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Introduction: Li₃InCl₆ was selected as the base material for this study due to its superior ionic conductivity and structural stability compared to other ceramic SSEs. Previous studies have highlighted Li₃InCl₆'s ability to form stable solid-solid interfaces, which are crucial for mitigating dendritic lithium growth—a common challenge in solid-state batteries. Additionally, Li₃InCl₆ exhibits a favorable electrochemical window, enhancing its compatibility with various cathode materials. To further optimize its performance, we introduced specific dopants: fluorine (F), cerium (Ce), and molybdenum (Mo). Fluorine doping is anticipated to enhance lattice stability and facilitate Li⁺ ion migration by creating additional conduction pathways. Cerium doping is expected to improve the structural integrity of the electrolyte and reduce interfacial resistance between the electrolyte and electrodes. Molybdenum doping aims to significantly increase ionic conductivity by modifying the electronic structure and reducing activation energy barriers for Li⁺ transport. By employing these multicomponent dopants, we strive to synergistically enhance the performance of Li₃InCl₆-based SSEs for practical applications in solid-state lithium batteries [R1-R5].
Impact of Specific Dopants on Li₃InCl₆ Performance: The introduction of Fluorine (F), Cerium (Ce), and Molybdenum (Mo) dopants into the Li₃InCl₆ matrix each played a distinct role in enhancing the electrolyte's performance:
· Fluorine (F) Doping: As anticipated, fluorine substitution led to the formation of Li-F bonds, as evidenced by the shifts in peak positions in the XPS spectra (cf. Figure 4b-3). This modification reduced lattice distortion, thereby facilitating smoother Li⁺ ion migration paths. The enhanced lattice stability observed in PXRD patterns corroborates the role of fluorine in maintaining structural integrity. [R4]
· Cerium (Ce) Doping: Cerium's role in charge compensation was evident from the reduction in interfacial resistance observed in EIS measurements (cf. Figure 6a). The presence of Ce⁴⁺ ions created vacancies and interstitial sites, promoting higher ionic mobility. Additionally, Ce doping improved the mechanical robustness of the electrolyte, as indicated by the enhanced cycling stability in GCD tests (cf. Figure 7a) [R5].
· Molybdenum (Mo) Doping: Molybdenum doping had the most pronounced effect on ionic conductivity, achieving an average of 0.30 ± 0.15 S cm⁻¹ (cf. Abstract). XANES and XPS analyses (cf. Figure 4a-1 and 4d) confirmed the successful incorporation of Mo⁶⁺ into the lattice, which modified the electronic structure and lowered the activation energy for Li⁺ diffusion (cf. Figure 8b). This resulted in significantly enhanced ionic pathways and reduced charge transfer resistance (cf. Figure 6a), validating the initial hypothesis regarding Mo's role in boosting conductivity, collectively summarized in Table S1 [R6].


Table S1: Comparative Justification for Selecting Li₃InCl₆ and Specific Dopants (F, Ce, Mo).
	Aspect
	Li₃InCl₆
	Other Ceramic SSEs

	Ionic Conductivity
	Superior (0.30 ± 0.15 S cm⁻¹)
	Generally lower

	Structural Stability
	High thermal and electrochemical stability
	Varies; some less stable

	Compatibility with Cathodes
	Broad compatibility
	Limited compatibility with some cathodes

	Dopant Contribution
	F: Enhances lattice stability and Li⁺ mobility
Ce: Improves structural integrity and reduces interfacial resistance
Mo: Significantly boosts ionic conductivity and lowers activation energy
	-


The selection of Li₃InCl₆ as the base electrolyte was driven by its high ionic conductivity and structural robustness, making it a superior candidate among lithium halide solid-state electrolytes. To optimize its performance, dopants—fluorine (F), Cerium (Ce), and Molybdenum (Mo)—were incorporated to enhance ionic pathways, stabilize the crystal lattice, and reduce interfacial resistance, summarized in Table S2 [R7-R10].
Table S2: Comparative Effects of F, Ce, and Mo Doping on Li₃InCl₆ Electrolytes.
	Dopant
	Primary Effects
	Structural Changes
	Electrochemical Impacts

	F
	Enhances lattice stability and facilitates Li⁺ ion mobility
	Formation of Li-F bonds; improved crystallinity
	Moderate increase in ionic conductivity; reduced lattice distortion

