

  batteries-09-00087




batteries-09-00087







Batteries 2023, 9(2), 87; doi:10.3390/batteries9020087




Article



Limiting Factors Affecting the Ionic Conductivities of LATP/Polymer Hybrid Electrolytes



Adrien Méry 1, Steeve Rousselot 1, David Lepage 1, David Aymé-Perrot 2 and Mickael Dollé 1,*[image: Orcid]





1



Chemistry Department, Université de Montréal, 1375 Avenue Thérèse-Lavoie-Roux, Montreal, QC H2V 0B3, Canada






2



TotalEnergies SE, 2 Pl. Jean Millier, La Défense 6, 92078 Paris, France









*



Correspondence: mickael.dolle@umontreal.ca







Academic Editor: Pascal Venet



Received: 1 November 2022 / Revised: 3 January 2023 / Accepted: 13 January 2023 / Published: 28 January 2023



Abstract

:

All-Solid-State Lithium Batteries (ASSLB) are promising candidates for next generation lithium battery systems due to their increased safety, stability, and energy density. Ceramic and solid composite electrolytes (SCE), which consist of dispersed ceramic particles within a polymeric host, are among the preferred technologies for use as electrolytes in ASSLB systems. Synergetic effects between ceramic and polymer electrolyte components are usually reported in SCE. Herein, we report a case study on the lithium conductivity of ceramic and SCE comprised of Li1.4Al0.4Ti1.6(PO4)3 (LATP), a NASICON-type ceramic. An evaluation of the impact of the processing and sintering of the ceramic on the conductive properties of the electrolyte is addressed. The study is then extended to Poly(Ethylene) Oxide (PEO)-LATP SCE. The presence of the ceramic particles conferred limited benefits to the SCE. These findings somewhat contradict commonly held assumptions on the role of ceramic additives in SCE.
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1. Introduction


Due to current global energy demands, new battery systems are being developed at a frantic pace [1]. Among these, All-Solid-State Batteries (ASSB) stand out, as they are expected to fulfill the future requirements for use in electric vehicles (EV). ASSBs are expected to be the best alternative to traditional Lithium-ion batteries in terms of safety, as flammable organic liquid electrolytes are replaced by solid electrolytes that tend to be thermally stable and non-flammable. Moreover, the absence of liquid allows for simplified battery packaging. This reduces dead weight in the cell and increases volumetric and gravimetric energy density [2]. Additionally, solid electrolytes can be developed such that the electrochemical stability window (ESW) can be large enough to allow lithium anodes and high voltage cathodes to be used. These components are expected to increase the energy density of the device. Three main types of solid-state electrolytes (SSE) have been developed: Solid Polymer Electrolytes (SPE), Inorganic Solid Electrolytes (ISE), also called ceramic electrolytes (CE), and Solid Composite Electrolytes (SCE). ISEs generally have better ambient temperature ionic conductivities (IC) and high lithium transference numbers, making them good candidates for the future development of ASSB [3]. Sulfide-based electrolytes, e.g., Li10GeP2S12 (LGPS), have high ambient temperature ionic conductivities and offer the possibility of cold pressing, which allows for sufficient ionic percolation for device assembly [4,5]. However, safety concerns, needs for constant high pressure within the cells, and a limited electrochemical stability window may hinder large-scale use. Therefore, other types of ceramic electrolytes have been considered for use in ASSBs. Oxide ceramics have attracted a lot of attention because of their high oxidative stability, which makes them compatible with high voltage cathode materials (NMC, NCA) [6]. NASICON-type Li1.3Al0.3Ti1.7(PO4)3 (LATP) is a particularly well-studied example which has a conductivity on the order of 10−3 S/cm [7] and is highly stable under ambient conditions. Sintering is a process that is commonly used to produce ceramic pellets that are conductive and mechanically stable. When the processing conditions are optimized (temperature and pressure), sintering allows for the preparation of highly dense LATP pellets with high mechanical strength and high ionic conductivities [8]. Common sintering methods include pressure-less processes such as “natural sintering” (NS) and pressure-assisted methods, such as Hot Pressing, Hot Isostatic Pressing, Field Assisted Sintering, and Spark Plasma Sintering (SPS) processes [9]. The latter technique produces pellets with increased density, grain connectivity, and decreased grain growth in less time when compared to more conventional sintering methods [10,11,12]. Additionally, the pressure applied during the sintering process directly impacts material porosity. Porosity significantly impacts ionic conductivity [13,14]. Despite these advantages, ceramics remain fragile and are difficult to process within an ASSB. To this end, preparing solid electrolytes comprised of ceramic fillers dispersed in conductive polymers (SCE) has been shown to be a favorable way to improve both the mechanical and interfacial properties of solid electrolytes [15,16]. Each component of the SCE has its own strengths and weaknesses. Polymer electrolytes often offer better processability and adhesion/compatibility with electrode materials when compared to ceramics. Optimization of SCE formulation leads to a variety of electrolyte formulations where two major trends appear, namely “Polymer in ceramic” (high ceramic content) and “ceramic in polymer” (high polymer content) [17]. In SCE, the ceramic particles are usually dispersed in the polymeric matrices without sintering [18,19,20,21].



