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Solid-state batteries (SSBs) are poised to become the batteries of the future with advantages such as higher energy density, versatile geometry, and greater safety due to their inherent nonflammability. The most important parameter of the solid-state electrolyte (SSE) used is its ionic conductivity typically calculated from measuring the bulk impedance of a SSE pellet sandwiched between two ion-blocking current collectors. One of the challenges in conducting this measurement is the poor interfacial contacts between the SSE pellet and the current collector surfaces. To overcome this interfacial issue, high stack pressure (>10–100 MPa) is often used. However, this is unrealistic for the operation of practical cells where low or minimal stack pressure (<5 MPa) is more desirable. Thus, ionic conductivity values obtained at high stack pressures may not accurately reflect the true conducting properties under operational conditions. Holey graphene (hG) is a carbon nanomaterial with high electrical conductivity and unique dry compressibility, which is unusual for carbon materials. In this work, it is demonstrated that a thin layer of dry-pressed holey graphene as the current collector for sulfide-based SSE impedance measurements significantly improves the interfacial contact. The ionic conductivity values obtained at low stack pressure conditions were sometimes an order of magnitude higher than the data measured for sulfide SSEs without the hG layers. The use of hG also allows for convenient measurements even using coin cells where a very low internal stack pressure is used. The measurements attained in this work confirm that sulfide SSE ionic conductivity could be at a high level despite the low stack pressure used. This work also calls for more standardized measurement procedures to reduce the discrepancies in reported ionic conductivity values.
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1 INTRODUCTION
The use of lithium-ion batteries (LIBs) has grown significantly in the past 2 decades, encompassing everything from consumer electronics to electric vehicles, due to their high-energy density and low costs (Armand and Tarascon, 2008; Evarts, 2015; Liu et al., 2019). However, LIBs have many disadvantages stemming from their flammability, small operating temperature window, and narrow electrochemical stability window. All-solid-state batteries (ASSBs, SSBs), typically utilizing an inorganic, polycrystalline solid-state electrolyte (SSE) in place of the liquid, organic electrolytes used in traditional LIBs, are inherently non-flammable and may enable a safer and more energy dense storage solution (Famprikis et al., 2019; Lee et al., 2021; Wang et al., 2021; Wu et al., 2021; Yu et al., 2021; Janek and Zeier, 2023; Kalnaus et al., 2023).
Many current SSEs fall behind the ionic conductivity of commercial organic liquid electrolytes (OLEs), and as such, ionic conductivity of SSEs is a key metric for enabling practical SSBs (Xie et al., 2024). Traditional OLEs such as LiPF6 in carbonate-based solvents have a room temperature ionic conductivity of 5–10 mS/cm, while many sulfide-based SSEs are close to this value (Lee et al., 2021; Wang et al., 2021; Wu et al., 2021; Yu et al., 2021). Despite the key importance of this metric, there is little standardization around how to test the ionic conductivity of SSEs. Testing is usually done with vastly different amounts of stack pressure applied in different research labs, leading to measured ionic conductivity sometimes varying by an order of magnitude for the same material (Lee et al., 2021; Wang et al., 2021; Wu et al., 2021; Yu et al., 2021).
Most current SSB research applies high stack pressure with custom-built split cells (or Swagelok cells), a more common choice for SSE ionic conductivity measurements and SSB cycling (Doux et al., 2020; Xiao et al., 2020; Cronau et al., 2021; Yang and Wu, 2022; Faka et al., 2023; Xie et al., 2024). However, it has been recognized that practical SSBs should use much lower stack pressure not exceeding 10 MPa, or even lower to be comparable to LIBs with OLEs (Famprikis et al., 2019; Lee et al., 2021; Wang et al., 2021; Wu et al., 2021; Yu et al., 2021; Janek and Zeier, 2023; Kalnaus et al., 2023). Typical OLE batteries use coin cells or pouch cells, where minimal stack pressure is applied. Recently emerged all-solid-state thin film batteries may also function under minimal to no stack pressure (Deng et al., 2023; Ke et al., 2024; Ke and Wang, 2025). Therefore, it is highly desirable that the SSB testing also takes the common coin or pouch cell formats toward practical applications.
