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Abstract

:

For all-solid-state batteries, the particle size distribution of the solid electrolyte is a critical factor. Small particles are preferred to obtain a high active mass loading of cathode active material and a small porosity in composite cathodes. In this work, the influence of the solid fraction in the wet-chemical synthesis of β-Li3PS4 in tetrahydrofuran (THF) is investigated. The solid fraction is varied between 50 and 200 mg/mL, and the obtained samples are evaluated using X-ray diffraction, SEM and electrochemical impedance measurements. The sizes of the resulting particles show a significant dependency on the solid fraction, while a good ionic conductivity is maintained. For the highest concentration, the particle sizes do not exceed 10 µm, but for the lowest concentration, particles up to ~73 µm can be found. The ionic conductivities at room temperature are determined to be 0.63 ± 0.01 × 10−4 S/cm and 0.78 ± 0.01 × 10−4 S/cm for the highest and lowest concentrations, respectively. These findings lead to an improvement towards the production of tailored sulfide solid electrolytes.
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1. Introduction


In search of an increase in energy and power density, all-solid-state batteries are considered the next generation in battery technology due to the possibility to reduce their overall volume and weight by constructing batteries in bipolar stacks [1,2]. Solid-state electrolytes offer advantages over conventional liquid electrolytes, such as high melting points (greater thermal safety) and a higher mechanical strength. The high shear modulus is believed to suppress the growth of lithium dendrites and therefore opens up the possibility of using a lithium metal anode [1].



One promising material group consists of sulfides because of their high ionic conductivity and ductility [3]. Crystalline β-Li3PS4 exhibits a good ionic conductivity (~1.6·10−4 S/cm at 25 °C [4]) and has gathered much attention over the last years due to the opportunity of using a wet-chemical synthesis route.



Wet-chemical syntheses are considered eligible for scale-up, and a short reaction time and low energy are needed compared to high-temperature solid-state reactions and the mechanical ball-milling route [5,6,7,8]. Furthermore, a wet-chemical synthesis opens up the possibility to tailor the particle size distribution [9], which is critical for processing solid electrolytes. A small particle size is preferred for composite cathode production to obtain homogeneity and a high active mass loading. If the particles are too large, some particles of the active material in the composite cathode are isolated and, therefore, inactive. This dead volume decreases the cell capacity [10]. On the other hand, with a decreasing particle size, the number of particles per volume increases, leading to a relative increase in grain boundaries. This is assumed to be followed by a higher grain-boundary resistance [10,11].



The wet-chemical synthesis route was developed by Liu et al. [4]. The synthesis consists of mixing the educts lithium sulfide (Li2S) and phosphorus pentasulfide (P4S10) in a stoichiometry of Li2S:P2S5 = 3:1 in anhydrous tetrahydrofuran (THF) at ambient temperature (RT) overnight. Afterwards, an intermediate is collected by centrifuging. Heat treatment at 140 °C is used to obtain the crystalline product β-Li3PS4.



During the last years, wet-chemical synthesis was examined in relation to the crystallization temperature and annealing duration [12], various solvents [6,13,14,15] and the reaction mechanism [16,17]. Additionally, we recently reported our investigations on enthalpy determination [18]. Recently, Zhou et al. [9] reported the possibility to tailor the particle size of a similar material Li7P3S11 via different solvents, concentrations and nucleation temperatures. The focus of their survey is on Li7P3S11 and the solvent ethyl acetate (EA), but they also show results for Li3PS4 synthesized in EA and Li7P3S11 synthesized in THF. The investigated concentrations varied between 10 and 40 mg/mL, aiming to obtain nanoparticles by dissolving the precursors completely.