The conduction mechanisms In SCE are still being debated, as it is not clear whether ions move within the continuous polymer host, at the surface of the ceramic particles, or through both components of the SCE. Several approaches were attempted for deeper understanding, including the use of ionic liquid substituting the polymer component [22,23,24]. It was recently reported that the surface area of dispersed ceramic particles in composite electrolyte has a strong influence on the resulting conductivity. Isaac et al. showed, for instance, that highly porous ceramic particles may act as insulators, whereas composite electrolytes could benefit from the addition of low-surface-area dispersed ceramic particles [23]. Other SCE configurations provided evidence for the importance of interfacial resistance in discontinued conduction networks (i.e., stack consisting in conducting polymer layers and conducting ceramic layers) [25,26,27]. From a ceramic point of view, particle sintering and densification is of utmost importance for ionic percolation [4,5,8]. In the case of dispersed ceramic particles in continuous polymer host, it is not clear which is the preferred conduction path if the ceramic phase would also provide ionic percolation.



Herein, we aim to address the conduction mechanisms from a ceramic perspective in composite electrolyte and ionic conductivity of LATP-based materials, in either ISE or SCE with PEO counterpart configurations at room temperature. In the present study, pressure is then applied for both ISE and SCE configurations during conductivity measurements using a home-made setup in order to ensure ceramic percolation. The impact of the inclusion of LATP particles on the ionic conductivity of a SCE is also debated in this study.




2. Materials and Methods


2.1. Synthesis of LATP


Phase pure Li1.3Al0.3Ti1.7(PO4)3 (LATP) was produced via a hydrothermal process [28]. TiO2 (99% Sigma Aldrich Canada) was first stirred in an aqueous solution containing Phosphoric acid (85%) at 160 °C. Then, Al(OH)3 (Fisher Scientific Canada) and LiOH (98% Sigma Aldrich Canada) were added after cooling to 80 °C. The obtained suspension was subsequently dried, ground to micrometer size particles, and heated to 900 °C for 6 h. XRD was carried out at ambient temperature using a Panalytical Empyrean instrument to check for the LATP powder microstructure. All XRD data were collected in the 2θ range of 10–80° using Cu Kα radiation with a step size of 0.02° and a 1 s per step rate.



Ceramic pellets were produced by either Spark Plasma Sintering (SPS) or natural sintering (NS) processes. In order to further quantify the impact of the sintering temperature, SPS and NS were conducted on pure ceramic materials at two targeted temperatures: 500 °C and 850 °C. The sintering temperature range was chosen based, on one hand, on the chemical reactivity of LATP with typical cathode active materials starting above 500 °C, which may limit the processing temperature for all-ceramic-solid-state-batteries [28,29,30], and on the other hand, based on optimum processing temperatures regarding the compactness and ionic conductivity of LATP upon SPS processing [14,31].



