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Bromine-rich lithium argyrodite electrolytes with high ionic conductivity and low cost are promising for the replacement of flammable liquid electrolytes and separators in lithium-ion batteries. However, the synthesis process of argyrodite electrolytes is usually complex and time-consuming. We use a facile solid-state reaction method to obtain a highly Li-ion conductive Li5.5PS4.5Br1.5 (LPSB). The influence of annealing temperature on the phase and ionic conductivity of the LPSB was investigated for the first time. High ionic conductivity of 5.21 × 10−3 S cm−1 at room temperature for the LPSB with minor LiBr impurity was achieved by direct annealing at 430°C for 8 h. The In/InLi | LPSB | LiCoO2@ LiNb0.5Ta0.5O3 (LCO(coated))-LPSB cell with 8.53 mg cm−2 LCO loading shows a discharge capacity of 102 mAh g−1 with high-capacity retention of 93% after 70 cycles at 0.5 mA cm−2 at 30°C.
Keywords: sulfide solid electrolyte, all-solid-state battery, argyrodite Li5.5PS4.5Br1.5, lithium-ion battery, ionic conductivity
INTRODUCTION
Lithium-ion batteries are an effective energy storage system that are widely used in portable electronic devices and electric vehicles (Robinson et al., 2014). However, lithium dendrite growth and the use of flammable organic liquid electrolytes increases the safety issues of state-of-the-art commercial lithium-ion batteries (Choi et al., 2012). All-solid-state batteries (ASSBs) with solid electrolytes enable the utilization of high-voltage/high-capacity cathode materials and lithium anode, which is expected to increase the safety and achieve high energy and power density of batteries (Janek et al., 2016; Hatzell et al., 2020; Randau et al., 2020; Wang et al., 2020; Fan et al., 2021).
Among the various kinds of inorganic solid electrolytes (e.g., oxide, sulfide, and halide), sulfide solid electrolytes have drawn a lot of attention due to their high ionic conductivity and good formability (Li et al., 2020; Ohno et al., 2020). Lithium argyrodites with high room-temperature ionic conductivity and relatively low cost among many sulfide solid electrolytes possess great potential for achieving high-performance ASSBs (Wang et al., 2019; Zhou et al., 2021). For example, Yu et al. reported Li6PS5Br electrolyte with a high ionic conductivity of 2.58 × 10−3 S cm−1, which was prepared by optimizing the annealing temperature in a solid-state reaction (Yu et al., 2019). Gautam et al. found that by tailoring the cooling rate, a higher degree of site-disorder and shorter Li+–Li+ distances, which are responsible for the intercage jumps, were achieved, leading to an obvious increase in the ionic conductivity of Li6PS5Br solid electrolyte (Gautam, 2019; Gautam 2020).
Recently, Yu et al. have reported a bromine-rich lithium argyrodite (Li5.5PS4.5Br1.5 (LPSB)) solid electrolyte with a high ionic conductivity of 4.17 × 10−3 S cm−1, which was synthesized by ball milling at 500 rpm for 15 h followed by annealing at 400 °C for 10 h (Yu et al., 2020). However, the process is time-consuming, which impedes its large-scale application in ASSBs. Wang et al. reported a facile method to prepare the Li6PS5Cl electrolyte with a high ionic conductivity of 3.15 × 10−3 S cm−1 at room temperature by annealing at 550 °C for 10 min (Wang et al., 2018). However, using a one-pot solid-state reaction method by direct annealing for LPSB has not been reported. Additionally, the effects of annealing temperature on the phase and ionic conductivity of bromine-rich lithium argyrodite have not been studied.
In this work, we investigated the influence of annealing temperature on the phase and ionic conductivity of LPSB for the first time. The LPSB electrolyte with minor LiBr impurity and a high ionic conductivity of 5.21 × 10−3 S cm−1 at room temperature was achieved by directly annealing at 430 °C for 8 h. We also assembled ASSBs with LiCoO2@ LiNb0.5Ta0.5O3 (LCO(coated))-LPSB as a composite cathode, LPSB as a solid electrolyte, and In/InLi as an anode. The cell with the LCO(coated)-LPSB cathode and 8.53 mg cm−2 LCO loading shows a discharge capacity of 102 mAh g−1 and a high-capacity retention of 93% after 70 cycles at 0.5 mA cm−2 at 30 °C. These results demonstrate that the LPSB electrolyte is a good solid electrolyte candidate used in ASSBs.
