode developed by Shi et al.108 was used within a 3D 

printed column structure atop a bilayer configuration. 
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3.9.2 SPAN Cell Assembly and Results 

 
Figure 3.15: Comparison of 3D printed Li-SPAN cell (a) and bilayer Li-SPAN cell 
from literature (b).108 3D printing allowed achieving theoretical capacity of SPAN at 
1594 mAh/gS. with 7.5 mgS/cm2 loading. Bilayer SPAN cell did not achieve 
theoretical and only had 1.0 mgS/cm2 loading. Both cells were cycled at 60°C at 
similar rates. 
 

The SPAN/LiFSI cells were assembled following the methodology described 

in Li-NMC cells. Figure 3.15 presents the cycling performance of the cell 

incorporating Shi et al's108 procedure into a DIW LLZ scaffold. In figure 3.15a, I 

achieve the theoretical capacity 1594 mAh/gS with 7.5 mgS/cm2 loading at 60°C and 

0.05C rate. This is a major improvement over the earlier work done with a bilayer Li-

SPAN cell with only 1.0 mgS/cm2 loading (figure 3.15b).108 

Capacity fade was a major issue for the 3D printed cell which lost 75.3% of its 

original capacity over the 81 cycles averages about 1.5% capacity loss per cycles 

which is poor. This capacity fade is likely attributed to the exceptionally high loading 

accomplished which also drastically increases the amount of volume expansion 

experienced by the SPAN cathode. 

Post-mortem SEM analysis in figure 3.16a confirmed the separation between 

the SPAN/LiFSI cathode and the LLZO surface. Furthermore, a comprehensive top-
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down view in figure 3.16b revealed surface cracking on the SPAN/LiFSI cathode, 

indicating that the performance decay is likely attributable to sulfur volume 

expansion.  

 
Figure 3.16: SEM images revealing degradation of the SPAN/LiFSI after cycling 
caused by volume expansion and loss of cathode contact. 

 

3.10 Conclusions 

In this chapter, the sintering of DIW Li-garnet samples and cell performance 

(EIS and cell cycling) of 3D printed Li-garnet batteries with a Li-NMC622 system 

were studied. The results indicate the following: 

(1) Reduction of carrier solvents such as ethanol are necessary to prevent 

damaging of green tapes. Additional ethanol causes cracking rendering the 

bilayer structure unusable. 

(2) NMC/carbon black slurry was homogenous and had good contract with 

the Li-garnet enabling low impedance and high-capacity cells. Additional 

carbon layer added with drop casting successfully conformed the 3D 

printed structures creating an electronic conduction aid. 
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(3) The 3D printing added significantly more surface area compared to the 

planar surface of the dense layer. These structures are not providing as 

much additional surface area as the porous layers created by Hitz et al.,69 

but this can be improved with more self-supporting inks by increasing the 

surface area to volume ratio of 3D printed structures. 169.9 mAh/gNMC 

with minimal capacity fade was achieved. 

(4) Implementation of DIW columns with Li-SPAN cells produced extremely 

high specific capacity (1594 mAh/gS), but ultimately failed due to volume 

expansion during cycling. Improvements could be made with 

implementing methods to maintain good contact between Li-garnet and 

the SPAN cathode. 

Chapter 4:  Direct Ink Writing Li7La3Zr2O12 Grids for 
Li-S Batteries 
4.1 Direct Ink Writing Li Garnet Grid Structure 

4.1.1 Sulfur Cathodes 
 

40% of the global cobalt supply is currently allocated to battery cathodes 

making the escalating price of cobalt a concern for the future of affordable 

batteries.104,109 While cobalt is a key component in high-performance cathode 

materials, exploring suitable alternatives is crucial to maintain affordability of future 

batteries. A promising solution lies in the combination of the high capacity lithium 

metal anode with globally plentiful sulfur cathode with a high theoretical capacity 

1675 mAh/g).2,41,110,111 However, the use of liquid electrolytes in lithium-sulfur 
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systems introduces complications, including polysulfide shuttling, Li dendrite growth, 

and low coulombic efficiency.35–39 The implementation of ceramic SSEs addresses 

many of these issues since lithium sulfide species are incapable of dissolving into 

them.112,113 Of these options, garnet-type electrolytes have demonstrated exceptional 

performance attributed to their high ionic conductivity, chemical stability, and 

electrochemical stability.50,53,69,73,114,115 In previous research, a trilayer structure 

demonstrated consistent performance, yielding over 1075 mAh/gS in Li-S cells for 

more than 50 cycles, with minimal capacity degradation.70 

4.1.2 Grid Structures for Cathode Scaffolds 
 

In the preceding chapter, Sulfur-Solid-State Batteries (SSBs) were fabricated 

utilizing a Li-NMC and Li-SPAN system integrated with a Li-garnet column 

architecture. Notably, significant losses were observed in these structures, primarily 

attributable to volume expansion-induced detachment of the cathode from the garnet 

interface. In contrast, prior utilization of sulfur cathodes within the trilayer 

configuration showed minimal capacity loss, suggesting a potential role of the narrow 

pores within the structure in mitigating volume expansion-related capacity decay. 