	Ce
	Improves structural integrity and reduces interfacial resistance
	Occupation of specific lattice sites by Ce⁴⁺; stabilization of crystal structure
	Enhanced cycling stability; reduced charge transfer resistance

	Mo
	Significantly boosts ionic conductivity by modifying electronic structure
	Introduction of Mo changes electronic band structure; creation of additional conduction pathways
	Substantial increase in ionic conductivity; lowered activation energy barriers


The introduction of Fluorine (F), Cerium (Ce), and Molybdenum (Mo) dopants into the Li₃InCl₆ matrix each played a distinct role in enhancing the electrolyte's performance:
· Fluorine (F) Doping: Fluorine substitution formed Li-F bonds, as evidenced by shifts in peak positions in the XPS spectra (Figures S1 & S2). This modification reduced lattice distortion, facilitating smoother Li⁺ ion migration paths and enhancing ionic conductivity [R11].
· Cerium (Ce) Doping: Cerium doping introduced charge compensation mechanisms, creating vacancies and interstitial sites that promoted higher ionic mobility. Electrochemical Impedance Spectroscopy (EIS) measurements indicated a reduction in interfacial resistance attributed to the enhanced mechanical robustness provided by Ce doping [R12].
· Molybdenum (Mo) Doping: Molybdenum doping significantly boosted ionic conductivity, achieving an average of 0.30 ± 0.15 S cm⁻¹ (Abstract). XANES and XPS analyses confirmed the successful incorporation of Mo⁶⁺ into the lattice, modifying the electronic structure and lowering the activation energy for Li⁺ diffusion. This resulted in enhanced ionic pathways and reduced charge transfer resistance, validating the effectiveness of Mo doping in optimizing electrolyte performance [R13].
Method:
The in-situ nanoengineering method was optimized to enhance sustainability by operating at reduced temperatures (≤ 350 °C) and utilizing water as the primary solvent. Natural extracts like aloe vera were incorporated to minimize environmental impact further. Energy consumption was monitored throughout the synthesis process, revealing a 40% reduction compared to conventional methods. Additionally, waste generation was tracked, showing a 75% decrease in hazardous by-products. These metrics were calculated based on standardized energy measurements and waste quantification protocols, summarized in Figures S1 and Tables S2- S3 [R14-R18].	
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Fig. S1 Twelve Principles of Green Chemistry, as proposed by the U.S. Environmental Protection Agency, and their application in synthesizing doped Li3InCl6 solid-state ceramic electrolytes. This framework enhances the synthesizing protocols' sustainability and underscores the goal of producing eco-friendly materials that meet the performance requirements of modern lithium-ion batteries.
Table S2:  A simplified representation of Taguchi Orthogonal Design of Eco-friendly Ceramic Electrolytes (Four factors five levers, L25(54)).
	Experiment #
	LiCl concentration (M)
	Emulsion formation temperature (°C)
	Sintering temperature (°C)
	Dopant

	1
	0.025
	0
	150
	F-

	2
	0.025
	25
	200
	Ce3+

	3
	0.025
	50
	250
	Ce4+

	4
	0.025
	75
	300
	Mo3+

	5
	0.025
	100
	350
	Mo5+

	6
	0.05
	0
	200
	Ce3+

	7
	0.05
	25
	250
	Ce4+

	8
	0.05
	50
	300
	Mo3+

	9
	0.05
	75
	350
	Mo5+

	10
	0.05
	100
	150
	F-

	11
	0.1
	0
	250
	Ce4+

	12
	0.1
	25
	300
	Mo3+

	13
	0.1
	50
	350
	Mo5+

	14
	0.1
	75
	150
	F-

	15
	0.1
	100
	200
	Ce3+

	16
	0.2
	0
	300
	Mo3+

	17
	0.2
	25
	350
	Mo5+

	18
	0.2
	50
	150
	F-

	19
	0.2
	75
	200
	Ce3+

	20
	0.2
	100
	250
	Ce4+

	21
	0.4
	0
	350
	Mo5+

	22
	0.4
	25
	150
	F-

	23
	0.4
	50
	200
	Ce3+

	24
	0.4
	75
	250
	Ce4+

	25
	0.4
	100
	300
	Mo3+


Table S3: Sustainability Metrics of In-Situ Nanoengineering Method vs. Conventional Synthesis Methods [R19-R25].
	Metric
	In-Situ Nanoengineering Method
	Conventional Synthesis Methods
	Improvement (%)

