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Abstract

Scalable processing of thin solid electrolytes is crucial for engineering solid-state batteries with practical 

energy densities. To leverage existing battery production infrastructure, pathways for solution processing 

of solid electrolyte films must be investigated. Roll-to-roll compatible film preparation of aluminum-doped 

lithium lanthanum zirconate oxide was studied. Four slurry configurations accounting for different solvent 

properties and solid loadings were evaluated to investigate the ternary interactions within the 

dispersions. Rheological and coating stability analyses were carried out on the processed slurries. The 

analysis and characterization indicated that improved component interactions within the ethanol/toluene 

system result in homogenized distribution of the particles, binder, and plasticizer, and enable the 

extraction of free-standing thin films with thicknesses of 20 μm and large area (>15 in.2). The drawbacks 

and opportunities of several protocols for high temperature sintering of the dried green films were 

investigated. This study highlights the importance of engineering dispersions during the development of 

processing protocols for solid electrolytes and provides guidelines for the best practices that can be 

leveraged for solution processing–based fabrications for a wide range of solid electrolyte materials.
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1. Introduction

To increase the adoption of electrified mobility alternatives, safe, high–energy density batteries must be 

developed [1,2]. Conventional lithium-ion batteries are not inherently safe because the liquid electrolyte 

contains flammable solvents [3]. Solid-state batteries (SSBs), which replace the liquid electrolyte with its 

solid counterpart, are theoretically safer because they do not contain flammable solvents [4–9]. Despite 

many efforts in material development, cell architecture optimizations, and processing inventions, SSBs 

have not yet been commercialized [10,11]. The US Department of Energy’s performance and cost goals 

for electric vehicle batteries are energy density greater than 350 Wh kg−1 and costs lower than $60/kWh 

at the cell level [2,12]. These goals require the development of next-generation batteries with highly ionic 

conducting electrolytes and the use of energy-dense anodes and high-voltage, high-loading cathode 

materials. Use of lithium-metal anodes in conventional lithium-ion batteries is limited by various 

parameters such as safety and side reactions [13]. Furthermore, liquid electrolytes have narrow 

electrochemical stability windows, which hinder the use of high-voltage cathode materials [14]. However, 

a solid electrolyte (SE) allows the use of lithium metal because a dense SE can theoretically prevent 

dendrite formation [15,16], and many SEs have wide electrochemical stability windows, allowing 

integration of high-voltage cathode materials [3]. 

To develop a safe, energy-dense, and cost-effective battery, liquid electrolytes must be replaced by their 

solid counterparts [17–19]. Some challenges must be addressed concerning the ionic conductivity of SEs, 

chemical and electrochemical stability of anode | SE and cathode | SE, and the processability of SEs 

[10,20]. Many garnet SEs have ionic conductivity in the range of 10−4 to 10−3 S/cm and have a very wide 

electrochemical and chemical stability window [21–23]. Despite these favorable electrochemical, 

chemical, and transport properties, garnet-based SSBs have not been commercialized because garnets 

are brittle and have high Young's modulus with low fracture toughness [24]. These properties are not 



favorable for attaining intimate contact between lithium-metal | SE and SE | cathode, and the solutions 

to these issues are not cost-effective, generally requiring additional processing steps and materials [25–

28]. Furthermore, garnets have a higher density than other SEs, which adversely affects the gravimetric 

energy density when processed in currently employed form factors. 

To enable garnet-based SE research, thick (1–2 mm) SEs are used at lab scale [11]. SE thickness is a critical 

parameter that enables garnet-like, high-density SEs to achieve gravimetric energy-density metrics 

relevant to electric vehicle applications [29,30]. Currently, average lithium, SE, and cathode thicknesses 

used in all-solid-state batteries are 100, 500, and 30 μm, respectively[11]. The energy density metrics for 

cells with such thicknesses are lower than those of conventional lithium-ion batteries (approximately 10–

100 Wh kg−1). Furthermore, SSBs are cycled at very high pressures in the range of approximately 10 MPa 

to obtain intimate contact between solid–solid interfaces in the SSB (anode | SE and cathode | SE) [31,32]. 