In this survey, for the wet-chemical synthesis of β-Li3PS4 in tetrahydrofuran, the impact of varying the solid fraction is examined. The synthesis consists of four process steps, namely mixing, separation, drying and crystallization. The first step is identified as a particle size determining step. The ability to control particle sizes during the wet-chemical synthesis process is critical for the performance and processibility of the β-Li3PS4 as a solid electrolyte. Hence, the ratio between educts and solvent is varied between 50 and 200 mg/mL, while the other synthesis parameters are kept constant. Using X-ray diffraction (XRD), the synthesis product is analyzed in terms of phase fractions and crystallite size. The particle size and morphology are investigated using scanning electron microscopy (SEM). Lastly, electrochemical impedance spectroscopy (EIS) is used to examine ionic conductivities. The findings are studied in relation to correlations, and the implications of the synthesis process are given. This study aims to provide valuable insights into the correlations between the synthesis parameters and the resulting properties of the solid electrolyte β-Li3PS4. In particular, we demonstrate the ability to tailor the particle size using varying solid fractions.




2. Materials and Methods


2.1. Synthesis of β-Li3PS4


The syntheses were performed analogously to our earlier investigations [18]. Three different samples were synthesized using concentrations of 200 (sample-200), 100 (sample-100) and 50 mg/mL (sample-50). For sample-200, 1.91 g Li2S (Alfa Aesar, 99.9%, Haverhill, MA, USA) and 3.09 g P4S10 (Sigma-Adrich Chemie GmbH, Taufkirchen, Germany, 99%) were mixed in 25 mL THF (VWR Chemicals, anhydrous, max. 30 ppm H2O, Darmstadt, Germany) and stirred with a magnetic stirrer for 24 h in an argon-filled glovebox. Afterwards, the excessive solvent was separated by centrifuging and removed. The received solid was treated with two heating steps: First, the THF of the intermediate was removed by heating for 4 h at 80 °C under vacuum. Subsequently, the temperature was increased to 140 °C, and the sample was kept for 12 h under vacuum for crystallization to β-Li3PS4. The samples with concentrations of 100 and 50 mg/mL (sample-100 and sample-50) were prepared analogously.




2.2. Characterization


2.2.1. XRD


The phase composition and crystal structure of synthesis products were determined using X-ray diffractometry (Mini Flex 600, Rigaku, Tokyo, Japan). The samples were prepared in an argon-filled glovebox. An inert sample holder was used to ensure the integrity of the inert measurement. The instrument was equipped with a Cu(Kα)-source, and a stepwise scan was carried out from 5–60° 2θ with a step size of 0.03° 2θ. To determine the phase fractions of the products, the data were processed with Match! (Version 3.13 Build 227, Crystal Impact, Bonn, Germany) using the semi-quantitative Reference Intensity Ratio (RIR) method [19]. Furthermore, crystallite sizes were estimated using Scherrer’s formula [20] on the six largest reflections between 26–50° 2θ: 26°, 27.5°, 29°, 30°, 31° and 47.7° 2θ.




2.2.2. SEM


The morphology of the educts Li2S and P4S10 and the synthesis products were investigated using a scanning electron microscope at 10 kV (FEI Helios 600). Representative images were selected and processed with Fiji (ImageJ Version 1.53t) to determine the maximum particle size. For this, the longest distance of the 10 largest particles was measured. Criteria for suitability were that both endings of the largest side were visible and could be assigned to the same particle. Furthermore, the measured distance had to be in plane with the sample background. To make sure that one would find the 10 largest particles, at least 15 particles were investigated, and the 10 largest particles were used for the analysis.




2.2.3. Electrochemical Impedance Measurements


Pellets of 150 mg β-Li3PS4 were pressed in a hydraulic press with 65 bar/310 MPa for 5 min at room temperature (RT). The diameter was 10 mm and the height about 1 mm. Carbon-coated aluminum foil was used as symmetric blocking electrodes. The impedance measurement was performed by a Gamry Interface 1010E between 1 MHz and 1 Hz with an amplitude of 10 mV in KP solid cells (Hohsen Corp., Osaka, Japan) with an applied pressure of 15 MPa. The temperature was varied between −40 and 60 °C. The measurement data were processed with ZView. The pellet densities compared to the bulk material were obtained by m/(V·ρbulk), where ρbulk = 1.86 g/cm3 (calculated from [21]) is the density of the bulk material.