Spark Plasma Sintering


SPS experiments were carried out using a Dr Sinter Lab Jr series 632Lx SPS. 150 mg of LATP powder were loaded into a Grafoil® coated graphite die (Ø = 8 mm) and pressed between two graphite punches. The Grafoil® is used to facilitate removal of the sample from the die. The graphite die was placed inside the SPS chamber between two graphite spacers and uniaxially pressed at 100 MPa under vacuum to maximize particle cohesion. The sintering was performed up to 500 °C or 850 °C with a 50 °C/min heating rate, where it was held for 3–5 min before cooling down to room temperature at a rate of 100 °C/min. The voltage and current used in the process were applied under automatic operation mode.





2.2. Natural Sintering


NS-LATP pellets were prepared using powder that was cold pressed at five tons for 15 min to yield a solid pellet (Ø = 10 mm). Then, a thermal treatment was performed in a muffle furnace up to 500 °C or 850 °C with a 5 °C/min heating rate. The sample was held at the targeted temperature overnight and was cooled down to room temperature at a rate of 10 °C/min.



Finally, all the pellets (NS and SPS) were manually polished using Buehler® silicon carbide papers of different grain sizes (400, and 1000 grits) until a well-polished surface was achieved. The pellets were gold-coated on both sides (20 nm) prior to performing conductivity measurements. The geometric compactness of the pellets was calculated based on the density of LATP,    ρ  t h     = 2.92 g/cm3, extracted from the lattice parameters of LATP as follows:


  C o m p a c t n e s s    %  =    m  p e l l e t        d 2   4  × π × t   ·  1   ρ  t h      











With m being the weight of the pellet in g, d its diameter in cm and t its thickness in cm.




2.3. PEO-LATP Solid Composite Electrolyte


In a typical procedure, pristine PEO-LiTFSI SPE is prepared by dissolving PEO (4 g) and LiTFSI (1.3 g), leading to a EO/Li ratio of 20/1 for optimal ionic conductivity [32], in acetonitrile (can) at 300 rpm at room temperature for 24 h. Three PEO-LATP solid composite electrolytes were prepared: PEO-LATP25 (containing 25 wt.% LATP), PEO-LATP75 (containing 75 wt.% LATP), and PEO-LATP85 (85 wt.% LATP). 0.42 g of PEO-LiTFSI (20 mL of the PEO-LiTFSI-ACN solution) were mixed with the appropriate amount of LATP (25, 75 and 85 wt.%) for 24 h. These composites were developed with the intention of harnessing the best properties of solid polymer and inorganic electrolytes. For the sake of comparison, a POE-LATP25 sample without LiTFSI was also prepared via the same procedure. After evaporation of ACN under vacuum, heating rolls were used to obtain a homogeneous solid composite electrolyte film with a thickness of ca. 200 µm. All the SCEs were dried for 24 h at 60 °C under vacuum. Samples were kept under inert atmosphere before use and during characterizations, as residual moisture and solvent can impact conductivity measurements [33,34].




2.4. Scanning Electron Microscopy


Material morphology was studied using a Hitachi Tabletop Scanning Electron Microscope TM3030+. The cross section of the dense SPS pellet was analyzed after it was sectioned into two parts and polished. The samples were coated with a thin layer of Chromium to ensure electronic conduction. The measurements were performed using a with a standard mode operation with a 15 kV tension.




2.5. Electrochemical Impedance Spectroscopy (EIS)


EIS measurements were conducted in a symmetrical SS/ISE/SS or SS/SCE/SS configuration (SS = Stainless Steel). The data was recorded using a Biologic SP 150 potentiostat between 1 MHz and 100 mHz. A large voltage amplitude of 100 mV was chosen such that a clear current response could be obtained while retaining a linear relationship between current and voltage. The bulk conductivity of the LATP SPS pellet was measured using a Biologic SP 300 at frequencies ranging from 7 MHz to 100 mHz.



All EIS measurements were performed using a home-made pressure device (diameter of 12 mm). Pressure was increased from 1 MPa to 100 MPa in steps of 10 MPa, followed by a sequence of measurements from 100 MPa to 1 MPa in order to evaluate the impact of an external pressure on the ionic conductivity. All measurements were made inside a glovebox to avoid air contamination. Triplicate measurements were performed to ensure reproducibility.