A key issue with measuring the ionic conductivity of SSEs through bulk impedance measurements using electrochemical impedance spectroscopy (EIS) is the interfacial contact with the ion-blocking electrodes (Xiao et al., 2020; Yang and Wu, 2022; Xie et al., 2024). These electrodes, or current collectors, are usually metal plungers (e.g., stainless-steel, titanium, hardened metals) in the split cell set up and always have a degree of surface roughness, even though they are often polished. This roughness leaves some gaps between the interface of the electrode and the SSE pellet, which cannot deform at low pressure to fill them. Because of this, ionic conductivity data from impedance measurements at low pressure may underestimate the true value as the resistance measured is escalated due to the interfacial resistance.
A way to counter this is to increase the stack pressure during measurement (Doux et al., 2020; Xiao et al., 2020; Cronau et al., 2021; Yang and Wu, 2022; Faka et al., 2023; Xie et al., 2024), which allows the SSE pellet to deform more to fit the profile of the current collector surface, lowering the interfacial resistance. For argyrodite SSEs like Li6PS5Cl (LPSC) or Li6PS5Br, stack pressures exceeding 50 MPa are needed to achieve accurate results, with reported ionic conductivity at lower pressure being lower by an order of magnitude (Cronau et al., 2021). Achieving this high stack pressure requires a more complicated experimental setup compared to low stack pressure, which can be achieved in a coin cell format. In addition, the value obtained under high stack pressure may not truly represent the conductivity for practical cell operation, where low stack pressure (<10 MPa) is always desired. High stack pressure could also over-densify the SSE, causing the Li ion transport channel to shrink, resulting in inaccurate ionic conductivity values (Cronau et al., 2021; Faka et al., 2023).
Sputtered metal films onto solid electrolyte disc surfaces as conformal current collectors may allow accurate ionic conductivity measurements. However, the sample preparation could be time consuming and the equipment setup might not be widely available. Another approach is to add a layer of a conductive carbon material to increase the interfacial surface area. Doux et al. demonstrated that adding acetylene black, a conductive carbon powder, in between the LPSC electrolyte pellet and the titanium plunger of a split cell leads to higher measured ionic conductivities across the range of 2 MPa–70 MPa, the latter of which resulted in almost an order of magnitude higher values than those obtained at 2 MPa (Doux et al., 2020). With the carbon-based current collector, the ionic conductivity measured is almost independent of the stack pressure applied, showing that the acetylene black provides a conductive interface between the polished stainless steel current collector and the SSE pellet, effectively filling in the gaps between the two. However, using common carbon powder such as acetylene black still limits the measurements to be carried out only in split cell formats and may hinder certain post-mortem analysis since the pellet may be very fragile and could be easily damaged upon removal from the cell.
To reduce these issues, in this report, a holey graphene (hG) current collector was added to the surface of the SSE pellet. Graphene is a thin sheet of carbon atoms and considered as one of the best carbon materials for high performance electrodes due to its lightweight, high conductivity, and large active surface area (Allen et al., 2010; Haddon, 2013). hG is a derivative of graphene, with arrays of nanometer sized holes distributed across the entire sheet surface (Lin et al., 2015; Lin et al., 2017; Lin et al., 2022). The holes in hG enable the hG powder to be readily compressible into arbitrary shapes without the use of any solvent or binder (Han et al., 2017; Lin et al., 2022; Lin et al., 2025). It is shown herein that, due to the unique dry compressibility of hG and its high electronic conductivity (∼300 S/cm) (Greenburg et al., 2021), there are no interfacial contact issues for sulfide-based SSEs at low pressures with dry-pressed hG layers as the current collectors. Measurements with coin cells using dry-pressed hG current collectors are demonstrated as a reliable approach to assess the SSE ionic conductivity under low practical stack pressure conditions.