However, the fabrication of column structures presents constraints, particularly 

concerning the spacing between features and column height. Taller columns 

necessitate increased separation to avert collision between the column tip and the 

printer nozzle, underscoring the need for further exploration into alternative pore 

geometries. 
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This chapter will employ the same Li-garnet inks and correlate their 

rheological characteristics with grid structures. Furthermore, these structures will be 

integrated into Li-S batteries to correlate the influence of 3D architecture on battery 

performance. We will construct Li-S batteries by printing a mechanically confining 

grid structure onto a bilayer Li-garnet structure, while filling the random porous layer 

of the bilayer with Li metal and a sulfur/carbon slurry cathode within the 3D printed 

framework, as illustrated in figure 4.1.  

 

Figure 4.1: a) 3D schematic of a grid DIW electrolyte scaffold. b) Schematic 
representation of a complete Li-S/C cell, showcasing Li metal infiltration on the 
porous side of the bilayer and sulfur and carbon infiltration into the 3D printed side 
opposite to the Li metal.116 

4.2 3D Printing Design 

4.2.1 Substrate Design 
 

To start DIW LLZO as established in chapter 3, an appropriate substrate must 

be constructed. The design goal is to use the trilayer structure developed by Hitz et al. 

and replace one of the porous layers with a 3D printed grid structure as shown in 

figure 4.1.69 The grid structure offers superior mechanical stability compared to its 
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column counterparts, suggesting the potential to decrease the thickness of the dense 

layer for support purposes. Moreover, the grid structure's capability in this regard 

opens the possibility of 3D printing on both sides of a dense substrate, a topic slated 

for exploration in an upcoming section. Overall, substrate design for the Li-S cells 

will not change from chapter 3 except for the 3D printed symmetrical structures will 

no longer require a porous tape cast and laminated. 

Laser perforation of the samples will follow the same procedure as the 

previous samples, utilizing the identical nine samples from a 4 cm by 4 cm bilayer. 

One notable advantage of the purely symmetric 3D printed structures is the 

elimination of concerns regarding warping due to differing shrinkage rates on the 

dense and porous layers. 

4.2.2 Structure Design 
 

Unfortunately, the implementation of an alternating stacked-raster grid 

structure means a sacrifice the structure tortuosity is being made at the cost of 

improving Li-garnet and sulfur cathode interface. There is a risk of increasing 

constriction in the structure if the inks exhibit excessive self-supporting properties 

and fail to amalgamate to create a sizable contact area. This could also lead to a 

reduction in cathode depth, which is essential for increasing solid loading. Excessive 

merging of the two layers would result in a single layer and a substantial loss of 

available porosity for the cathode. For this specific application, it is important that 

relaxation time is more moderate to ensure self-supporting behavior while also 

facilitating proper contact between raster layers to avoid the formation of highly 

constrictive interfaces. 
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Printing was performed using an nScrypt 3Dn-300 printer, which was 

equipped with ceramic printer heads measuring with 50 µm and 75 µm diameter 

heads. The presence of large LLZO powder particles within the ink will cause 

blockages in the printer's nozzle and had to be minimized. Extra milling in ZrO2 

media was utilized to ensure smooth extrusion and optimal printing performance. The 

extrusion pressure, printer head speed, and other minor printing properties were 

adjusted individually for each ink based on their distinct rheological characteristics 

and printing requirements. The sulfur/carbon cathode cells in this study utilized the 

grid structures initially demonstrated by McOwen et al.82 The grid structures are 

created by extruding line raster pattern stacking with each subsequent layer rotated 

90° bridging on top of the layer below. 

4.3 3D Printing Grid Structures 

4.3.1 N-scrypt Instructions and Raster Design 
 
Several methods exist to implement the stacked raster design using DIW. In 

this study, text-based instructions were employed to control the structure. Due to the 

simplicity of stacked rasters, text commands are highly effective in controlling the 

movements for this type of print. 