EXPERIMENTAL SECTION
Synthesis of Li5.5PS4.5Br1.5
Li5.5PS4.5Br1.5 solid electrolytes were prepared using a solid-state reaction method and reagent-grade Li2S (Alfa, 99.9%), LiBr (Alfa, 99.9%), and P2S5 (Sigma Aldrich, 99%) powders as starting materials. All raw materials were weighed according to a Li2S/P2S5/LiBr molar ratio of 4:1:3 and mixed via ball milling using a planetary ball mill apparatus (Fritsch Pulverisette 7 premium line). The milling speed was fixed at 100 rpm and the milling time was 2 h. All procedures were conducted under Ar atmosphere in a dry glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm). The precursor was then pressed into pellets and filled into quartz ampoules. Next, quartz ampoules were sealed under a high vacuum. Finally, ampoules were placed into a furnace and annealed at 390, 410, 430, or 450 °C for 8 h with a heating rate of 90 °C h−1, respectively. The ampoules were cooled to room temperature naturally in a furnace. The samples that were annealed at different temperatures were denoted as 390-8h, 410-10h, 430-10h, and 450-10h, respectively.
Material characterization
The X-ray diffraction (XRD) patterns were collected over a 2θ range of 10–70 ° on a PANalytical Empyrean powder diffractometer with a Cu Kα radiation source to identify the phases of samples. To prevent an unwanted reaction with moisture and oxygen, the samples were sealed in an airtight container covered with a thin polyimide film. Raman spectra were collected using a Raman spectrometer (LabRAM HR Evolution, Horiba) with an excitation wavelength of 532 nm. The samples were sealed airtight with a quartz glass cover in the glovebox to maintain an inert atmosphere during the measurement. Scanning electron microscopy (SEM, Zeiss Merlin field-emission) with energy dispersive X-Ray (EDX) spectroscopy was used to examine the morphology and composition of the samples at an acceleration voltage of 15 kV.
Electrochemical performance measurements
Approximately 0.12 g of the LPSB powder was pressed into pellets with a diameter of 12 mm under 150 MPa for the ionic conductivity measurement. Two stainless steel disks were attached to the pellets as current collectors. The AC impedance measurement was conducted using an impedance analyzer (ZAHNER-elektrik IM6) in the frequency range of 1 MHz to 1 Hz with an applied voltage of 50 mV. The ionic conductivity σ was calculated using the equation σ = L/RS, where R is the total resistance of the solid electrolyte, L is the thickness of solid electrolyte pellets, and S is the area of the solid electrolyte pellets.
A Lithium metal | solid electrolyte | stainless steel cell was conducted by cyclic voltammetry (CV) using a potentiostat (Biologic VMP3) at a scan rate of 0.2 mV s−1 and at voltages range from −0.5 V to 5 V at room temperature. About 0.15 g of solid electrolyte powder was pressed into the pellet with a diameter of 10 mm under 150 MPa for the direct-current (DC) polarization tests. The DC tests were conducted using a blocking stainless steel | solid electrolyte | stainless steel cell with applied constant voltages of 0.2 V, 0.4 V, 0.6 V, 0.8 V, and 1 V for 6 h.
ASSB cells were assembled as follows. For the In/InLi | LPSB | LCO(coated)- LPSB cells, 90 mg of LPSB powder was first pressed in a PEEK housing at 150 MPa with a diameter of 10 mm. The LCO(coated)-LPSB composite cathodes were prepared via hand-mixing of the LCO(coated) (prepared according to previous work) (Yada et al., 2015; Wang et al., 2021a) and LPSB at a weight ratio of 70:30. Then, the LCO(coated)-LPSB cathode was spread onto one side of the electrolyte pellet and pressed at 120 MPa. Afterwards, thin lithium foil was put on the other side of the pellet followed by an indium foil, and the cell was pressed at 150 MPa for 3 min. Cells were tested in a homemade cell at a constant pressure of ∼120 MPa at 30 °C using a battery test system (LANHE, CT3001A, China) in a voltage range of 2.0–3.6 V (vs. In/InLi) and corresponding to 2.6–4.2 V (vs. Li+/Li). For the In/InLi | LPSB | LPSB-MWCNTs cells, the cell assembly procedures were similar to the above cells with LCO(coated)-LPSB composite. The LPSB-MWCNTs cathode was prepared by ball milling the mixture of LPSB and MWCNTs at a weight ratio of 80:20 at 300 rpm for 1.5 h. The cells were tested at a constant pressure of ∼150 MPa at 60 °C in a voltage range of 0–3 V (vs. In/InLi) corresponding to 0.6–3.6 V (vs. Li+/Li).
