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Abstract: Garnet-type solid-state electrolytes such as Li₇La₃Zr₂O₁₂ (LLZO) offer 
high ionic conductivity but present challenges in scalable processing due to phase 
instability and poor interfacial contact. In this study, LLZO thin-film coatings were 
fabricated via suspension plasma spraying (SPS) and subjected to laser-based 
thermal post-processing to improve surface and microstructural properties. 
Synchrotron micro-XRD, along with SEM, EDS, and surface profilometry was 
employed to analyze the effects of laser post-processing. Results reveal that laser 
processing reduced surface roughness by up to nearly 40%, eliminated the 
La(OH)₃ phase which is known to increase interfacial resistance, and led to the 
formation of Li₂ZrO₃ and Li₂CO₃ due to localized remelting. These findings 
highlight the dual role of laser post-processing in improving both morphological 
and chemical characteristics of SPS LLZO, offering a promising strategy to enhance 
solid electrode-solid electrolyte interface quality in solid-state battery 
architectures.  

1. Introduction 

Solid-state batteries (SSBs) are widely regarded as a key solution for next-generation 

electrochemical energy storage, offering improved safety and higher energy density over a broad 

temperature range. Among these, all-solid-state lithium batteries (ASSLBs) have garnered 
significant attention, particularly due to their potential for use in electric vehicles and smart grids. 

Central to ASSLBs are solid-state electrolytes (SSEs), which must exhibit high ionic conductivity, 

interfacial stability, and chemical durability. However, challenges such as low conductivity, 

interfacial resistance, mechanical brittleness, and complex, high-cost manufacturing, especially 

for materials like Lithium Lanthanum Zirconium Oxide (LLZO), which hinders wider societal 

adoption and commercialization [1–5]. Conventional fabrication methods for LLZO SSEs include 
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solid-state reaction, sol–gel synthesis, tape casting followed by sintering, and advanced techniques 

such as spark plasma sintering and hot pressing [6–10]. More recently, plasma spray techniques 

have emerged as promising alternatives, offering significantly higher deposition rates and 

potential cost reductions [11,12]. Nevertheless, plasma-sprayed LLZO SSEs often suffer from 

issues such as phase decomposition, undesired surface roughness, and weak electrode–electrolyte 

interfaces. Laser-based post-thermal processing has shown promise in improving surface 

morphology and inducing beneficial phase transformations in plasma-sprayed battery 

components (e.g., anodes) [13]. Building on this, we hypothesize that similar laser-based post-

processing applied to plasma-sprayed LLZO SSEs could enhance surface quality and reduce 

interfacial resistance by promoting smoother, denser surfaces and improved phase stability. 

In this study, we investigate the effects of laser post-processing on suspension plasma-sprayed 

LLZO SSEs. By varying laser power and scan speed, we evaluate the resulting changes in surface 

microstructure, roughness, and phase composition using scanning electron microscopy (SEM), 

energy-dispersive X-ray spectroscopy (EDS), surface profilometry, and synchrotron-based micro-

X-ray diffraction (μXRD) [13,14]. Our findings reveal that laser post-processing reduces surface 

roughness by up to 39.5%, but also induces notable phase decomposition and elemental 

redistribution at the laser post-processed regions. 

2. Experimental Procedure 

Lithium Lanthanum Zirconium Oxide (Li7La3Zr2O12, LLZO) powder obtained from Toshima 

Manufacturing Co, Ltd. (Japan) was used as the SSE material for deposition by suspension plasma 

spraying (SPS). The substrate was commercially pure aluminium ⌀25x2 mm coupon which was 

grit blasted prior to coating deposition. Table 1 presents the LLZO powder chemical composition 

determined by EDS and Figure 1 shows the powder morphology observed by SEM. The SPS coating 

thickness was 35±5 µm. 

Table 1. Chemical composition (in Wt.%) of LLZO powder measured by EDS.  

Element Li La Zr O C Ca, Si, Cl 

Wt.% nd* 46.0 18.1 25.1 10.7 0.1 

(*Li is not detectable with the technique used) 

 

 
Figure 1. SEM micrographs at (a) low and (b) high magnifications revealing the irregular morphology of LLZO 

powder. 

Thirteen laser-processed lines were created on the top surface of the SPS coating, each 

corresponding to a distinct set of laser post-processing parameters, as detailed in Table 2. The 

wavelength and spot size diameter of laser beam were 1070 ±10 nm and 400 µm, respectively. 

For this study, three representative lines with significantly different energy densities were 
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selected for detailed analysis. The selection was based on visual inspection and the inclusion of a 

low input energy condition. The full parameter set is provided in Table 2, with the selected lines 

L7, R4, and R3 highlighted in blue. These lines are referred to hereafter as Line 1 (L7), Line 2 (R4), 

and Line 3 (R3), respectively. For further details on experimental procedures about plasma 

spraying and laser post-processing refer to our previous works [11] [13].   

Table 2. Laser post-processing parameters, locations and geometry of the processed lines on the plasma-
sprayed coating. 

 

The details of the SEM, EDS, and roughness analysis devices used in this study have been 

provided in our previous work [13]. The roughness average (Sa) is a dispersion parameter defined 

as the mean of the absolute values of the surface departure above and below the mean plane 

within the sampling area [15]. According to Equation 1, ΔSa (%) can take both negative and 

positive values, indicating roughening and smoothening after laser post-processing, respectively. 

A higher positive ΔSa (%) value corresponds to a greater degree of surface smoothing. 

 

Δ𝑆𝑎 (%) =  
𝑆𝑎𝐴𝑠−𝑠𝑝𝑟𝑎𝑦𝑒𝑑 − 𝑆𝑎𝑙𝑎𝑠𝑒𝑟 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑

𝑆𝑎𝐴𝑠−𝑠𝑝𝑟𝑎𝑦𝑒𝑑

× 100 
Equation 1. 