The ionic conductivity (S/cm) was calculated using the equation


σ = L/(R · S)








where L is the thickness of the SSE (cm), R is the overall resistance (Ω), and S is the area of the SSE (cm2).





3. Results


The aim of this paper is to investigate the impact of LATP processing on its conductive properties when used as a CE or SCE for ASSLB applications. Particularly, the effect of applied pressure on the ionic conductivity of compacted powder and a polymer/ceramic composite was studied. This study was motivated by concerns that applied pressure (during the material fabrication process as well as during measurement/cycling) appears to be a key parameter in the optimization of ceramic electrolytes in particular, and ASSLBs in general [4,5,35].



The LATP powder used in this study consists of ca. 10 µm particles, as shown in Figure S1, and the powder presents a XRD pattern (Figure S2) corresponding to the R-3c Rhombohedral space group. This corresponds to the LATP ICSD file #00-066-0872. A low-intensity peak observed at 21.9° corresponds to an AlPO4 impurity which can be seen in Figure S2. After SPS at 850 °C, the crystal structure of the material remains unchanged.



Figure 1a shows examples of Nyquist plots obtained by electrochemical impedance spectroscopy for compacted LATP particles. The spectra were collected at a pressure of 60 MPa. The corresponding fit derived from the equivalent circuit model is also shown (Figure 1b). In the case of ceramic materials, bulk (σb) and grain boundary (σGB) contributions are expected to be present in the Nyquist plots. For a dense LATP pellet, like the one shown in Figure S3, both contributions are quite close. The EIS diagram of the LATP SPS (850 °C) pellet, starting from 7 MHz, is shown in Figure S4, to demonstrate both contributions to the total conductivity. The contribution from the bulk is visible up to ca. 620 Ω/cm, whereas the contribution from the grain boundaries appears at lower frequencies, up to 5 kΩ/cm. The slanting line at low frequencies is associated with charge accumulation at the blocking electrode surfaces that is ascribed by a Constant Phase Element Q3 in the equivalent circuit in Figure 2b. For compacted LATP powder, the bulk contribution is not visible in the figure due to scaling. As a result, only one depressed semi-circle is observed over the whole frequency range. This semi-circle mostly corresponds to the “grain-boundary” contribution (Figure 1b). Applied pressure was found to impact the total resistance of the compacted powders (Figure 1a). For instance, when the EIS is measured at 60 MPa during the increase in pressure from 1 to 100 MPa (red dots) or during the decrease in pressure from 100 MPa to 1 MPa (black dots), the shape of the signal remains very similar. However, the overall resistance changes. The action of compacting LATP powder particles (with increased pressure) has a non-negligible impact. This can be explained by the compaction of the powder. Upon pressure increase, the powder particles adapt to the pressure in their most favorable configuration, while that configuration is kept upon pressure release. This contrasts sharply with that of the SPS pellet, where applied pressure does not impact the measured resistance.



To confirm the effect of the external pressure on the samples, i.e., the compaction of ceramic particles, the evolution of the total ionic conductivities of the LATP powders and an SPS pellet as a function of applied pressure is reported in Figure 1c. It is worth noting that SPS results in considerable improvement of the total ionic conductivity compared to compacted LATP powder. This point will be addressed later in the discussion. For the sintered samples, the same total ionic conductivity (above 5 × 10−4 S/cm) is observed independently of the pressure applied during EIS measurements. However, for the compacted LATP powders, the total ionic conductivity increases from 1.8 × 10−7 S/cm to 1.1 × 10−6 S/cm when pressure is increased from 1 MPa to 100 MPa. Ionic conductivity remains stable as the pressure is decreased. These values agree with those found for the non-sintered material [36]. This response can be contrasted to that of the powder samples, as the ionic conductivities of the compacted powder are still nearly three orders of magnitude lower than that of the sintered one.



3.1. Evaluating the Benefit of Sintering


The sintering process results in the compacting and welding of solid particles with the help of temperature and/or pressure below the melting point. The main benefits are the enhancement of the mechanical strength and the conductivity of the material via the densification of the pristine powder material. In this part of the study, the impact of the sintering parameters on the ionic conductivity of LATP is discussed.