2 EXPERIMENTAL SECTION
2.1 Materials
Three different sulfide-based SSE powders were used in this work, including lithium phosphorus sulfide chloride (Li6PS5Cl; LPSC; NEI Corporation), lithium tin phosphorus sulfide (Li10SnP2S12; LSnPS; NEI Corporation), and lithium germanium phosphorous sulfide (Li10GeP2S5; LGPS; Ampcera)1. The vendor provided average particle sizes for LPSC, LSnPS, and LGPS were ∼5 μm, ∼7–8 μm, and ∼10 μm, respectively. The vendor provided room temperature ionic conductivity values were 1.44 mS/cm, 1.5 mS/cm, and 2–5 mS/cm, respectively. All SSEs were handled inside an Ar-filled glovebox (MBraun or Vigor) with O2 and H2O contents <1 ppm. hG was prepared from graphene (Vorbeck Materials) using the established one-step air oxidation procedure previously reported (Lin et al., 2015). Vapor grown carbon fiber (VGCF, Pyrograf-III, Grade PR-24 HHT), carbon black Super P C45 (C45), and ketjen black (KB) were purchased from Applied Science Inc., MTI Corp., and MSE Supplies, respectively.
2.2 Measurements
Scanning electron microscopy (SEM) images were acquired using a Hitachi S-5200 field emission SEM (FE-SEM) system or a TESCAN VEGA3 tungsten thermionic emission SEM system, both operated at an acceleration voltage of 20 kV. The TESCAN system was equipped with an EDAX Octane Elect energy dispersive spectroscopy (EDS) system. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were conducted on a BioLogic VMP-3 electrochemical station. EIS was measured at the open circuit potential in the frequency range of 1 MHz to 0.01 Hz with an amplitude of 10 mV and 10 points measured per decade.
2.3 Ionic conductivity measurements
Ionic conductivity values were calculated from the impedance data from EIS measurements conducted in two different configurations, coin cells and split cells.
For testing with coin cells (Figure 1a), free-standing discs need to be prepared. In a typical procedure to prepare a neat SSE disc, 200 mg of SSE powder was cold pressed using a 15-mm compression die (MSE Supplies) and applying a force of 4 ton (equivalent to a pressure of ∼220 MPa) for 10 min, followed by removal from the die.
[image: Diagrams and a photo of different cell designs. (a) Illustrates a coin cell with layers including a Belleville washer, stainless steel spacers, and hG/SSE/hG sandwich. (b) Shows a split cell with metal plungers and an SSE pellet within an insulating sleeve. (c) Displays a photo of a CR2032 coin cell, Split Cell Type 1, and Split Cell Type 2, featuring metal and insulating components, labeled accordingly.]FIGURE 1 | Schematics of using (a) a coin cell with holey graphene-based current collectors or (b) a typical split cell set up for ionic conductivity measurements. Holey graphene-based current collectors were also used for split cell measurements in this work. (c) is a photograph showing a CR2032 coin cell (typical disc diameter 15 mm) and two types of commercially available split cells (Type 1: sleeve inner diameter 15 mm from MTI Corp.; Type 2: sleeve inner diameter 12 mm from rhd Instruments).To prepare a hG/SSE/hG sandwich disc, a thin aluminum foil disc was first placed at the bottom of the die to prevent the hG powder from adhering to the surface. A layer of hG powder, ∼7.5 mg by weight (∼4.25 mg/cm2), was then added on the top of this foil and spread uniformly by pressing gently with the piston. Then ∼200 mg of the SSE powder (113 mg/cm2) was added on top of this layer, and carefully smoothed with the metal piston to evenly distribute the material. A second layer of hG of the same weight was then spread on the top to cover the SSE surface. The layered architecture was topped by a second aluminum foil disc and cold pressed at ∼200 MPa for 10 min, followed by removal from the die, similar to the SSE-only samples. The aluminum foils were peeled off so the sandwich disc would be freestanding.