Unlike column structures, this approach involves printing layer by layer to 

ensure consistent printing per layer before proceeding. This means that only XY 

movements need to be tuned, and a constant flow is all that is necessary to ensure the 

ink prints consistently, as this type of instruction does not require the valve rod to 

open or close constantly. An example code will be provided in the appendices. 
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The grid structures need to be stacked to increase the cathode thickness unlike 

the column structures which can just adjust the height of the columns in the print file. 

Stacking these structures can have complications however. For a layer to print 

successfully, the previous layer just have successfully printed fully to prevent errors 

or collapse of the current layer. Each layer printed has a certain success rate, so 

therefore stacking up higher and higher grid structures becomes increasingly harder. 

In figure 4.2, it is demonstrated that 3-layer grid structures are achievable, but it was 

not consistent. If a minor deviation, such as excessive layer merging, occurs, it affects 

all subsequent layers. These cumulative deviations significantly reduce the 

consistency of 3-layer grid structures during printing. Achieving higher grid 

structures necessitates more precise control over ink rheology. 

 
Figure 4.2: Top-down optical microscope images depict 3-layer grid structures. 
Layers 1 and 3 are aligned in the same direction, while layer 2 runs perpendicular to 
layers 1 and 3. Layers 1 and 3 are offset from each other, allowing both layers to be 
visible in the optical image. 

 

4.3.2 Direct Ink Writing Grid Adjustments 
 

Utilizing the inks from our previous studies, we successfully printed grid 

structures characterized by thin features (~100 µm) with low spacing (~577 µm). 

Figure 4.3 shows a range of unsintered DIW LLZ structures fabricated using our self-

supporting inks. As described in our earlier research, adjustments to storage modulus 
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(𝐺𝐺′), loss modulus (𝐺𝐺"), and viscoelastic recovery time (τ) enabled us to achieve finer 

structures compared to our previous iterations.  

 
Figure 4.3: a-c) Top-down optical microscope images showcasing 3D printed grid 
structures prior to sintering. High-definition representations of each structure were 
obtained, demonstrating precise control during the 3D printing process. 

4.4 Sintering LLZO Grid Structures 

4.4.1 Sintering and Post Sintering Procedure 
 

 
Figure 4.4: Splitting in the dense layer due to excess liquid absorption, resulting in 
localized weaknesses that cracked during sintering. 
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In line with the preceding research, this study employs the heating profile 

outlined in chapter 3, featuring a gradual increase in temperature to facilitate slow 

organic burnout, followed by a 3-hour hold at 1100°C for solid-state sintering. 

Consistently, maintaining a slow ramp rate for organic burnout and minimizing 

organic solvents in the ink remains crucial to prevent damage to the dense layer. 

Figure 4.3 emphasizes analogous damage to the dense layer observed previously in 

figure 3.9. 

Li2CO3 removal occurs under flowing Ar environment at 800°C, facilitating 

the volatilization of hydrogen and adhered carbon as water and CO2. ALD of ZnO 

enhances Li+ wetting within the porous layer. 

4.4.2 Shrinkage-Based Cracking 
 

From a sintering perspective, the column structure offers a significant 

advantage, as shrinkage mismatch does not significantly impact structural defects. 

However, when examining the alternating raster grid structure, extensive lengths of 

ink are printed parallel to the dense layer substrate plane. Consequently, any 

shrinkage disparity between the dense layer and DIW ink leads to stress accumulation 

within the sample. There are two critical points in time where the ink undergoes 

shrinkage: 1) immediately after printing, where the high printed surface area allows 

for the volatilization of organic species, and 2) during sintering, where the organics 

are burned off during the heating step en route to sintering. Like the study in chapter 

3, this exemplifies the importance of minimizing the EtOH and other organics content 

in the inks. 
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4.5 Cell Assembly and Cycling 

4.5.1 Lithium Symmetric Testing 

 
Figure 4.5: Shrinkage-induced cracking is evident in the grid structure both before 
and after sintering. a-b) depict grid structures experiencing structural breakages 
during the drying process after 3D printing. c-d) show an increased frequency of grid 
structure breakages after sintering, likely due to greater shrinkage during the organic 
burnout step. 
 