Two sintering methods were used to achieve high-quality LATP pellets: natural sintering (NS) and Spark plasma sintering (SPS). The SPS technique is a specific sintering process that rapidly produces dense ceramic pellets via the assistance of uniaxial pressure and a pulsed electric current. Consequently, this process improves grain cohesion by welding them together, thus limiting the grain boundary contribution to the overall conductivity [6,12,37,38]. Moreover, while the NS procedure takes several hours to complete, the SPS process can be performed in less than one hour. The study of the impact of the sintering temperature on ionic conductivities for both NS and SPS methods was conducted. The total ionic conductivities of the sintered samples were compared to the as-synthesized LATP powders. Figure 2a displays the evolution of the total ionic conductivity as a function of geometric compactness for LATP ceramic samples prepared via three different methods at 30 °C (as-synthesized powders, NS, and SPS pellets). According to Figure S4, the bulk contribution to the total conductivity accounts for 3 × 10−3 S/cm. The bulk contribution is assumed to be the same for all samples, since they were prepared from the same powder. Lower total conductivity, observed in Figure 2a, is then due to grain boundary and inter-particles conduction processes. Still, similar activation energies of 0.48 ± 0.05 eV are found independent of the shaping process, as can be seen in Figure S5. In the present case, as LATP is a nanocrystalline material with high porosity, surface diffusion can also occur and influence the activation energy in addition to bulk and interface diffusion [38]. However, this was not observed here. This may indicate that the conductivity decrease is instead related to a tortuosity–porosity effect as well as the presence of disconnected or partially connected structures hindering efficient ionic diffusion [13,39,40,41]. This results in a reduced effective diffusion, Deff, in porous media, compared to the bulk diffusion, Dbulk, which is tempered by a constriction coefficient δ due to the pore diameter and tortuosity, τd. Such effective diffusion directly impacts the diffusive flux according to Fick’s law [38]. Several models and approaches for determining the porosity–tortuosity relationship have been defined and provide variable results [42]. Imaging techniques, such as X-ray Microtomography assisted by numerical simulation, could help unravel the pore distribution and structure within the pellets or powder and define a reliable Representative Elementary Volume (REV) depending on the sample preparation method [13,42,43,44]. Except for the LATP SPS (850 °C) sample (91% of compactness as shown in Figure S3), all pellets have a compactness in the range of 57 to 67% no matter what processing method is used. With the exception of the NS sample with lowest compactness, it is worth noting that the ionic conductivities of the sintered LATP pellets are systematically superior to that of the LATP powder, regardless of whether it is compacted or not. However, among the sintered LATP samples, a large range of ionic conductivities is reported. These were found to depend on the compactness and the sintering process (NS vs. SPS) used in the preparation of the sample. The conductivity of the SPS LATP (850 °C) is 7.6 × 10−4 S/cm due to the high compactness of the sample. For compactness in close range of 57 to 67%, though, the impact of processing temperature driving particle sintering led to increasing total conductivities. Still, such low compactness causes a conductivity penalty of several orders of magnitude compared to the 91% compact sample, while the ionic conductivity of the NS sintered LATP is 5.9 × 10−5 S/cm at the same temperature. Low processing temperatures do not, in fact, allow for efficient grain growth and coalescence. For instance, 500 °C was found to be too low to achieve good sintering (Figure S6). These observations hold true independently of the sintering process used and its duration. Even SPS processing at high pressures does not result in improved conductivity when the sintering temperature is too low. Figure 2b,c propose a schematic representation of the pellet microstructures that are produced by low- and high-temperature sintering processes, respectively. Tortuosity and porosity are often evoked to explain transport phenomena and diffusion paths [39,40,42,43,44]. Contact between grains is limited to single-point particle-to-particle contact in powders that were directly pressed and processed at low temperatures. In this system, constriction between pore necks and pore structures act as bottlenecks that limit ionic transfer [13,41]. Lithium conductivity is improved in dense sintered ceramic pellets. This is due to improved contacts between grains and large conduction domains resulting from the sintering and welding of the powder particles. This behavior is exacerbated by the SPS method, which improves the overall ionic conductivity of the LATP samples. These results confirm that both high temperature and pressure loading, such as that for SPS processing, are needed to produce highly conductive LATP solid electrolytes.