After pressing each pellet, the thickness was measured at 5 different locations on each sample using a Mitutoyo digital thickness gauge, and the average thickness was noted. Freestanding hG-only discs of similar total weights were pressed separately, and the thicknesses were measured to obtain the density value (∼0.83 g/cm3). This value and the total amount of hG were used to estimate the thickness contribution of the hG layers in the hG/SSE/hG sandwich discs. These discs were then assembled in a CR2032 coin cell with stainless steel spacers and a Belleville washer as the spring, similar to that of a typical coin cell battery assembly process (all parts were purchased from MTI Corp. or MSE Supplies Co.). The coin cells were placed in an environmental chamber and tested at a temperature range of 0 °C–100 °C in incremental heating steps of 10 °C. At each step, the sample was allowed to remain at the set temperature for a minimum of 30 min before the EIS spectrum was taken. For the coin cell configuration, no extra external stack pressure was applied to the sample. The contact pressure applied on the samples was provided via the Belleville washer and was no more than 2 MPa.
Several commercial split cell systems were tested (Figures 1b,c). In this work, only data using the split cells with the CompreDrive system (rhd instruments GmbH and Co. KG, Germany) is reported. This instrument is programmable and fully automated, and capable of precise temperature and pressure control. The test cell (12-mm inner sleeve diameter, Model 12PEI-DP, rhd Instruments, Figure 1c) is airtight and electrically connected to a channel in the BioLogic VMP3 electrochemical station. According to the manufacturer, the piston consists of 90% tungsten carbide and 10% cobalt with a hardness scale A (HRA) of 91.5–92.0 and grain size of 0.6–0.8 µm.
In the split cell measurements, the neat SSE and the hG/SSE/hG sandwich discs were each prepared and tested in the same cell without removing the materials, similar to most previously reported work using split cells for ionic conductivity measurements (Famprikis et al., 2019; Lee et al., 2021; Wang et al., 2021; Wu et al., 2021; Yu et al., 2021; Janek and Zeier, 2023; Kalnaus et al., 2023). In a typical experiment for a neat SSE disc, 113 mg of the SSE powder (100 mg/cm2) was loaded in the test cell and contacted directly with the metal pistons. For a hG/SSE/hG sandwich disc, ∼7.5 mg of hG (∼6.6 mg/cm2) was placed at the bottom of the cell and carefully spread. The SSE material (113 mg) was added on this layer, and a second layer of hG of the same weight was spread on the top. The top metal piston was placed in direct contact with the second hG layer. Both the neat and sandwich configurations were pressed with a fabrication pressure of 500 MPa. Temperature was held constant at 25 °C and the pressure was decreased from 500 MPa for the fabrication to 2 MPa for the first measurement.
To determine the ionic conductivity, the Nyquist plots from the spectra from coin cell measurements were fit with a Rb-RP circuit using the PyEIS Python package. The resistance of the first resistor (Rb) – representing the bulk impedance–was taken as the ionic resistance, and ionic conductivity (σ) was calculated from this using:
σ=l/Rb×A
where l and A are the thickness and the area of the pellet, respectively. In the case of the split cell data using CompreDrive, the data was fit to an R0-Rb-RP circuit, with the first resistance representing the resistance of the wiring and equipment setup recommended by the rhd company.
3 RESULTS AND DISCUSSION
Sulfide-based SSEs are typically of high ionic conductivity at room temperature (>1 mS/cm), and therefore widely used for research in all-solid-state batteries. LPSC may be the most studied sulfide SSE and is commercially available in large quantities at an economic cost (∼$10/g) (Lee et al., 2021; Wang et al., 2021; Wu et al., 2021; Yu et al., 2021). Many other sulfide SSEs are also commercially available; LSnPS and LGPS are selected as additional examples in this work.
Coin cell parts are of low cost, standardized, and commercially available. The standardization, as well as higher testing throughput, should lower testing error across samples and across different research laboratories. Coin cells, once assembled and sealed, can be removed from Ar-filled gloveboxes and conveniently placed in environmental chambers or ambient environments for testing at different temperatures. However, coin cells are so far not a popular option for SSB research because the stack pressure is extremely low and only enabled by a spring or a Belleville washer. Experiments here showed that the full displacement of a typical Belleville washer is equivalent to a pressure of no more than 2 MPa (Lin et al., 2025). Therefore, the actual pressure felt by the unit cells or discs, while difficult to quantify after assembly, could be estimated to be in the range of 0.1–2 MPa. In coin cells, the pressure from the spring is typically further distributed by a piece of flat stainless steel spacer (Figure 1a), which is in direct contact with the cell active components. As long as all components within the coin cells are perfectly aligned, the rigidness of the spacer should allow uniform pressure being applied and thus consistency of subsequent test results.