The brittle nature of garnets limits the maximum allowable pressure on the cell. Transitioning to a thin SE 

film can mitigate these issues by decreasing the overall material cost, providing facile mechanical 

properties for ease of handling, and reducing the ion transport path to enable fast charging capabilities of 

the battery. Thus, developing strategies to manufacture thin, dense-defect–free SEs at scale is necessary 

for a successful deployment of SSBs in electric vehicles. However, efforts to address this challenge are not 

well documented [10,30]. A thin and very dense layer of electrolyte may be created via physical vapor 

deposition or atomic layer deposition, but these methods pose concerns of scalability and costs associated 

with large-scale production [33]. Tape casting, or roll-to-roll processing, is the most promising technology 

for manufacturing thin, dense-defect–free SEs SE sheets. Roll-to-roll processing of SEs can also use the 

existing infrastructure for conventional lithium-ion battery manufacturing for successful deployment of 

SSBs [34].

Significant challenges must be overcome to facilitate slurry processing for making thin, dense electrolytes. 

This process is illustrated in Figure 1. The structure and properties of roll-to-roll–coated SEs are a function 



of the interactions that occur among the constituents in the dispersion. Slurry processing involves coating, 

drying, calendering, delaminating, and sintering electrolyte films at high temperatures to eliminate 

solvent-binder-plasticizer systems. These systems affect the lithium lanthanum zirconate oxide (LLZO) 

properties, including microstructure, density, hardness, shrinkage, and conductivity. Significant work has 

been devoted to slurry engineering for electrodes in fuel-cell technologies and conventional lithium-ion 

batteries [30,35–40]. In this study, the underlying principles of ternary component interactions in the 

dispersions were leveraged to achieve roll-to-roll coatings of free-standing aluminum-doped lithium 

lanthanum zirconate oxide (LALZO) SE films. The slurry composition of the solvent-binder-plasticizer 

system was optimized to form a defect-free green tape that can be delaminated to obtain free-standing 

LLZO thin films. Various sintering strategies were evaluated to obtain a flat, dense-defect–free SE film. 

Lithium loss was optimized in the SE densification to achieve a homogeneous composition of LLZO. 

Experimental strategies and best practices for solution processing of SEs can also be leveraged for other 

SEs. 

Figure 1. The steps for solution processing of SEs. (left) The first step is to obtain a homogenized dispersion 
of components within a solvent using appropriate mixing strategies. (right) Next, this slurry is casted using 
a slot-die coating and undergoes several stages of postprocessing to obtain dried, free-standing green 
films. 



2. Experimental

2.1. Slurry Preparation

Commercial LALZO was used for this study. Slurries were prepared using two solvent systems: (1) isopropyl 

alcohol (IPA) and toluene and (2) ethanol and toluene. Fish oil was used as a dispersant, benzyl butyl 

phthalate was used as a plasticizer, and polyvinyl butyral (PVB) was used as a binder. Yttrium-stabilized 

zirconium balls were used as a milling media. Four slurries were prepared using the compositions listed in 

Table 1. The constituents were mixed in specific ratios and ball milled in a spex mill for 1 h followed by 

degassing under vacuum for 10 min. 

Table 1. Composition of the four slurries used in this study

Component Slurry 1 

(wt. %)

Slurry 2 

(wt. %)

Slurry 3 

(wt. %)

Slurry 4 

(wt. %)

LALZO 25 37 25 37

IPA 21 15 0 0

Ethanol 0 0 21 15

Toluene 21 15 21 15

Fish oil 0.5 0.5 0.5 0.5

Yttrium-stabilized zirconium 22.5 22.5 22.5 22.5

Benzyl butyl phthalate 5 5 5 5

PVB 5 5 5 5

2.2. Rheology

After degassing, the slurries were transferred to the rheometer (Discovery HR-3, TA Instruments). A 

SmartSwap concentric cylinder geometry (bob diameter = 28.05 mm, bob length = 42.01 mm) was used 



for the rheological measurements. The slurries presheared at 5 rad s−1 for 10 s followed by an equilibration 

step of 15 min. Then a flow ramp test was performed from shear rates of 5 to 3,500 s−1 to measure the 

shear-dependent viscosity. 