3. Results


3.1. Synthesis


Mixing the powdery educts in THF was followed by an increase in temperature caused by the exothermic reaction, as found in our previous investigation [18]. Due to the higher solvent amount in the samples with a lower solid concentration, the temperature rise decreased linearly (sample-200: 40 °C, sample-100: 21 °C, sample-50: 9.6 °C). This can be explained by the temperature change ΔT being approximately linearly dependent on the concentration x when considering the formula ΔT = k·x, where k =     Δ H     c   s   · ρ ·   m   s       = const., because the parameters reaction enthalpy ΔH, specific heat capacity cs, density of the solvent ρ and mass of the solids ms are considered constant in this setup.



After mixing, the suspensions were well separated into sedimented yellowish-white powders and deep-yellow liquids. Further separation was performed by centrifugation and subsequent drying under vacuum, resulting in white powders.




3.2. XRD


After heat treatment, the samples were investigated by XRD. The results are shown in Figure 1. The blue, orange and green lines show the samples of 200, 100 and 50 mg/mL, respectively. The red lines show the calculated peak positions of β-Li3PS4 using data from Stöffler et al. [21]. For all samples, the patterns show the same peak positions and similar intensities. All reflections except one can be assigned to β-Li3PS4. The residual reflection, marked with an asterisk, at ~27° 2θ can be assigned to residual educt Li2S. To quantify the phase fraction, the RIR method was used. Here, with the factors I/IC(β-Li3PS4) = 1.04 and I/IC(Li2S) = 3.63, the following fractions N of Li2S were obtained:



N200 (Li2S) = 4.7%



N100 (Li2S) = 5.7%



N50 (Li2S) = 4.1%



The obtained phase fractions are all around 5%, and no dependency on the solvent concentration is observable. Therefore, we interpret that the residual amount of Li2S is not connected to the concentration. To reduce the residual amount of Li2S, adjustments in the synthesis routine can be explored, such as adding a small amount of P4S10. It is possible that due to its dissolution in the solvent, the entire amount of P4S10 may not be available for the synthesis.



The crystallite size was estimated by applying the Scherrer equation on the full width of the half maximum [22]. The obtained crystallite sizes are 76 ± 9 nm (sample-200), 72 ± 7 nm (sample-100) and 52 ± 5 nm (sample-50), respectively. A small tendency for a decreasing crystallite size with a decreasing concentration is visible. While the crystallite sizes of sample-200 and sample-100 are similar, the value for sample-50 is a little smaller. The given errors were obtained by the deviation of the six largest reflections, as described in the experimental section. These reflections were chosen because the smaller reflections cannot be separated sufficiently to obtain the full width of the half maximum. In total, the deviation between the samples is not large.




3.3. SEM


The particle sizes and morphologies of the obtained synthesis products were investigated using SEM (see Figure 2). For the highest solid fraction (sample-200), the SEM image shows the smallest particles. Solid fractions of sample-100 and sample-50 lead to larger particles, respectively. Therefore, for this range of concentrations, an increase of the maximum particle size with a decreasing solid fraction can be concluded. For sample-50, the shape of the particle differs from previous observations [4,23,24]. While sample-200 and sample-100 show block-like shapes of the particles, as found before [4,23,24], the large particles in sample-50 are prism-shaped with an octagonal base. For these large particles, drying cracks are clearly visible. Very fine, nano-sized particles are found in all samples.



To determine the maximum particle sizes, the largest particles were measured as described in the experimental section. As an example, the measurement is shown in Figure 3 for sample-50. To obtain a better view of the particles, for sample-50 a smaller magnification was chosen, while for sample-200 a higher magnification was needed to distinguish the particles. The average values for the 10 largest particles of each sample are l200 = 9.3 ± 0.7 µm, l100 = 33 ± 4 µm and l50 = 64 ± 5 µm. The measurements and the obtained data can be found in the Supporting Information (Figure S1 and Table S1).



For comparison, SEM images of the educts are also included in the Supporting Information (Figure S2).