Lithium symmetric cells were constructed from 3D printed grid structures to 

directly compare with previous work.82 Figure 4.6 shows a direct comparison 

between Li-symmetric cells made by McOwen et al. and the newest Li-symmetric 

with the updated ink composition. In figure 4.6a, McOwen et al. reported an 

impedance of approximately 38 Ω cm2 in their symmetric cells from their EIS with 

their 3D printed structures shown in figure 4.6b.82 By incorporating more self-

supporting inks, a slightly improved impedance of 27 Ω cm2 was achieved, as shown 
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in figure 4.6c due to reduced constriction and more self-supporting structures as seen 

in figure 4.6d. The latest improvements of inks significantly improve the consistency 

of the 3D structure aspect ratio by reducing the inconsistencies caused by conformal 

ink behavior. 

 
Figure 4.6: a) Li-Li symmetric cell EIS area-normalized Nyquist plot was reported by 
McOwen et al.82 b) SEM of the 3D printed raster pattern reported by McOwen et al.82 
c) Li-Li symmetric cell EIS area-normalized Nyquist plot is presented in this study. d) 
SEM of the 3D printed raster pattern printed for direct comparison to past work. 

4.5.2 Sulfur Infiltration and Cell Assembly 
 

In an argon environment, lithium metal was melted into the pores of the 

bilayer LLZO structure. On the cathode side, a carbon nanotube slurry was drop cast 

to aid electronic conductivity. The cathode was created by drop casting a mixture of 

sulfur and carbon nanotubes in a ratio of 35:1. A sulfur loading of 1 mgS/cm2 and a 

liquid electrolyte consisting of 3 µL of LiFSI dissolved in DME were employed to 

facilitate improved interfacial contact between LLZO and the sulfur cathode. 
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Following assembly, the cells were enclosed within a 2032 coin cell and sealed in an 

Ar-filled glovebox. Impedance measurements were conducted using a Solartron SI-

1260 impedance analyzer across a frequency range spanning from 1 MHz to 1 Hz. 

Cell testing was performed using an Arbin battery cycler at a rate of 0.02C, with 

voltage cycling between 1.1 V and 3.0 V at 22°C. 

Li metal was melted into the random pores for intimate contact, as seen in 

figure 4.7. The 3D printing structure was adapted on top of a bilayer from previous 

work.102 Full cells were assembled and drop cast filled with a slurry comprising 

elemental sulfur and carbon nanotubes. Figure 4.7 illustrates the cathodes showing 

excellent interfacial contact between the Li-garnet structures and the sulfur/carbon 

nanotube slurry. The sulfur slurry occupies the porosity created by the grids, and no 

discernible voids were observed in the cathode layer. 

 
Figure 4.7: Cross-sectional image showcasing intimate interface between the S/C 
slurry and the 3D printed grid LLZO electrolyte. 
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4.6 Li-S Cell Results and Analysis 

4.6.1 Li-S Impedence and Cycling 

 

Figure 4.8: a) EIS measurement of a Li-S/C with an inlayed SEM of the 3D printed 
grid microstructure. b) Cell cycling results of this cell after cycling 16 cycles. The cell 
had a mass loading of 1 mgS/cm2, had impedance measured from 1 MHz to 1 Hz, and 
was full cell cycled between 1.1V to 3.0V and a rate of 0.02C. 
 

Figure 4.8 presents the cycling data of two full cells using the S/C cathode, 

accompanied by their respective SEM images of the grid structure. Figure 4.8a shows 

the EIS performance of cell 1, exhibiting the lowest impedance among our two cells, 

measuring at 433 Ω. Consequently, it demonstrates the highest initial discharge 

capacity at 763 mAh/gS, as illustrated in figure 4.8b. The SEM image inset reveals 

distinct features indicative of self-supporting characteristics, but layers 1 and 2 have 

good interlayer contact. The high aspect ratio structures added around 150% 

increased area for Li ion transfer. This cell was cycled for 16 cycles averaging only 

0.25% discharge capacity loss per cycle as shown in figure 4.8b. 
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Based on the cell data depicted in figure 4.8, the theoretical capacity of 

elemental sulfur was not achieved, but minimal capacity loss was achieved suggesting 

that the mechanically confining structure limited capacity fade of the sulfur cathode. 

Enhancing sulfur utilization requires refining the 3D structure by reducing feature 

size and bringing features closer together to maintain higher porosity to improve 

sulfur utilization. Optimization of the cathode's 3D structure could be facilitated 

through 3D modeling. The cell in figure 4.8 were manually assembled, employing a 

carbon felt mesh for electronic contact between the cathode and current collector. 

This interface may have resulted in underutilization of parts of the sulfur cathode. 

Moreover, improvements in ionic and electronic conductance within the cathode are 

essential. Enhancements in the 3D structure could improve ionic conductance 

throughout the cathode, while augmenting carbon content or integrating MIEC Li-

garnet could improve electronic conductance. 