2.3. Tape Casting

For tape casting, the slurries were used immediately after the mixing step and subsequent degassing. The 

slurries were tape cast on the shiny side of mylar sheets on a benchtop coater. Rheology and coatings 

were carried out on separate slurry samples. The coating speed for all the coatings was maintained at 40 

mm/s. The coatings were dried at room temperature for 24 h in a dry room. Wet thicknesses of 50, 100, 

150 and 200 µm were cast on the mylar substrate for all the slurries. After extensive drying, the coatings 

were delaminated from the mylar substrates. 

2.4. Densification

After delamination, the dry coatings were punched and then underwent three annealing steps. The first 

annealing was carried out in an argon environment in a tube furnace at 600°C for 12 h to remove the 

binder-plasticizer-dispersant. The second annealing was carried out at 1,100°C for 12 h in an argon 

environment for densification of the films. Four substrate systems were analyzed for densification of 

LALZO thin sheets: (1) green films buried in LALZO mother powder on an alumina crucible, (2) bare green 

film on alumina crucible, (3) green film sandwiched between two alumina crucibles, and (4) green film 

sandwiched between graphite sheets that are sandwiched between alumina sheets. The dense pellets of 

the fourth substrate system underwent a third annealing in a box furnace in air at 500°C for 2 h to remove 

the carbon contamination from the surface. 

2.5. Material Characterization

The microstructures of the dried green films and sintered sheets were analyzed via scanning electron 

microscopy (SEM) using a Zeiss MERLIN FE-SEM. All SEM micrographs were collected at 1 kV electron high 



tension and a working distance of 5.5 mm. X-ray diffraction (XRD) measurements were performed using 

Panalytical Xpert Pro at 45 kV and 40 mA conditions. The XRD data were collected at room temperature 

in the range of 15° to 60° with a step size of 0.01° using Cu-Kα radiation.

3. Coating Stability Window Model

The stability windows for slot-die coatings of non-Newtonian slurries are well documented [41–47]. The 

model used for predicting coating stability windows is briefly described as follows. A full derivation of the 

model can be found elsewhere [41–47]. Figure 2 shows a diagram of fluid flow through a slot die coater 

with key elements of the flow profile identified. A uniform coating window is specified in terms of the 

fluid flow parameters for the coating bead shown in Figure 2. The coating bead has a free boundary that 

wets the web (upstream meniscus), and the downstream free surface is identified by the film-forming 

meniscus (downstream meniscus). The relevant physical parameters of interest in this case are the coating 

speed uw, the gap height hG, the upstream lip length lu, the downstream lip length ld, and the wet film 

height h. The flow parameters of the slurry—viscosity η, flow behavior index 𝜖, and surface tension σ

—also affect the coating stability. Generally, the 3D flow problem is simplified into a 2D or 1D problem 

(in the gap) to aid analysis. The stability of the coating window is determined by the position and nature 

of the upstream meniscus and is classified into four cases: (1) corresponding to the a concave upstream 

meniscus pinned to the end of the upstream lip, (2) corresponding to a convex meniscus pinned to the 

end of the upstream lip, (3) corresponding to a concave upstream meniscus pinned to the lower end of 

the upstream lip, and (4) corresponding to a convex upstream meniscus pinned to the lower end of the 

upstream lip. The individual pressure drops for each case for a non-Newtonian fluid are given as follows:
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Figure 2. Cross-sectional view of the slot-die coater near the moving web. Coating stability windows with 
respect to coating bead pressure and the web speed are highlighted, along with the defect routes. Cases 
1–4 denote the positions of the upstream meniscus that are used to assess the coating stability windows. 