The shapes of the particles of the educts show no similarities to the particles of the product. Therefore, it can be concluded that the analysis of the particle size is not influenced by residual educts.




3.4. Impedance Spectroscopy


To examine the effect of the particle size on the performance of the synthesis product as a solid electrolyte, temperature-dependent EIS was performed. The impedance measurements show the typical response of an ionic conductor placed between two blocking electrodes exhibiting a semi-circle and a straight line (Figure 4). Therefore, an established equivalent circuit consisting of a resistor with a constant phase element in parallel and a further constant phase element in row was used to fit the data. Using the height and diameter of the pellets, the ionic conductivities were calculated from the obtained resistances, which are shown in Figure 5. All samples show Arrhenius-type behavior with a low standard deviation and an activation energy of EA = 0.383 ± 0.005 eV, which is comparable to the literature [4]. Sample-200 shows the lowest ionic conductivity (IC) of all three samples, and sample-100 shows the highest IC. At 25 °C, the averaged values of three pellets for each sample are



IC200 = 0.63 ± 0.01 × 10−4 S/cm,



IC100 = 0.98 ± 0.03 × 10−4 S/cm and



IC50 = 0.78 ± 0.05 × 10−4 S/cm.



For the investigated range of solid concentrations, the ionic conductivity does not vary much, and no obvious correlation between ionic conductivity and particle size is visible. Therefore, the good ionic conductivity of the material is preserved for small particles. This might be caused by the similar crystallite sizes of the samples resulting in a similar amount of grains and grain boundaries and, therefore, in a similar ionic conductivity. Further grain boundaries can be found on the interfaces between the particles. Their amount increases relatively to the particle amount. While preparing the pressed pellets, the particles can sinter [25], leading to the decimation of grain boundaries.



For our samples, the following densities ρ compared to the bulk material were obtained: ρ200 = 78 ± 1%, ρ100 = 77.4 ± 0.8% and ρ50 = 79.3 ± 0.6%. The values show no significant spread between the samples, and the overall pellet density can be given by ρall = 79 ± 1%. From this data, no influence of the particle size or estimated crystallite size on the pellet density can be observed, and therefore it can be concluded that the pelletizing process is not influenced by the particle size.



In comparison to the literature, slightly lower ionic conductivities are obtained [4,23]. This might be due to the lower pellet density compared to other reports, which is reported to influence the ionic conductivity [26,27]. Another reason for the lower ionic conductivities are the residuals of Li2S in all samples [12]. The values of the phase fractions show no correlation with the ionic conductivity but might result in a general off-set in the resistance.



All results are summarized in Table 1.



The particle size of inorganic solid electrolytes is a crucial parameter for their suitability for applications in solid-state batteries. In general, small particles are preferred for producing thin separator coatings or composite cathodes with a high active mass loading. If particles are too large, active material in the composite cathode may not be connected to the conduction pathways and is therefore inactive, which decreases the cell capacity [10]. While from the viewpoint of cell production, small particles are preferred, these are criticized as having an increased grain boundary resistance [10,11,28]. However, our measurements show that the spread in ionic conductivity of β-Li3PS4 with different particle sizes is small compared to the spread caused by external factors such as stack pressure, pellet density and electrode contacting [26,29]. This could also be related to the sintering of the samples during the pellet preparation leading to the decimation of grain boundaries. Cronau et al. [25] examined the sintering of sulfide solid electrolytes with various degrees of crystallinity. This was adjusted by the heat treatment of amorphous products obtained from ball-milling. They distinguish between amorphous sulfides (no heat treatment), partially crystallized glass-ceramics (low-temperature heat treatment at 260 °C) and microcrystalline sulfides (high-temperature heat treatment at 550 °C). While the sintering of microcrystalline materials can only be performed through annealing, amorphous and glass-ceramic sulfides can be sintered using pressure at ambient temperature. The examined β-Li3PS4 in our study is comparable to the glass-ceramics due to the crystallization at moderate temperatures. Furthermore, Milan et al. [30] showed that for sulfides, in contrast to oxides, the contribution of the grain boundary resistance to the total resistance is similar to that of the grain and is therefore less harmful to the ionic conductivity, as presumed.