	Operating Temperature
	≤ 350°C
	> 500°C
	-30%

	Solvent Usage
	Water-based
	Organic solvents
	+75% Recycling

	Waste Generation
	Reduced by 75%
	Baseline
	-75%

	Energy Consumption
	Reduced by 40%
	Higher energy requirements
	-40%


In addition to the enhanced electrochemical performance, the green nano-engineering synthesis method offers substantial sustainability advantages. By operating at a 40% lower energy consumption and achieving a 75% reduction in hazardous waste generation, our approach aligns with the principles of green chemistry [S1]. Using water as a solvent and natural extracts minimizes the environmental footprint and facilitates scalable and eco-friendly production processes. These sustainability metrics underscore the viability of our synthesis method for large-scale manufacturing of solid-state electrolytes, contributing to more sustainable energy storage solutions.
The high standard deviation (modal) of 0.30, () upper 0.45, lower () 0.15, and deviation () of 0.13 S cm⁻¹, n=10) in ionic conductivity values indicates significant variability across different samples. Potential sources of this variability include:
· Sample Preparation: Inconsistencies in the synthesis process, such as variations in dopant distribution, homogeneity, and precise control of synthesis parameters, can lead to fluctuations in ionic conductivity. Ensuring uniform mixing and strict adherence to synthesis protocols is critical for minimizing variability [R20].
· Measurement Techniques: Variations in electrode contact quality, pressure applied during cell assembly, temperature fluctuations during Electrochemical Impedance Spectroscopy (EIS) measurements, and calibration of measurement equipment can affect the accuracy and reproducibility of conductivity measurements. Standardizing measurement procedures and maintaining consistent environmental conditions are essential for reducing variability [R21].
· Material Purity: Impurities or unintended phases within the electrolyte material can impede Li-ion transport, resulting in inconsistent conductivity values. Rigorous purification methods and thorough post-synthesis characterization can enhance material purity and reduce variability [R22].
Strategies for Improving Consistency: To mitigate the observed variability and enhance consistency in ionic conductivity measurements, the following approaches will be implemented in future studies:
· Enhanced Synthesis Protocols: Adopting more controlled synthesis techniques, such as precise temperature regulation, uniform dopant incorporation, and consistent mixing procedures, will improve sample uniformity [R23].
· Standardized Measurement Protocols: Developing and adhering to a standardized protocol for EIS measurements, including consistent electrode preparation, applied pressure, and temperature control, will enhance reproducibility [R24].


Discussion & Analysis:
Addressing Variability in Ionic Conductivity: The significant standard deviation observed in ionic conductivity measurements (0.30 ± 0.15 S cm⁻¹) highlights the presence of variability factors inherent in the synthesis and measurement processes. As detailed in the Results section, potential sources include inconsistencies in sample preparation, variations in measurement techniques, and material purity issues. Future experiments will incorporate more controlled synthesis protocols, standardized EIS measurement procedures, and comprehensive material characterization techniques to enhance consistency. Additionally, implementing quality control measures such as replicating synthesis runs and utilizing automated measurement systems will reduce variability and ensure more reliable conductivity data, as summarized in Table S4 [R25].
Table S4: Comparative Analysis of Variability Sources and Mitigation Strategies [R26-28].
	Source of Variability
	Impact on Ionic Conductivity
	Mitigation Strategy

	Sample Preparation
	Inconsistent dopant distribution and homogeneity
	Implement uniform mixing techniques and strict synthesis protocols

	Measurement Techniques
	Variations in electrode contact and measurement conditions
	Standardize EIS protocols, calibrate equipment regularly, and control environmental conditions

	Material Purity
	The presence of impurities impeding Li⁺ ion transport
	Employ rigorous purification methods and thorough post-synthesis characterization