4. Results and Discussion

The development of successful roll-to-roll processing for SEs requires the engineering of stable, functional 

dispersions. Dispersion stability is a key requirement for achieving high-quality coatings and improving 

the shelf life of the slurry [36]. Dispersion stability is dictated by the competing interactions between the 

solvent, dispersed particles, binders, and surfactant. These interactions typically include van Der Waals, 

electrostatic, steric, and depletion interactions [48–51]. Two distinct solvent systems and loading 

configurations were investigated to evaluate the relative interactions and their influence on LLZO 

coatings. Four slurry configurations were prepared, as described in Table 1. The differences in these 

solvent properties allow effective investigation of the influence of various interactions and provide insight 

into best practices for slurry preparation for LALZO coatings. Visual analyses of the dispersion stability and 

quality did not indicate any aggregations within any of the slurries, which suggests that the components 

were homogenized by the high-energy ball milling. However, the ethanol slurry dried quickly, which 

limited the time available to create coatings. The vapor pressure of IPA is 4.1 kPa, and the vapor pressure 

of ethanol is 5.95 kPa at 25 °C; thus, ethanol has a faster evaporation rate than IPA[30,36]. In the dry room 

environment where these slurries were processed and casted, the processing window of an exposed IPA-

based slurry was approximately 15–20 min, whereas dried aggregates could be observed in an exposed 

ethanol-based slurry after only a few minutes. Furthermore, the lower total solvent content in the slurries 

with higher solid loading caused them to be less stable than the slurries with lower solid loading[52]. 

Depending on the humidity levels, these stability values might change significantly, but solvent content 

does affect processing timescales and shelf life. 

Rheological measurements of the slurry were performed to assess the shear-dependent viscosity of the 

slurries. Newtonian slurries are preferred because they enable wide coating windows and defect-free 

coatings [53]. However, most practical multicomponent dispersions used for batteries exhibit shear-



thinning behavior [54]. This behavior arises from the breakup of large agglomerate structures within the 

dispersions upon application of high shear rates. Shear-thinning fluids are defined by the power law model 

for viscosity given as 𝜏 = 𝜇𝛾∈―1, where 𝜏 is the shear stress, 𝜇 is the flow consistency index, and 𝜖 is the 

flow behavior index [41,55]. For shear-thinning fluids, ∈  is less than unity. The shear-dependent 

viscosities for the investigated slurries are shown in Figure 3. The IPA/toluene slurry shows Newtonian 

behavior for a large shear-rate window followed by shear thinning. In contrast, the ethanol/toluene slurry 

shows a near shear thinning behavior for the entire range of shear rates involved. Both the IPA/toluene 

slurries have higher viscosity than the ethanol toluene slurry for the same loading. Viscosity of the 

dispersions is dictated by the component interactions within it: polymer–solvent, polymer–particle, and 

particle–solvent. As mentioned previously, the interactions between the constituents of dispersions are 

van Der Waals attraction, electrostatic repulsion, depletion/bridging interaction, or steric repulsion. IPA 

has a dielectric constant of 17.9, ethanol has a dielectric constant of 24.5, and toluene has a dielectric 

constant of 2.38. The differences in electrostatic interactions within the dispersions are completely 

dictated by the polarization capability of the alcohol component, which is higher in ethanol compared to 

IPA [56–58]. A higher polarization capability leads to fewer interactions between the components. Ethanol 

also has a slightly higher surface tension (22.4 mN/m) than IPA (21.3 mN/m), which indicates a higher 

Hamaker constant, resulting in higher van Der Waals attraction [50,59]. However, this force is typically 

short-ranged, and the slurry interactions at the present configurations were dominated by electrostatics 

and polymer-based interactions. Another key factor dictating dispersion viscosity is the behavior of the 

polymer in the solvent system. The dispersion (δD), polar (δP), and hydrogen (δH) bonding contributions 

and the total solubility parameter (δ) are listed in Table 2 [60]. These components depict the energy 

density of the specified interaction (dispersion bonds, intermolecular forces, hydrogen bonding 

respectively) for the components. To enable effective dispersions, similar solubility parameters between 

the dispersed material and solvent should be maintained [36,60–62]. Therefore, PVB should be more 



compatible with the IPA/toluene ink than with the ethanol/toluene slurries. This compatibility would 

result in the IPA/toluene slurries having a better interaction among the polymer, solvent, and particle. 