The step-wise CV experiments of the In/InLi | LPSB | LPSB-MWCNTs were performed using a VMP3 potentiostat (Biologic) at 25 °C. Each experiment started from around the open circuit voltage (OCV) to the chosen reversal potential (vs. In/InLi as reference potential) with a scan speed of 0.1 mV s−1, followed by the reverse scan at −0.1 mV s−1 and finalized at the OCV. The following scan was performed to the next reversal potential, which was lower or higher by 0.1 V for the reductive and oxidative runs, respectively. The reductive or oxidative step-wise CV measurements were performed down to 0 V or up to 2.1 V (vs. In/InLi).
RESULTS AND DISCUSSION
Figure 1A shows the XRD patterns of the LPSB samples synthesized by annealing at 390, 410, 430, or 450 °C for 8h. For the 390-10 h samples, the main diffraction peaks are indexed as crystalline Li5.5PS4.5Br1.5, and the minor peaks at 27.9 ° and 32.3 ° are attributed to the LiBr impurities (Yu et al., 2019). The intensity of the diffraction peaks for LiBr impurities gradually decrease until the annealing temperature increases to 430 °C. As the annealing temperature increases to 450 °C, the intensity of LiBr impurity increases again. Thus, 430 °C is the optimal annealing temperature to obtain the LPSB electrolyte with an almost pure Li5.5PS4.5Br1.5 phase.
[image: Figure 1]FIGURE 1 | XRD patterns (A) and Raman spectra (B) of the LPSB samples synthesized by solid-state reaction at different temperatures for 8 h.
The Raman spectra of LPSB samples synthesized by the solid-state reaction at different temperatures for 8 h are shown in Figure 1B. The main peak at 484 cm−1 for all samples is attributed to the stretching of PS43− (Wang et al., 2018) and indicates the presence of the high ionic conductivity phase Li5.5PS4.5Br1.5. The Raman results are in accordance with the XRD data above.
The Nyquist spectra of LPSB solid electrolytes measured at room temperature are shown in Figure 2A. The resistance of the LPSB solid electrolyte decreases as the annealing temperature increases from 390 to 430 °C. As the temperature increases to 450 °C, the resistance increases again. The ionic conductivities of the LPSB electrolytes that are annealed at different temperatures are shown in Figure 2B. The ionic conductivity of the 390-8 h sample is 3.2 × 10−3 S cm−1. As the annealing temperature increases, the ionic conductivity of the LPSB electrolyte increases and reaches a maximum at 430 °C and then decreases. The ionic conductivity of the 430-8 h sample is as high as 5.21 × 10−3 S cm−1 at room temperature. From 390 to 430 °C, the increase of the ionic conductivity is due to the reduction of the LiBr impurity with poor ionic conductivity (Yu et al., 2019). When the temperature continues to increase, the LiBr impurity increases again and leads to a decrease of the ionic conductivity. Thus, the optimized annealing temperature is 430 °C. Compared with the reported LPSB solid electrolyte with an ionic conductivity of 4.17 × 10−3 S cm−1 synthesized by ball milling at 500 rpm for 15 h and followed by annealing at 400 °C for 10 h (Yu et al., 2020), our synthesis route was able to obtain the LPSB solid electrolyte with higher ionic conductivity in a shorter time. This facile method can save energy and increase production efficiency.
[image: Figure 2]FIGURE 2 | (A) Nyquist plots and (B) ionic conductivities of the LPSB electrolytes at room temperature as a function of annealing temperature.