3.2. LATP/PEO Solid Composite Electrolyte


In order to extend the scope of the study, ionic conductivity in a SCE comprised of LATP particles and a polymer electrolyte was studied. SCE are generally prepared by dispersing inorganic fillers in the polymer matrix. The fillers can be inert (SiO2, BaTiO3, TiO2) or active (ceramics like LATP, LAGP, LLZO) [15,45]. Relative to SPE or CE, SCE generally have improved properties such as: enhanced interfacial stability/compatibility with electrode materials, ionic conductivity (caused by decreasing the crystallinity of the polymer host) and mechanical properties. In order to investigate this perspective, SCE were prepared by directly mixing the LATP ceramic powder and polymer together as generally reported in the literature [18,46,47,48]. Polyethylene oxide (PEO) containing LiTFSI salt was chosen as the polymer matrix as it is recognized as a benchmark SPE. SCE were prepared through an easy and reproducible solvent-assisted (acetonitrile) method [38]. The incorporation of ceramic (i.e., LATP) within a polymer matrix is expected to improve ionic conductivity [49,50,51]. Different amounts of ceramic were used with the aim of finding an optimized configuration. Three solid composite electrolytes (SCE) were prepared, PEO-LATP25 (containing 25 wt.% LATP representing ≈ 12 vol.% LATP), PEO-LATP75 (containing 75 wt.% LATP; 56 vol.% LATP) and PEO-LATP85 (containing 85 wt.% LATP; 70 vol.% LATP).



Owing to energy density consideration, the compositions of the composite materials were chosen so that their density, [1.4; 2.4] g/cm3, are in close range with that of sintered ceramic pellets under investigation in the manuscript [1.7; 2.7] g/cm3. A pure PEO solid electrolyte and a PEO-LATP75 sample without LiTFSI salt were also synthesized for comparison. Increased ceramic loading in the SCEs can be observed by SEM imaging (Figure 3a). Homogeneous dispersions of ceramic are visible in a large area of polymer.



EIS measurements were performed on the whole series of samples. Typical EIS diagrams corresponding to PEO-LiTFSI and PEO-LATP85 are displayed in Figure 3b,c. For PEO-LiTFSI (Figure 3b), a typical single half circle is observed. The diagrams of SCE, PEO-LATP85 (Figure 3c) are largely depleted and clearly present several contributions contrasting with that of the SPE or pure LATP compressed powder of Figure 1a. The shape of the signal is the same independently of the applied pressure. The contributions of both polymer phase and ceramic point contact can indeed be expected. However, the depleted character of the diagram does not allow fitting using simple RC circuit in series. Extra contribution at medium frequencies originating from the interface between the SPE and ceramic particle cannot be ruled out completely [27]. Owing to the characteristic frequencies, the first contribution at 65 kHz can be ascribed to the polymeric part when the second at 4 kHz to the SPE/ceramic interface. This ionic mobility phenomenon at this frequency cannot be related to the bulk part nor grain boundaries of the sintered ceramic. These are expected to occur at much higher frequencies according to Figure S4. Nevertheless, the frequency is closer to that corresponding to point contact of ceramic particles as determined in Figure 1a. It is also important to mention that a sample PEO-LATP without LiTFSI salt was too insulating (lower than 10−11 S/cm) for ionic conductivity to be accurately measured by EIS (Figure S8). In the conditions of our study, even the contribution of the ceramic (bulk and point-contact) is not visible despite the application of pressure to ensure contact percolation between the ceramic particles. This underlines the need for a conducting polymer and the fact that ionic transport in the SCE mainly occurs through the polymer electrolyte [22,36,52]. Ionic transport between conducting ceramic particles is not possible when these are disconnected by an insulating polymer, such as salt-free PEO or PVDF. Such phenomenon was first conceptualized in porous media by Bellini et al. via a zero-connectivity situation and infinite tortuosity above a Limit Porosity Value [39]. Figure 3d. displays the evolution of the ionic conductivity of PEO-LATP composite electrolytes compared to that of PEO SPE when the applied pressure is decreased at room temperature. The results show that the ionic conductivity range of the SCEs is similar to the ionic conductivity of pure PEO regardless of the percentage of LATP in the PEO host. Still, the resulting ionic conductivities range for SCE between 1.2 × 10−6 S/cm and 4.1 × 10−6 S/cm at low and moderate pressures (up to 50 MPa). Overall, a slight decrease of ionic conductivity with pressure is observed for the PEO-based SCE and SPE. This agrees with Stoeva et al. for measurements performed below the melting temperature of the polymer [53]. This can be explained by large activation volumes and energies due to the size of the moving anions and reduced segmental motions of the polymer backbone. For PEO-LATP85 though, the conductivity remains stable regardless of the applied pressure although it remains below 10−5 S/cm. The reason for such discrepancy is not clear yet. It is likely that the large amount of LATP content may counteract the pressure impact and allow the presence of polymer zones without reduced segmental motion or thanks to an interaction between polymer host and ceramic particles as could be evidenced by an extra contribution at low frequencies.