To examine the contribution of the grain boundary resistance, the total resistance has to be separated into the contributions of the grain boundary resistance and the bulk resistance, which is not possible in this study due to the strong overlapping of the grain boundary resistance and the bulk resistance in the impedance plots.





4. Discussion on Solid Deposition and Particle Growth


The influence of the concentration on the particle size is known and can be applied specifically to tailor the particle size [9,31]. The deposition of solid from solutions takes place in two steps, as follows: the formation of crystal nuclei and their growth. The formation of nuclei happens when a solution is supersaturated, which can be achieved by solvent removal or cooling. If the initial concentration is already supersaturated, the formation of nuclei and the crystal growth are intensified [31]. The relation between the concentration of a deposing solution and the particle size can be described by “Weimarn’s law” [32]. While at high concentrations the deposition is dominated by the formation of nuclei, at low concentrations the crystal growth prevails. Consequently, at low concentrations, the particle size increases with increasing concentrations because the crystal growth outweighs the formation of nuclei. At medium concentrations, the nuclei formation increases, leading to a decrease in particle size towards high concentrations. Therefore, the slope of the relation can be described over the degree of supersaturation as an increase in particle size through the passage of a maximum and a decrease at higher supersaturations.



The synthesis intermediate Li3PS4·2THF appears insoluble in THF. Therefore, all examined concentrations are in the supersaturated region. As we found a negative relation between concentration and particle size from our SEM examinations, we can conclude that we were working in the region of medium to high supersaturation. Conversely, Zhou et al. [9], showing a positive relation between concentration and particle size, examined lower concentrations with the aim to dissolve the educts completely. Hence, they worked in the region of low supersaturation. All in all, the results of our investigation are in very good agreement with the fundamentals of solid deposition from liquids.




5. Conclusions


In this work, the influence of the solid fraction on the particle size in the wet-chemical synthesis of β-Li3PS4 in THF is examined. The solid fraction is varied between 50 and 200 mg/mL, and the synthesis products are compared using XRD, SEM and electrochemical impedance measurements. While XRD shows no differences between the samples, the influence of varying the concentration can be clearly seen by SEM. For 200 mg/mL, small particles (<10 µm) are synthesized, while concentrations of 100 and 50 mg/mL lead to larger particles that are about three and six times larger, respectively. In this range of concentrations, particle sizes increase with a decreasing solid fraction. The impedance measurement shows that the ionic conductivity of pelletized powder is independent of the particle size.
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Figure 1. Diffractograms of synthesis product β-Li3PS4 under variation of concentration. 
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Figure 2. SEM images of synthesis product β-Li3PS4 with varying solid fractions: 200 mg/mL (left), 100 mg/mL (middle) and 50 mg/mL (right). 
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Figure 3. Measurement of particle sizes in sample-50. 
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Figure 4. Nyquist plots of synthesis product β-Li3PS4 with varying solid fractions at 25 °C. The inset depicts the equivalent circuit used for fitting. 
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Figure 5. Arrhenius plots of ionic conductivity of synthesis product β-Li3PS4 with varying solid fractions. 
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Table 1. Summary of investigated entities.
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	Sample-200
	Sample-100
	Sample-50





	Concentration in mg/mL
	200
	100
	50



	Temperature increase in K
	40
	21
	9.6



	Residual Li2S in %
	4.7
	5.7
	4.1



	Crystallite size in nm
	76 ± 9
	72 ± 7
	52 ± 5



	Largest particles in µm
	9.3 ± 0.7
	33 ± 4
	64 ± 5



	Ionic conductivity × 10−4 S/cm
	0.63 ± 0.01
	0.98 ± 0.03
	0.78 ± 0.05



	Activation energy in eV
	0.388 ± 0.002
	0.379 ± 0.002
	0.383 ± 0.004



	Pellet density in %
	78 ± 1
	77.4 ± 0.8
	79.3 ± 0.6
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