In addition, the electronic conductivity of the 430-8 h sample is 3.8 × 10–10 ± 1.1×10–10 S cm−1 (Figure 3), which is 7 orders of magnitude smaller than its ionic conductivity. This low electronic conductivity of the LPSB electrolytes will help alleviate the decomposition of the solid electrolyte in the composite cathode (Wang 2021).
[image: Figure 3]FIGURE 3 | DC polarization of the 430-8 h sample. The blocking stainless steel | solid electrolyte | stainless steel cell was applied to constant voltages of 0.2 V, 0.4 V, 0.6 V, 0.8 V, and 1 V for 6 h for the DC tests.
Figure 4 shows the SEM images of the 430-8 h (a) powder and (e) pellets, and corresponding sulfur (b, f), phosphorus (c, g), and bromine (d, h) EDX mappings. The morphology of the 430-8 h powder (Figure 4A) shows that the particle size is distributed from submicron to ∼15 μm. Good contact between solid electrolyte particles is also achieved in the 430-8 h pellet prepared by cold pressing without sintering (Figure 4E). In addition, the S, P, and Br elements are homogeneously distributed among the whole solid electrolyte particles (Figures 4B–D) and pellets (Figure 4F,G,H), which indicates that no elements aggregate during the solid-state reaction process.
[image: Figure 4]FIGURE 4 | SEM images of the 430-8 h (A) powder and (E) pellets and corresponding sulfur (B and F), phosphorus (C and G), and bromine (D and H) EDX mappings.
The electrochemical window obtained by CV is important to evaluate the stability of the LPSB electrolyte against lithium metal. Traditional CV measurements with stainless steel as the working electrode and Li metal as the reference electrode are typically used to determine the electrochemical window of solid electrolytes. There is no significant current attributed to the solid electrolyte decomposition in the potential range from -0.5 to 5 V vs. Li+/Li (Figure 5A), which indicates that the electrochemical window of the LPSB electrolyte is 0–5 V (vs. Li+/Li). However, this method does not reflect the real poor redox reaction kinetics of the LPSB electrolytes and usually overestimates their electrochemical window (Dewald et al., 2019). Replacing the inert electrode with an LPSB-MWCNTs electrode increases the decomposition reactions and enhances the measurement accuracy for the electrochemical window of the LPSB electrolytes (Wang et al., 2021b). A gradual increase in the negative current below 1 V (vs. In/InLi) and its rapid increase below 0.6 V (vs. In/InLi) is observed from the reductive step-wise CV shown in Figure 5B. As for the oxidative step-wise CV shown in Figure 5C, an obvious increase in the positive current is observed over 1.8 V (vs. In/InLi) and continues to grow. Therefore, the synthesized LPSB solid electrolyte exhibits a reasonable intrinsic electrochemical window of 1.6–2.4 V (vs. Li+/Li).
[image: Figure 5]FIGURE 5 | (A) The CV curve of the stainless steel | LPSB |Li cell shows no significant current due to solid electrolyte decomposition. The (B) reductive and (C) oxidative step-wise CV for LPSB electrolyte using LPSB-MWCNTs as a working electrode and In/InLi as a reference electrode demonstrates an apparent redox behavior of the LPSB-MWCNTs composite. For the reductive step-wise CV, a gradual increase in the negative current is observed as the voltage scans below 1 V (vs. In/InLi), which indicates the lower limit of the electrochemical window of LPSB. For the oxidative step-wise CV, a rapid increase in oxidative current is recorded as the voltage scans above 1.8 V (vs. In/InLi) and shows the upper limit of the electrochemical window of LPSB.
The electrochemical performance of the In/InLi | LPSB | LCO(coated)-LPSB ASSB at 30 °C is shown in Figure 6. As shown in Figure 6A, the cell with 8 mg cm−2 active material loading delivers an initial high discharge capacity of 116 mAh g−1 and an initial Coulombic efficiency of 92.2% at 0.2 mA cm−2. After 20 cycles, the discharge capacity slightly decreases to 110.6 mAh g−1. A high Coulombic efficiency of approximately 100% after the second cycle and a slight increase of overpotential are observed after 20 cycles (Figure 6B), which explain the good cycling performance of the cell. When the cell with 8.53 mg cm−2 active material loading is cycled at 0.5 mA cm−2, the discharge capacity degrades slightly to 102 mAh g−1 after 70 cycles with a high capacity retention of 93% (Figure 6C). The overpotential increases slightly after 70 cycles (Figure 6D) and demonstrates superior cycling stability of the ASSB.