Table 4.1 presents compiled information regarding the 3D printed structure and cell 
shown in figure 4.8. Additional surface area denotes the percentage increase 
compared to a planar interface. Porosity is calculated based on the void space within 
the grid structure. Impedance is measured via EIS across a frequency range from 1 
MHz to 1 Hz. Discharge capacity refers to the initial capacity, while coulombic 
efficiency represents the final coulombic efficiency. 
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4.6.2 Tortuosity and Constriction in Grids 
 
The SEM images of the grid structure clearly reveal additional issues 

regarding the increased tortuosity of the 3D structure. In certain areas of the second 

layer, where the ink bridges over the first layer, a direct path to the dense layer is not 

established. Similarly, as previously noted, excessive self-supporting characteristics 

of the ink can lead to highly constrictive connections between 3D printed grid layers. 

Unlike the tortuosity issues associated with the grid structure, this problem can be 

addressed through meticulous tuning of rheological properties to impart a slightly 

more conformal nature to the ink, thereby reducing constriction. 

However, these issues share a common solution to be explored in future 

research: the adoption of channel structures rather than grids. Unlike grids, channels 

repeat the raster pattern directly on top of the previously printed layer instead of 

alternating patterns. This approach simultaneously addresses the tortuosity issue and 

mitigates the constriction problem. However, it comes with a trade-off: the grid 

structure's main benefit is lost. The crossing raster patterns, which help trap the 

cathode against the electrolyte surface, are forfeited. Yet, this loss could potentially 

be reversed if the channel separation is drastically reduced. 

4.7 Direct Ink Writing Symmetric Cells 

One objective of this project was to entirely substitute the 3D porous layer 

structure with layers printed by a DIW printer. While optimizing the cathode would 

notably profit from the diminished tortuosity and constriction of the 3D printed 
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structure, enhancements in anode performance would also be realized since the 

principles of ion diffusion are universal. Achieving this goal necessitates a printing 

aid to facilitate 3D printing on both sides. Maintaining sample flatness during direct 

ink writing is crucial; any thickness variation after the first side is printed and flipped 

to the other side would affect the 3D printing on the reverse side. Figure 4.9 

illustrates a sample holder crafted explicitly for this purpose. Internally, the sample 

features nine large square inlays where the 3D printed structures on the first side can 

rest, while the walls of the inlay support the sample. The remainder of the sample is 

designed to minimize the amount of material needed to create a flat surface to support 

the rest of the sample. 

 
Figure 4.9: Image of the 3D printing support for DIW double-sided samples. Square 
inlays serve as rests for 3D printing on the first side while the second side is being 
printed. During the printing process, the sample is secured to the sample holder with 
tape. 
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Some observations regarding this process indicate that each side should be 3D 

printed on a separate day. Rushing through the process could result in sagging of the 

samples due to organics absorbed by the dense layer softening the dense substrate. 

Although the amount of organics was significantly reduced, some solvents are still 

leached out of the inks and into the dense layer. It is crucial that the first layer is 

allowed to dry completely to ensure sample flatness. Therefore, the first side of the 

structure is printed on a flat surface and left to dry overnight before being mounted to 

the sample holder for printing of the second side. Subsequently, the samples can be 

taken to the furnace for sintering, and if the organic burnout steps are ramped slowly 

enough, the organics should not cause any defects in the samples due to rapid drying. 

For these samples, a slightly thicker dense garnet layer was employed solely 

to provide additional mechanical support, as the overall mechanical strength 

conferred by the 3D printed layer remains uncertain. Figure 4.10 illustrates the 

resulting double-sided 3D printed structure. Good structure and densification was 

achieved. 
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Figure 4.10: SEM cross-sectional image of a symmetrical 3D printed cell. Both grid 
patterns on opposing sides exhibit self-supporting characteristics while maintaining 
effective contact with the initial layer to mitigate constriction. The density of the 
dense layer appears satisfactory for the designated thickness. 
 

The study aimed to investigate the effect of structure and Li+ cycling through 

a lithium metal symmetric cell analysis. However, issues arose with lithium wetting 

in the 3D printed structure. Despite attempts with ALD, inconsistent Li wetting into 

the 3D structure persisted. The cause of these issues remains unclear, but it is 

hypothesized that the open porosity of the 3D printed structure hinders lithium metal 

attachment to any surface. Figure 4.11 illustrates the inconsistency in Li wetting 

observed in the samples, suggesting that refinements in closer features could enhance 

wetting. Further discussion on this topic will be presented in the future works section. 
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Figure 4.11: The SEM cross-section of a Li wet sample of a 3D printed raster pattern. 
In the middle of the image, a 3D printed feature is visible, with open space on the left 
unfilled by Li metal, while the space on the right is fully occupied by Li metal. 
Uniform application of Li metal was applied across the entire surface of this sample. 
 