This interaction yields the higher viscosities observed for the IPA/toluene slurries compared with the 

ethanol/toluene slurries. Furthermore, higher solid loading increases the overall viscosity across the range 

of the investigated shear rates. The flow profiles were fit to the power law model, and the consistency 

index and flow behavior index are given in Table 3. The IPA/toluene slurries have a higher flow consistency 

index and lower flow behavior index than the ethanol/toluene slurries. Shear rates for roll-to-roll coatings 

are typically dictated by the coating height (hw) and coating speed (uw) and are given as the ratio of the 

coating height to coating speed. Figure 3 shows the shear rates experienced on the slurry at 40 mm/s 

coating speed with wet height thicknesses of 50, 100, and 150 μm. As the wet coating height increases, 

the shear rate experienced by the slurry decreases. 

Table 2. Solubility parameters for each solvent

Solvent Dispersion bonding 
contribution, δD 
(MPa1/2)

Polar bonding 
contribution, δP 
(MPa1/2)

Hydrogen bonding 
contribution, δH 
(MPa1/2)

Total solubility 
parameter, δ 
(MPa1/2)

PVB 7.72 2.90 3.26 8.87

Ethanol 15.8 8.8 19.4 26.0

Toluene 18.0 1.4 2.0 18.3

IPA 15.8 6.1 16.4 23.8



Figure 3. Shear sweeps for the four slurries performed using a DHR-3 rheometer. All slurries were 
presheared and equilibrated prior to measurement of the shear sweeps. Relevant shear rates for 
processing wet height thicknesses of 50, 100, and 150 µm at 40 mm/s are denoted by vertical lines. 

The rheological properties of the slurry significantly affect the thickness of the coated layer and the 

morphology of the electrode during and after drying [40]. The rheological properties also dictate the 

available coating windows and processing parameters. The models for assessing coating windows from 

rheological information are well established and are governed by the viscocapillary forces acting within 

the slot-die head [41,43,55,63]. Coating windows are defined by the coating speeds and the maximum 

allowable pressure drop across the slot die. Depending on the position of the upstream and downstream 

menisci, leaking defects, low-flow limit, and air entrainment defects can be observed, as shown in 

Figure 2. 



In ideal coating conditions, the upstream meniscus is pinned to the farther edge of the slot-die lip. Leaking 

defects occur if the fluid pressure exceeds the pressure drop across the lip and cause an uncontrolled 

coating width. No upstream meniscus is present in this case, and the slurry spreads out of the slot die. 

This situation can lead to significant material losses and contamination of the processing instruments. The 

low flow limit occurs at high coating speeds at which the fluid pressure is not sufficient to maintain the 

desired wet thickness. The downstream meniscus shifts such that the coating height is not maintained at 

the exit of the slot die. In these conditions, the resultant coatings will be of nonuniform thickness, which 

can have detrimental effects on the subsequent processing and integration steps. Finally, the air 

entrainment defect is an exacerbated case of the low flow limit in which the fluid pressure drops low 

enough for the upstream meniscus to travel all the way to inner edge of the upstream lip and allow air to 

be integrated into the coated fluid. This results in intermittent coatings with less control over the coating 

thicknesses. 