 

To investigate the crystalline phases on the surface of the laser-processed samples, microXRD 

measurements were carried out at the microXAS beamline of the Swiss Light Source, Switzerland 

[16]. For a detailed description of the microXRD experiment, including the procedure and 

equipment, see [14].  

3. Results and discussion 
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Figure 2. Surface topography of the middle region of laser-processed lines on plasma-sprayed sample, 

as visualized using optical profilometry: (a) line 1, (b) line 2, (c) line 3. 

According to Figure 2 and Table 2, among the 13 laser post-processing conditions, Lines 1, 2, and 

3 exhibit both the lowest Sa values and the highest surface roughness reductions (ΔSa) of 34.3%, 

35.8%, and 39.5%, respectively. These results reflect the effect of low energy input in achieving 

significant surface smoothening. Additionally, these lines appeared continuous and uniform, 

unlike some other low-energy conditions that resulted in discontinuous or irregular tracks (Table 

2). However, only among these three selected lines, an increase in energy input leads to a reduction 

in surface roughness, primarily due to a higher proportion of molten material. This is further 

supported by the fact that lower scanning speeds allow sufficient time for uniform solidification 

of the molten regions, resulting in reduced surface roughness. According to Figure 3, laser post-

processing induces noticeable changes in the elemental distribution between the laser-processed 

and as-sprayed regions. In all three selected lines, energy input from the laser leads to localized 

thermal effects, promoting surface oxidation. As a result, EDS analysis reveals a clear increase in 

oxygen content in the laser-processed areas compared to the as-sprayed regions. This elevated 

oxygen presence is accompanied by a relative decrease in the concentrations of Zr and La, likely 

due to surface oxidation, diffusion, or potential volatilization of these elements during high-

temperature exposure. These changes in elemental distribution suggest that laser post-processing 

not only modifies surface topography but also alters the local chemical environment, which could 

influence the interfacial properties and electrochemical performance of the SSE. 

 

Figure 3. SEM images and corresponding EDS elemental maps for O, Zr, and La, respectively for all the 
3 laser-processed lines. Chemical compositions of the laser-processed and neighboring as-sprayed regions 

are also provided in dashed-line boxes within the figure. 

According to Figure 4, the XRD analysis reveals that the as-sprayed SPS LLZO coating retained 

the primary garnet phase Li₇La₃Zr₂O₁₂, indicating partial preservation of the original powder 

composition during deposition. However, secondary phases such as La₂Zr₂O₇ and La(OH)₃ also 

formed due to thermal decomposition during plasma spraying and subsequent exposure to 

moisture and ambient air. These secondary phases are known to deteriorate the ionic conductivity 

and chemical stability of the electrolyte, thereby negatively impacting solid-state battery 

performance. 

Laser post-processing introduces further changes in phase composition. The formation of new 

phases such as Li₂ZrO₃ and Li₂CO₃ in the laser-processed regions suggests that surface remelting 
and chemical interaction with atmospheric CO₂ and H₂O occurred during high-temperature laser 

exposure. Li2CO3 phase formation can either occur through CO2 absorption by LiOH phase or the 

direct reaction of LLZO phase with CO2 [17]. However, Li2CO3 formation leads to high Li/LLZO 

interfacial resistance, voltage polarization at the Li anode, and the formation of Li dendrites [18]. 
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Furthermore, formation of LiOH and Li2CO3 may lead to reduction in ionic conductivity [19]. 

Notably, the disappearance of La(OH)₃ peaks in the laser post-processed samples points to its 

decomposition or evaporation, consistent with previous reports on its thermal instability [17–20]. 

This is a particularly beneficial outcome, as La(OH)₃ phase is widely recognized in the literature 

as a detrimental phase that contributes to high interfacial resistance and poor electrochemical 

performance in garnet-type electrolytes. Therefore, its elimination through laser post-processing 

can be seen as a positive step toward improving the chemical purity and electrochemical integrity 

of LLZO-based solid-state electrolytes.  

 

Figure 4. XRD patterns from laser-processed lines and the unprocessed region of SPS as-sprayed LLZO 

sample, showing phase differences induced by laser processing.  
Overall, these findings highlight the dual effect of laser post-processing: it reduces surface 

roughness and thereby improves electrode–electrolyte contact, and refines the phase composition 

by eliminating unstable or resistive species such as La(OH)₃. However, the simultaneous formation 

of other decomposition products like Li₂CO₃ warrants careful optimization of laser parameters. 

Future work should focus on tuning the laser energy input to enhance the beneficial effects of 

surface and phase modifications while concurrently reducing the generation of detrimental by-

products, along with electrochemical testing to directly assess performance improvements. 

4. Conclusion 

This study demonstrates that laser post-processing is a powerful tool for engineering the surface 

and phase composition of suspension plasma-sprayed LLZO solid-state electrolytes. By carefully 

optimizing laser parameters, surface roughness was reduced by up to 40%, which is expected to 

enhance electrode–electrolyte interfacial contact. Microstructural and elemental analyses 

revealed that laser treatment introduced localized oxidation and phase transformations, including 

the removal of detrimental La(OH)₃ and the formation of Li₂ZrO₃ and Li₂CO₃. While the 

elimination of La(OH)₃ is beneficial for reducing interfacial resistance, the emergence of Li₂CO₃ 

necessitates precise control of processing conditions to avoid compromising electrochemical 

performance. Overall, the findings confirm the dual benefit and complexity of laser post-
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processing in tailoring the surface and chemical properties of LLZO coatings, paving the way for 

improved integration in next-generation all-solid-state batteries. Future studies will focus on 

electrochemical validation and further process optimization to fully exploit these advantages. 
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