4.8 Conclusions 

In this chapter, the application of DIW inks to solid-state Li-S batteries 

employing a stacked grid structure is explored, along with an assessment of the cells' 

performance through EIS and cell cycling. The results indicate the following: 

(1) Precise adjustment of inks plays a crucial role in fabricating self-

supporting structures while preventing areas of excessive constriction. In 

contrast to optimal formulations for DIW column structures, inks with 

slightly higher conformal characteristics are sought to ensure effective 

contact between stacked layers. Modest reductions in moduli and marginal 

increases in τ are potential approaches to achieve such behavior.  
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(2) The S/carbon nanotube slurry exhibited homogeneity and established good 

contact with the Li-garnet grid structure, effectively occupying the 

available pore space. While these structures may not yield as much 

additional surface area as the random porous layers devised by Hitz et 

al.,69 they do offer the reductions to constriction that DIW provides. 

(3) 3D printing introduced substantially greater surface area compared to the 

flat surface of the dense layer. Li-S cycling resulted in a capacity of 763 

mAh/gS with less than 0.25% capacity loss over 16 cycles. Minimal 

capacity fade was observed with sulfur cathode.  

(4) Double-sided DIW structures were realized for future improvement of 

SSBs through conventional solid-state sintering. Further exploration of 

optimized structures is necessary to enhance and leverage Li wetting in 

such samples. 
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Chapter 5:  Overall Conclusions and Future Outlook 
 

The research within this thesis investigated a DIW Li-garnet and variety of 

possible structures for the future of SSB. Of note, 𝐺𝐺′, 𝐺𝐺", and τ where used to 

characterize and develop high performing inks for DIW Li-garnet. From this 

increased understanding of rheology high aspect ratio 3D structures could be 

produced. A summary of these insights and conclusions is shown below, along with 

potential areas for future research.  

5.1 Summary of Research Results 

5.1.1 Li-Garnet Inks and their Rheological Properties 
 

The rheological properties of DIW inks, including storage modulus, loss 

modulus, and recovery time, were thoroughly examined in the context of 3D printed 

Li-garnet inks. The findings underscore the limitations of stress-strain plots in 

adequately characterizing complex inks for DIW applications. Instead, stress sweep 

and time sweep tests emerged as more suitable methodologies for delineating an ink's 

response to applied stress and its viscoelastic recovery behavior. 

Self-supporting inks exhibited distinctive characteristics, including high 

values of storage modulus (𝐺𝐺′), loss modulus (𝐺𝐺"), and low relaxation time (τ). The 

optimization of rheological properties for self-supporting inks was found to hinge on 

factors such as high solid loading and large particle size for Li-garnet. These 

attributes play a pivotal role in facilitating the fabrication of high aspect ratio 

structures, offering promising prospects for advanced DIW applications. Conversely, 
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conformal inks demonstrated lower 𝐺𝐺′, 𝐺𝐺", and higher τ compared to their self-

supporting counterparts. While conformal inks may not be ideal for certain DIW 

scenarios, achieving a delicate balance between ink properties is essential for 

optimizing specific structural configurations. 

5.1.2 Li-Garnet Column Structures 
 

The investigation focused on the sintering process of DIW Li-garnet samples 

and the subsequent assessment of cell performance, encompassing EIS and cycling 

tests, for 3D printed Li-garnet batteries employing a Li-NMC622 and Li-SPAN 

systems. The findings unveil several noteworthy observations. Firstly, it was revealed 

that the reduction of carrier solvents, particularly ethanol, is essential to prevent the 

detrimental effects of solvent-induced damage to green tapes, as excessive ethanol 

content led to cracking and rendered the bilayer structure unusable. Secondly, the 

homogeneity of the NMC/carbon black slurry and its robust adhesion to the Li-garnet 

layer were found to facilitate the development of low impedance and high-capacity 

cells. Furthermore, the incorporation of an additional carbon layer via drop casting 

effectively enhanced electronic conduction within the 3D printed structures, 

contributing to their overall performance. 