[image: Figure 6]FIGURE 6 | Cycling performance of the In/InLi | LPSB | LCO(coated)-LPSB ASSBs at different current densities of (A) 0.2 mA cm−2 and (C) 0.5 mA cm−2 at 30 °C and (B and D) the corresponding discharge–charge voltage profiles of the cells at different cycles.
Due to the intrinsic narrow electrochemical window of LPSB, the decomposition products of LPSB might be able to act as cathode active materials. The ASSBs with LPSB-MWCNTs as the composite cathode, LPSB as a solid electrolyte, and In/InLi as an anode are fabricated to clarify the reversible electrochemical reaction activity of the decomposition products from the LPSB. The electrochemical performance of the In/InLi | LPSB | LPSB-MWCNTs ASSB at 60 °C is shown in Figure 7. As shown in Figure 7A, the specific capacity of the cell with 8.15 mg cm−2 LPSB cathode loading shows a high discharge capacity of 494 mAh g−1 (the specific capacity was calculated based on the total mass of LPSB in the composite cathode) at 0.5 mA cm−2 after the second cycle. After 30 cycles, the discharge capacity first rapidly decreases and then slowly changes to 301 mAh g−1.
[image: Figure 7]FIGURE 7 | Cycling performance of the In/InLi | LPSB | LPSB-MWCNTs ASSBs at 60 °C (A) with cathode LPSB loading of 8.15 mg cm−2 at 0.5 mA cm−2 and (C) with cathode LPSB loading of 16.3 mg cm−2 at 1 mA cm−2 and (B and D) the corresponding discharge–charge voltage profiles of the cells at different cycles.
The discharge–charge voltage profiles of the cells with LPSB-MWCNTs cathode cycling at 0.5 mA cm−2 are presented in Figure 7B. There are two clear processes below and above 0.6 V (vs. In/InLi) during the discharge process and at least two other processes below and above 2 V (vs. In/InLi) during the charge process, which might be due to the sulfur and phosphorus redox activity of the decomposition products of the LPSB solid electrolyte as active materials (e.g. 4S2−+ Px− ↔ PS43− + (5 + x) e−; 2 PS43− ↔ P2S74− + S + 2e− ↔ P2S62− + 2S + 4e−) (Ohno et al., 2021; Wang et al., 2021c).
Increasing the cathode active material loading is essential for increasing energy density and the specific energy of ASSBs to fulfill commercial requirements. When the LPSB cathode loading increases to 16.3 mg cm−2 (Figure 7C), the discharge capacity slightly decreases to 323 mAh g−1 after 20 cycles (equivalent to 5.26 mAh cm−2) at 1 mA cm−2. In addition, a mild capacity degradation can be seen from the discharge curves for the 10th and 20th cycles (Figure 7D), which demonstrates that the decomposition products of LPSB show reversible electrochemical reaction activity.
CONCLUSION
A facile solid-state reaction method without the traditional high energy ball-milling process has been utilized to prepare bromine-rich lithium argyrodite solid electrolytes. The LPSB solid electrolyte with minor LiBr impurity and a high ionic conductivity of 5.21 × 10−3 S cm−1 at room temperature was obtained via annealing at 430 °C for 8 h. The ASSBs with LCO(coated)-LPSB or LPSB-MWCNTs as the composite cathode, LPSB as the solid electrolyte, and In/InLi as an anode is assembled. A discharge capacity of 102 mAh g−1 with a high-capacity retention of 93% after 70 cycles at 30 °C at 0.5 mA cm−2 was achieved in the cell with 8.53 mg cm−2 LCO loading. In addition, the decomposition products of the LPSB solid electrolyte are demonstrated to possess reversible redox activity. A high areal capacity of up to 5.26 mAh cm−2 after 20 cycles at 60 °C at 1 mA cm−2 in the In/InLi | LPSB | LPSB-MWCNTs cell was also achieved. These results show that the LPSB electrolyte is applicable as an electrolyte for ASSBs.
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