In order to measure ionic conductivity using coin cells, freestanding SSE discs must be first prepared. Neat LPSC powder adheres to itself well upon compression, forming high quality free-standing discs that could be directly used. To illustrate the effect of conformality of the current collectors, hG was used as the interfacial current collector to prepare robust, freestanding hG/LPSC/hG sandwich discs by sequentially adding hG powder, LPSC powder, and hG powder to the compression die and pressed together. The dry compressible property of hG is unique, as most known carbon materials become extremely fragile and do not hold into a densified structure upon dry compression. In addition, it was previously shown that hG can serve as a dry compressible matrix to host other non-compressible fillers, or sandwich less compressible materials in a layered structure (Plaza-Rivera et al., 2020). The freestanding hG/LPSC/hG disc fabrication takes advantage of this unique property.
The uniqueness of hG is demonstrated in the direct comparison of using a few other common conductive carbon powders for similar sandwich disc fabrication. As shown in Figure 2, the hG/LPSC/hG sandwich disc appears intact and robust. In contrast, the one with VGCF is defective and partially broken off, while the fabrication of carbon/LPSC/carbon with C45 or KB resulted in completely shattered pieces upon removal from the pressing die. hG provides the most robustness to the sandwich architecture while the other carbon powders do not possess the same capability. These carbon powders may still be useful in split cell testing where the discs do not need to be removed from the pressing/testing die, but unsuitable for coin cell testing since the latter requires freestanding discs. Coin cell testing could be more widely adopted due to the availability of standard fabrication accessories and equipment available in most research laboratories, while split cells requiring the pressure jigs are usually custom made and lack common standard practices.
[image: Four images labeled (a) hG, (b) VGCF, (c) C45, and (d) KB show samples in white trays. Each sample appears to be a dark, partially broken disc, placed on a black-gloved hand. Differences in fragmentation and residue around each disc are visible.]FIGURE 2 | Photographs of the carbon/LPSC/carbon sandwich disc samples fabricated by using various conductive carbon materials: (a) hG, (b) VGCF, (c) C45, and (d) KB. Only the hG/LPSC/hG sandwich disc remained fully intact.The freestanding neat LPSC and the hG/LPSC/hG discs were assembled in CR2032 coin cells using typical accessories. Stainless steel spacer discs were used on both anode and cathode sides as the current collectors. For the hG/LPSC/hG disc, since hG directly interfaces with LPSC, it serves as the actual conformal current collectors. Each coin cell used a Belleville washer to provide the contact/stack pressure as discussed previously.
As shown in the Nyquist plots from EIS measurements in Figure 3a, the coin cells with the hG/LPSC/hG sandwich exhibited much lower impedance in comparison to the ones with the neat LPSC disc at various temperatures (30 °C, 60 °C, and 90 °C). The bulk impedance values for both samples, often represented by the x-intercept (or linear extension to x-axis of the high frequency data) of the impedance curves, reduce with the increase of temperature, as expected. The ionic conductivity values, calculated from the bulk impedance values and LPSC layer thicknesses, shown in the Arrhenius plot in Figure 3b, exhibit a typical temperature-dependent trend, with the logarithm of the ionic conductivity linearly dependent on the inverse of temperature. The low impedance for the hG/LPSC/hG sandwich discs resulted in much higher ionic conductivity values across the temperatures used. For example, at 30 °C, 60 °C, and 90 °C, the hG/LPSC/hG sandwich discs exhibited values of 1.37, 3.89, and 8.88 mS/cm, while the neat disc resulted values of 0.44, 0.63, and 1.40 mS/cm. Across the entire temperature range surveyed (0 °C–100 °C), the measured ionic conductivity with the hG/LPSC/hG sandwich disc is consistently several times higher than the neat LPSC disc. This is a difference significant enough that could move the validation of a new SSE from being considered highly viable (>1 mS/cm) to marginally viable (<0.5 mS/cm) at low stack pressure conditions in coin cells. Because both discs were prepared with the same fabrication pressure and used the same LPSC powder, the stark difference can only be attributed to the enhanced interfacial contact of the LPSC layer and the hG layers as the current collectors.