In addition to molybdenum (Mo) doping, fluorine (F) and cerium (Ce) dopants significantly contribute to the enhanced performance of Li₃InCl₆ electrolytes. Fluorine (F) Doping: The substitution of F⁻ ions into the Li₃InCl₆ lattice results in the formation of Li-F bonds, which enhance lattice stability and facilitate the creation of additional pathways for Li-ion migration. This leads to reduced lattice distortions and improved ionic conductivity, as evidenced by the XPS spectra shifts and sharper PXRD peaks observed in F-doped samples. Cerium (Ce) Doping: Cerium dopants introduce charge compensation mechanisms by creating vacancies and interstitial sites within the electrolyte matrix. These defects serve as Li-ion transport conduits, enhancing ionic mobility. Additionally, Ce doping improves the mechanical strength of the electrolyte, reducing interfacial resistance and contributing to better cycling stability during charge-discharge cycles. The combined effects of F and Ce dopants complement Mo doping, resulting in a synergistic enhancement of the overall electrochemical performance of Li₃InCl₆-based solid-state batteries, highlighted in Table S5 with distinct societal benefits [R26].
Table S5: Comparative Effects of F, Ce, and Mo Doping on Li₃InCl₆ Electrolytes [R29-R30].
	Dopant
	Primary Effects
	Structural Changes
	Electrochemical Impacts

	F
	Enhances lattice stability and facilitates Li⁺ ion mobility
	Formation of Li-F bonds; reduced lattice distortion
	Increased ionic conductivity; smoother Li⁺ ion transport pathways

	Ce
	Introduces charge compensation and improves mechanical robustness
	Creation of vacancies and interstitial sites
	Enhanced cycling stability; reduced interfacial resistance

	Mo
	Significantly boosts ionic conductivity by modifying electronic structure
	Alteration of electronic band structure; creation of additional conduction pathways
	Substantial increase in ionic conductivity; lowered activation energy barriers





[image: A diagram of different colors

Description automatically generated]
Fig. S2a: Scatter Plot of LiCl Concentration vs. Emulsion Formation Temperature Over Time with Sintering Temperature Gradient and Dopant Classification.
Figure S2a represents a comprehensive 2D scatter plot elucidating the relationship between Lithium Chloride (LiCl) concentration and Emulsion Formation Temperature over varying time intervals. The X-axis denotes the LiCl concentration in molarity (M), while the Y-axis represents the Emulsion Formation Temperature in degrees Celsius (°C). A color gradient overlays the data points to illustrate the corresponding Sintering Temperature (°C), visually representing thermal variations across different experimental conditions. Additionally, each data point is categorized by dopant type—F⁻, Ce³⁺, Ce⁴⁺, Mo³⁺, and Mo⁵⁺—distinguished through distinct marker shapes and colors, facilitating an immediate comparison of dopant effects on ionic conductivity and structural properties. Error bars in both axes indicate the measurement uncertainties, enhancing the plot's reliability. This visualization effectively integrates multiple variables, offering insightful correlations between chemical composition, processing conditions, and resultant material performance over time.
Figure S2b is a scatter plot that visualizes the relationship between LiCl concentration, emulsion formation temperature, and sintering temperature during the synthesis of Li3InCl6-based electrolytes. The color gradient represents the sintering temperature, while the symbol shape indicates the dopant used in each formulation. This plot helps visualize the influence of various synthesis parameters on the resulting solid-state electrolytes, providing valuable insights for optimizing their electrochemical properties and enhancing battery performance.
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Fig. S2b: Scatter Plot of LiCl Concentration vs. Emulsion Formation Temperature Over Time with Sintering Temperature Gradient and Dopant Classification.
The supporting information underscores the deliberate design and optimization of Li3InCl6-based solid-state electrolytes, highlighting the crucial role of multicomponent doping strategies in enhancing ionic conductivity. The analysis of individual dopant effects elucidates the synergistic interplay of fluorine, cerium, and molybdenum in improving lattice stability, reducing interfacial resistance, and significantly boosting Li⁺ ion mobility. Furthermore, the detailed examination of synthesis parameters using the Taguchi orthogonal array reveals the impact of LiCl concentration, emulsion formation temperature, and sintering temperature on the final electrolyte properties. Notably, the discussion delves into the challenges associated with variability in ionic conductivity measurements, outlining potential sources and mitigation strategies for future research. Overall, results reinforce the study's findings on sustainable synthesis methodologies, promoting a greener approach for developing high-performance solid-state electrolytes for next-generation lithium-ion batteries.
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