Moreover, the analysis revealed that while 3D printing significantly increased 

surface area compared to the planar configuration of the dense layer, the resulting 

structures did not match the enhanced surface area achieved by porous layers reported 

in previous studies. However, it was inferred that further enhancements could be 

achieved using more self-supporting inks, thereby increasing the surface area-to-
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volume ratio of 3D printed structures. Additionally, the implementation of DIW 

columns with Li-SPAN cells exhibited extremely high specific capacity; however, 

these efforts ultimately failed due to volume expansion during cycling. Addressing 

this challenge will require the development of strategies to maintain optimal contact 

between the Li-garnet and SPAN cathode components through mechanically 

confining structures. 

5.1.3 Li-Garnet Grid Structures 
 

In this chapter, the focus is on the application of DIW inks to solid-state Li-S 

batteries utilizing a stacked grid structure, coupled with an evaluation of the cells' 

performance via EIS and cell cycling. Key findings emerged from this investigation. 

Firstly, meticulous adjustments of inks are paramount in crafting self-supporting 

structures while averting regions of undue constriction. Unlike the formulations 

optimized for DIW column structures, the pursuit here is for inks possessing slightly 

augmented conformal traits to ensure intimate contact between stacked layers. 

Modest reductions in moduli and marginal increases in τ present potential avenues to 

attain such desired behavior.  

The S/carbon nanotube slurry displayed uniformity and established robust 

contact with the Li-garnet grid structure, efficiently occupying the available pore 

space. While these structures may not confer as extensive additional surface area as 

the random porous layers devised by Hitz et al., they do offer the advantages of 

constriction reduction afforded by DIW. Furthermore, 3D printing introduced a 

significantly greater surface area compared to the flat surface of the dense layer. Li-S 

cycling yielded a capacity of 763 mAh/gS with less than 0.25% capacity loss over 16 
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cycles, yet enhancements are imperative to optimize sulfur utilization, possibly via 

the reduction of spacing between features. Additionally, double-sided DIW structures 

were realized for the future enhancement of SSBs through conventional solid-state 

sintering, highlighting the need for further exploration of optimized structures to 

leverage and enhance Li wetting in such samples. 

5.2 Future Work 

5.2.1 Tying Particle Size to Rheology 
 

Chapter 2 elucidated the significant influence of particle size on the 

rheological properties of DIW inks. Figure 2.14 reveals a considerable effect on 

modulus within the range of 300 nm to 425 nm. While it is logical to expect that 

particle size would influence rheology, the observation that a mere 100 nm difference 

can result in over two orders of magnitude effect on modulus is surprising. Further 

investigation into the impact of particle size is warranted. 

One limitation encountered in previous studies has been the method used for 

powder milling. In this thesis, all powders were milled to size using a ball mill in soft 

bottles. As depicted in figure 2.13, this results in a highly broad distribution of 

powder size, making it challenging to precisely control the extracted particle size 

when drawing powder from a large bottle. Exploring additional milling techniques 

that offer more precise control over particle size distribution is warranted to evaluate 

the impact of particle size on modulus. 

In April 2024, the laboratory acquired a high-energy ball mill for this 

experiment. Although the ball mill is currently non-operational, the plan is to 
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commence operations upon acquiring the ZrO2 bottle, allowing for the collection of 

rheological data, including particle size measurements from a narrow distribution. 

 

5.2.2 Effects of 3D structure on Lithium Cycling 
 

Upon achieving a better understanding of particle size's influence on 

rheological properties, a transition towards more refined, small aspect ratio DIW 

structures is envisaged. This transition should facilitate a comprehensive investigation 

of the impact of 3D structure on Li cycling in symmetric cells. Simultaneously, an 

independent study could be conducted to determine the necessary separation for 

optimal Li metal infiltration. It is plausible that attaining the required feature 

separation for effective Li infiltration may be inconsistent. In such instances, further 

exploration may involve printing a more textured surface onto the LLZO print to 

enhance the adherence of Li metal to the electrolyte. 

 

5.2.3 Implementation of MIEC into DIW inks 
 

A recent breakthrough involves the discovery of MIEC Li-garnet, 

demonstrating potential for enhancing cathode electronic conduction. Given its 

integration into the cathode structure, there is a drive to incorporate 3D printed 

structures with minimal tortuosity and constriction using this material. Initial efforts 

have been made to introduce MIEC into DIW inks, but MIEC does not readily 

integrate into the ink. Figure 5.1 illustrates the standard LLZO ink and attempts with 

MIEC inks. While the standard LLZO ink exhibits homogeneity with high viscosity 

(figure 5.1a), the replacement with MIEC leads to ink phase separation into a viscous 
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phase and a thin phase (figure 5.1b), neither of which are suitable for DIW. Although 

some stabilization of the phase was achieved through ink tuning (figure 5.1c), further 

adjustments to rheology are required to ensure printability. Implementing DIW of 

MIEC structures could have massive implications for the future of SSBs. 