[image: Graph (a) displays impedance data with Z' on the x-axis and -Z'' on the y-axis for hG/LPSC/hG and Neat LPSC at different temperatures (30, 60, 90 degrees Celsius). Graph (b) shows conductivity as log10(sigma) versus inverse temperature (1000/T) for the same samples, with distinct lines for hG/LPSC/hG and Neat LPSC.]FIGURE 3 | (a) Nyquist plots from coin cell EIS measurements of the neat LPSC and the hG/LPSC/hG sandwich discs at three temperatures – 30 °C, 60 °C, 90 °C; (b) Arrhenius plot from the coin cell EIS measurements of the neat and sandwich discs over 0 °C–100 °C. The data point and the corresponding error bars are the average and standard deviation values from measurements of three different coin cells.The Arrhenius plots for both the neat LPSC disc and the hG/LPSC/hG sandwich discs exhibited similar slopes, with the activation energies calculated to be 0.29 ± 0.04 eV and 0.30 ± 0.01 eV, respectively. This observation is consistent with the expectation that the use of conformal hG current collectors should not affect the intrinsic Li ion conduction mechanism with the LPSC phase. Each data point for the Arrhenius plots in Figure 3b was an average from three separate experiments of three coin cells. The data for the hG/LPSC/hG discs appears to exhibit much lower error margins and thus more consistent in comparison to the neat LPSC disc.
The surfaces of the neat LPSC vs. hG/LPSC/hG discs both appeared visually uniform. Therefore, the neat LPSC surface and the conformality of the hG layer and the LPSC surface in the sandwich disc were further evaluated by cross-sectional morphological characterizations using microscopy techniques. For the hG/LPSC/hG sandwich disc (Figure 4a), SEM images with EDS data (Figures 4b–d) show a ∼50 µm thick hG layer on both sides of the LPSC layer. The thickness of the hG layer is consistent with the density estimation from the freestanding hG disc discussed previously. At higher magnifications, although the hG-LPSC interfaces are not completely flat, no gaps or pores are observed. In comparison, for the neat LPSC disc (Figure 4c bottom), despite the visually mirror finish, the SEM image of the polished cross-section of the disc revealed that the surfaces contain many protrusions at the microscopic level, with rough domains of ∼10 µm in size, likely templating from the surface of the pressing die spacers. The benefit of the hG current collectors is thus obvious that they allow the rough SSE surface and pores to be filled in by conformal carbon layers, facilitating complete electrical contact.
[image: (a) Schematic of a layered structure with a green central LPSC layer flanked by blue hG layers. (b) SEM image showing a textured LPSC layer beneath a dark hG layer, with scale bar of 200 micrometers. (c) SEM cross-sections comparing hG on LPSC versus LPSC alone, featuring textured surfaces, with a scale bar of 100 micrometers. (d) Composite image showing SEM, carbon, and phosphorus maps; distinct textures and materials highlighted with a scale bar of 20 micrometers.]FIGURE 4 | (a) Schematic and (b) cross-sectional SEM of a hG/LPSC/hG sandwich disc. The top and bottom rectangle highlighted regions are magnified and shown in Figure 4c top and Figure 4d, respectively. The cross-sectional view of the surface of a neat LPSC disc is shown in Figure 4c bottom. In Figure 4d, both C and P maps from EDS are shown, representing the hG and LPSC phases, respectively. Dashed lines are guide to the eye showing the conformal interface between the hG and LPSC phases.To further validate the effect of hG current collectors obtained from the coin cell measurements, both neat and sandwich discs were fabricated and tested in a commercial split cell system with precise temperature and pressure control (CompreDrive and CompreCell, rhd Instruments, Germany). Three different sulfide SSEs were used, including LPSC, LGPS, and LSnPS. In these experiments, the neat SSE powder and the hG/SSE/hG sandwich powder were each pressed to 500 MPa at 25 °C for 10 min to allow for complete densification of the SSEs. The stack pressure was then lowered sequentially until reaching 2 MPa, the lower limit of the equipment. The impedance data was taken at each stack pressure to obtain the ionic conductivity values. As shown in Figure 5, all three sets of samples with