The coating windows for the formulated slurries were investigated using the Eqs.  1–4 for non-Newtonian 

fluids using the fits obtained by the power law model (Table 3). Figure 4 shows the effects of processing 

parameters on operating window for the four investigated LALZO slurries. The IPA/toluene slurry offered 

a wider coating window compared with the ethanol/toluene counterparts. Furthermore, the slurries with 

higher solid loadings resulted in wider coating windows in terms of pressure compared with those with 

low solid loadings, and the less viscous systems were favorable for high-speed operations (web speeds 

>10 m/min). This behavior was expected because lower viscosities and slurry densities tend to minimize 

the available range of operation in terms of fluid pressure before running to leaking and air entrainment 

effects. However, ease of flow minimizes the chance of hitting the low flow limits for these systems. The 

higher-viscosity slurries would have higher pumping requirements (watts per liter pumped) compared 

with the slurries with lower loading. Designing processes for scalable manufacturing of SEs requires 

careful tuning of the slurry rheology because it dictates the quality of the coatings, the processing 



conditions, the control requirements, and the process flexibility. Higher loadings are preferred for 

relatively slower coating lines, which require flexibility in terms of operation and less accurate controls. 

Lower loadings are preferred for high-speed coating lines with highly accurate controls, which result in 

limited processing flexibility but high throughputs. 

Table 3. Slurry rheological and gravimetric metrics

Slurry Flow consistency 
index

Flow Behavior 
index

Slurry 
density (g 
cm−3)

Slurry 1 0.237 0.928 1.188

Slurry 2 3.012 0.79 1.464

Slurry 3 0.162 0.952 1.190

Slurry 4 1.79 0.821 1.466

The dried coated films prepared by the four slurries were subsequently investigated. SEM micrographs of 

all four dried slurries are shown in Figure 5(a–d). The micrographs are top-down views of the coatings 

with 50 μm wet thickness after drying. As shown in the figure, all four dry films show distinct morphology 

and particle distribution. After drying, slurries 1 and 2 had uniform LALZO particle distributions and 

uniform distributions of binder-plasticizer within the system. In contrast, aggregates of white particles 

(LLZO) were clearly observed for the ethanol-based slurries, which indicated a poor coating.



Figure 3. Effect of processing parameters on operating window for the investigated LALZO slurries: 
(a) ethanol/toluene low solid loading, (b) ethanol/toluene high solid loading, (c) IPA/toluene low solid 
loading, (d) IPA/toluene high solid loading. The low flow limit condition is identified for all the investigated 
slurries. Cases 1–4 in the legends represent the pressure drop for the four positions of the upstream 
meniscus detailed in Figure 2. 

The porosity distribution was unique to all the slurries. After drying, more pores were visible in slurry 1 

than in slurry 2 because of the different LALZO loading in the slurries. Higher LALZO loading results in 

fewer pores, which is desirable.

To achieve a dense, defect-free SE film, the green film must have a uniform particle distribution with high 

packing density. This configuration will facilitate lower-temperature annealing in less time because less 

particle growth is required during annealing compared with that for low–packing fraction green films. The 



morphology and distribution behavior observed in the ethanol-based slurries is highly undesirable 

because it affects the delamination and densification.

Figure 4. (a–d) SEM micrographs of the dried green films processed with IPA/toluene and ethanol/toluene 
slurries at low and high loadings. (e) Peel-off condition and (f) free-standing LALZO film obtained from the 
IPA/toluene slurries. The coated film can be separated from the mylar substrate in a single step with no 
defect generation. (g) Peel-off condition of the LALZO film processed with ethanol/toluene slurries. These 
coatings are brittle, and free-standing films cannot be separated from the mylar substrate. 

Increase in annealing temperature and time can also lead to heterogenous chemical composition of the 

dense SE sheet because of elevated lithium loss and reduced formation energy of side products. The SEM 

micrographs reveal that slurries 1 and 2 yielded desirable microstructure of the green film. Integrating SEs 

into the SSB architecture would ideally require calendering of three individual, free-standing layers for the 



cathode, separator, and the anode. Although the cathode and anode entities can be based on a 

backing/current collector, a free-standing separator film is required to integrate the SSB architectures. 

The ability of the coated systems to be manually peeled for creating free-standing thin films was 

investigated. As shown in Figure 5, all the slurries were peeled off manually. The coatings with the 

IPA/toluene slurry were easy to handle and led to extremely facile delamination from the mylar substrate. 