 
Figure 5.1: Three images of various DIW inks: a) standard LLZO ink, b) MIEC ink 
with 1 to 1 LLZO replacement, and c) adjusted MIEC ink.   
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Appendices 
Appendix A: Example Ink Recipes for LLZO 
 
Recipes and further information from the inks in figure 2.16. 
 

 Ink 1 Ink 2 Ink 3 Ink 4 

LLZO mass (g) 5.0002 5.0080 4.8613 4.9009 

ESL mass (g) 1.7556 1.5952 1.6866 1.6644 

22 wt% Ethyl-
cellulose in Alpha-

Terpineol (g) 
0.5025 0.6314 .5136 0.5135 

LLZO wt% 68.89% 69.22% 68.84% 69.23% 

LLZO vol% 33.62% 34.02% 33.58% 33.99% 

Average Particle Size 
(nm) 421.9 376.4 311.7 296.8 

Low Stress G’ (Pa) 4.838*106 4.882*105 6.912*104 3.011*104 

 

Appendix B: Excerpt of Text Code Used to 3D Print Column 
Structures 
 
speed 30 
 
move 0 0 10  //initialization 
move 0.422 8.55 0 
move 0 0 -10 
trigwait 0 
 
//border 
speed 3 
valverel 0.1 0.1 
trigwait 0.4   //startflow 
move 0.3 0 0 
move 0 -3.031 0 
move 1.5 -3.031 0 
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move 2.5 0 0 
move 1.5 3.031 0 
move -1.5 3.031 0 
move -2.5 0 0 
move -1.5 -3.031 0 
valverel 0 0.5 
trigwait 0.1 
move 0 0 2.43 
move 0.25 -2.598 0 
 
//start row 1 
 
//blank 
move 0.5 0 0 
 
//blank 
move 0.5 0 0 
 
//blank 
move 0.5 0 0 
 
move 0 0 -2.43  //prepare to print 
valverel 0.2 0.4 
trigwait 0.4   //startflow 
speed 1.5    //printspeed 
move 0 0 .03  //columnheight 
valverel 0 1.5 
trigwait 0.3            //cutofftime 
speed 3    //anti-pulloff 
move 0 0 .4  //createseparation 
trigwait 0.0            //waittime 
speed 30       //transition 
move 0 0 2  //move to next column 
move 0.5 0 0 
 
move 0 0 -2.43  //prepare to print 
valverel 0.2 0.4 
trigwait 0.4   //startflow 
speed 1.5    //printspeed 
move 0 0 .03  //columnheight 
valverel 0 1.5 
trigwait 0.3            //cutofftime 
speed 3    //anti-pulloff 
move 0 0 .4  //createseparation 
trigwait 0.0            //waittime 
speed 30       //transition 
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move 0 0 2  //move to next column 
move 0.5 0 0 
 
……. 
 
move 0 0 -2.43  //prepare to print 
valverel 0.2 0.4 
trigwait 0.4   //startflow 
speed 1.5    //printspeed 
move 0 0 .03  //columnheight 
valverel 0 1.5 
trigwait 0.3            //cutofftime 
speed 3    //anti-pulloff 
move 0 0 .4  //createseparation 
trigwait 0.0            //waittime 
speed 30       //transition 
move 0 0 2  //move to next column 
move 0.5 0 0 
 
//blank 
move 0.5 0 0 
 
//blank 
move 0.5 0 0 
 
//blank 
move 0.25 0.433 0 
//finish 

Appendix C: Text Code Used to 3D Print Grid Structures 
speed 5 
 
move 0 0 10 
move 0.1 10.5 0 
move 0 0 -10 
trigwait 5 
speed 3 
valverel .5 .25 
trigwait 0 
 
move 0 -10 0 
move 0.4 0 0 
 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
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move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
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move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
move 0 0.3 0 
move 10 0 0 
move 0 0.3 0 
move -10 0 0 
 
move 0 0.2 0 
move 10.1 0 0 
move 0 -10.2 0 
move -10.2 0 0 
move 0 10.2 0 
move 0.1 0 0 
 
valverel 0 1 
trigwait 2 
speed 30 
 
move 0 0 3 
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