different SSEs exhibit similar patterns in that the ionic conductivity values mostly overlap (within 5%–15%) at high stack pressures for the neat and the sandwich discs. In both cases, the initial increase with pressure is due to the densification of solid electrolyte that results in improved solid-solid interfacial contact. The subsequent decrease was due to over-pressurization reduced the ion transport channels within the solid electrolyte (Cronau et al., 2021; Faka et al., 2023). However, the sandwich discs exhibited much higher values than the neat discs at lower stack pressures, as clearly shown in Figures 5d,e emphasizing the lower pressure region. Using the LPSC discs as an example (Figures 5a,d), at 5 MPa, the ionic conductivity value measured for the hG/LPSC/hG sample is 50% higher than the neat LPSC sample (2.29 vs. 1.53 mS/cm). While at the lowest measured stack pressure of 2 MPa, the difference was as high as 150% (2.05 vs. 0.82 mS/cm). The coin cell data from 20 °C/30 °C measurements previously shown in Figure 3 were also plotted for reference by assuming a 0.5 MPa stack pressure. They fit well in the ionic conductivity–pressure trend, suggesting the data from coin cell measurements were highly reliable.
[image: Graphs display the ionic conductivity (\(\sigma_{ion}\) in milliSiemens per centimeter) versus pressure (MPa) for various materials. Panels (a) through (f) illustrate the differences between composite materials and their neat forms. Red arrows in (a) and (d) indicate "Coin Cell Data" at low pressure. Each graph shows distinct behaviors in conductivity increase with pressure, highlighting the performance of hG/LPSC/hG, neat LPSC, hG/LGPS/hG, neat LGPS, hG/LSnPS/hG, and neat LSnPS materials.]FIGURE 5 | Ionic conductivity values for the neat SSE and the hG/SSE/hG sandwich discs as a function of measuring pressure using a split cell format for (a,d) LPSC, (b,e) LGPS, and (c,f) LSnPS. (a–c) show the entire testing range of 5–500 MPa, while (d–f) show the enlarged low pressure range up to the threshold pressure. Coin cell data for the neat LPSC and hG/LPSC/hG cells are also shown in (a) and (d) to compare with the split cell data.The same trend was observed for both LGPS (Figures 5b,e) and LSnPS (Figures 5c,f), except for the threshold pressures (where the value difference diminishes) are somewhat different. From Figures 5d–f, it appears that the threshold pressure for LPSC, LGPS, and LSnPS were ∼40, 20, and 70 MPa, respectively, below which the effect of conformal hG current collector becomes prominent. From the current data, the mechanism is not entirely clear on why there is a difference in the threshold pressure. Presumably, the Young’s modulus and the grain size of the SSEs should both play a role in this threshold, but the values of these three types of SSEs were all similar. More detailed studies are required for a complete understanding. Nonetheless, the data obtained from precise stack pressure control over a large range validates that the conformal effect of hG current collectors is broadly applicable to the ionic conductivity measurement across many sulfide-based SSE systems.
4 CONCLUSION
In this work, it is demonstrated that robust, freestanding SSE pellets sandwiched by hG current collectors can be prepared and encased in coin cells for consistent ionic conductivity measurements. The measured values were an order of magnitude higher than those using neat SSE discs. The trend is confirmed by using equipment with accurate pressure control, where the measured ionic conductivity values with hG current collectors increase by 150% and 50% at 2 MPa and 5 MPa, respectively, in comparison to the use of neat SSE discs and regular metal current collectors. Microscopy data reveals that the interface between the hG and SSE was highly conformed, while the neat SSE discs usually exhibited microscopic roughness that could be detrimental for accurate low stack pressure measurements. The use of hG could thus enable more accurate and standardized testing of ionic conductivity, even when using coin cells. The results also provide insights with respect to Li ion conduction in the solid-state and the interface between the SSE and the electrodes at low stack pressures, which is key for future practical SSBs.
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