A free-standing green film with an area of 15 in.2 and approximately 20 μm thickness could be 

delaminated directly from the coated substrate without any additional treatment, which is a significant 

step toward achieving roll-to-roll fabrication of LALZO thin films. In contrast, the coatings with 

ethanol/toluene as solvents did not delaminate effectively. Poor microstructural distribution and lack of 

uniformity of the binder-surfactant network caused decreased integrity of these films. 

The final stage of the LALZO thin film preparation is densification, in which the coated thin films are 

sintered at high temperatures. We evaluated several pathways for effective sintering of the LLZO thin 

films as described qualitatively in Fig. 6a. Initially, an approach like pellet sintering was pursued: the green 

films were buried under excess mother powder to achieve high density and mitigate lithium loss. The 

resultant films had a wavy structure that prohibited their use in subsequent cell assembly because of the 

risk of fracture. Sintering without the mother powder also caused a wavy structure. In addition to this, 

this resulted in films with Li-loss as discussed below. We propose that nonuniform heating and 

densification might be the cause of the wavy structure. To minimize the waviness of the structure, 

sintering the green films between alumina plates was investigated. This approach was also not successful 

because the resultant films were brittle and adhered to the alumina plates, which subsequently fractured. 

Finally, sintering between graphite plates was investigated to minimize the potential diffusion between 

the green film and the backing plates. This resulted in flat sintered films, that were mechanically robust 



and could be handled without breaking. Apart from the mechanical stability, phase stability and lithium 

loss of the sintered films was also investigated through XRD analysis. 

Figure 5. (a) Diagram of the approaches undertaken to carry out the densification sintering of the solution-
processed green films, highlighting the approaches that failed and the approach that worked. (b) XRD 
patterns for the mother powder and the sintered films with optimized quantity of excess lithium. (c) Top 
view and (d) cross-sectional SEM images for the densified LLZO green film.

Phase quantification was carried out using GSAS software. A sharp La2Zr3O7 peak is observed in the 

sintered garnet film when zero excess Li is added to the slurry (Fig. 6b). To mitigate this Li-loss, excess 

LiOH was added to the slurry. Green films prepared with this excess LiOH, when sintered between graphite 

plates, resulted in dense LLZO thin films. SEM micrographs of these densified films are shown in Figure 6c 

and 6d. These images show that the density of the sintered films is very high, and very small pores are 

present. We have estimated that the density of the sintered film is >90% with pore sizes in the order of 

1-2 µm. Further we also observe that the sintered films shrunk ~60% compared to the unsintered green 

film.    It should be noted that the mechanical properties of the resultant films are a crucial aspect of both 



processing and performance of the solid-state batteries. As such, the unsintered green films can be wound 

and “rolled” in the traditional sense of the R2R processing. Due to the area constraints with our furnaces, 

we were only able to investigate the sintering performances of smaller pieces of the green films whose 

handling is discussed. In addition, the inherent mechanical properties of LLZO in general for films made 

with either solvent system would be similar. Electrochemical testing of sintered thin films requires careful 

experimental setup development for material handling which is beyond the scope of the present 

discussion. We establish that employing a graphite and alumina plate leads to improved structural 

integrity  of the sintered films and their handling is improved. Sintering steps for roll-to-roll coating must 

consider compatible supporting plates and applications of pressure to maintain the form factor. 

5. Conclusion

Scalable processing of thin SEs is crucial for the development of high–energy density SSBs. Factors that 

affect the slurry-based processing of LALZO-based thin films were investigated. Specifically, IPA/toluene 

and ethanol/toluene slurries at different solid loadings were used to investigate the influence of 

component interaction in the dispersion phase on the resulting film microstructure and processability. 

Improved component interactions within the IPA/toluene slurries yielded well-dispersed, homogenous 

microstructures. Furthermore, rheological investigations provided insight into the processing windows for 

roll-to-roll processing of the SEs. Several strategies were employed to densify the solution-processed 

green films and highlight the shortcomings and effectiveness of the approaches involved. These strategies 

can be effectively translated to other solid electrolyte materials, and they offer guidelines regarding the 

best practices for solution processing–based fabrications for solid electrolytes. 
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