At 70 °C, the EIS diagram of PEO-LiTFSI does not allow any fitting as no half circle is observed in Figure 3e due to the high conductivity of the SPE. For very high ceramic loading though in Figure 3f, a clear depressed half-circle is visible. The zero shift at high frequencies is related to the polymer contribution. The contribution at mid-frequencies could be ascribed to point-contact of ceramic particles. The frequencies, however, are much higher (120 kHz) compared to that found for compact powder at the same temperature in Figure S7 and fall closer to the frequency range for grain boundaries in sintered LATP. Another likely possibility is the SPE/ceramic interface contribution. Overlapping of the frequencies between the grain boundaries and/or the SPE/ceramic interface cannot be excluded at this point. Figure 3g. presents the total ionic conductivities at 70 °C for all composite electrolytes upon decrease of pressure. For 100% SPE and composite with lower ceramic amount, the conductivity is stable and much similar at 10−3 S/cm independently of the pressure. For PEO-LATP85 composite, the conductivities are slightly decreasing but more importantly reach a conductivity ten-fold lower than the other composites or pure SPE. Eventually, this tends to demonstrate that a high ceramic loading is not beneficial as it may not only increase the tortuosity within the media but also disrupt the polymer conduction path. Above a certain threshold of the ceramic phase in such two-phase mixture, disruption of the conduction path is indeed likely to occur as was reported by Roman et al. [54]. Even if both phases are ion conducting, hopping of the ion from one phase to the other is not guaranteed [22]. Upon application of pressure, accentuation of the disruption of the polymer continuous conduction paths is even more likely to occur, consequently the overall conductivity tends to decrease with increase of pressure. In that sense, X-ray Tomography could be a valuable technique to evaluate the distribution of one phase compared to the other.



Overall, no significant increase of conductivity is observed with use of a composite electrolyte, consisting of dispersed ceramic particles within a polymeric matrix, in comparison to pristine SPE independently of ceramic concentration. Only a few previous works that discuss conductive ceramic and inert fillers state that the incorporation of ceramics does not improve the ionic conductivity of the SCE [55,56,57,58,59]. Nevertheless, these results contrast with the general trend, where the addition of ceramics results in improved ionic conductivity [20,21,48,50,51,60,61]. This highlights the necessity of in depth understanding the ionic transfer between the SPE and the ceramic particles in agreement with recently reported data [22]. However, it must be kept in mind that the variety and complexity of experimental procedures and measurements can lead to significant variation in results. More generally, the battery community lacks standardized testing procedures for making impartial comparisons [62,63,64]. For instance, ceramic clusters may prevent the maximum ceramic surface area to volume ratio necessary for statistic percolation and ideal polymer/particle interaction from being reached [20]. The current results show that ceramic sintering with SPS at high temperature results in dense, high quality LATP ceramics with high ionic conductivity at ambient temperature. This does not seem to be possible when using dispersed ceramic powder particles in a polymer matrix. Whether it be for LATP powders or LATP powder dispersed inside the PEO polymer electrolyte, ceramic particle to particle point contacts alone cannot achieve the required room temperature ionic conductivity. This also demonstrates the need of creating a continuous conduction network in hybrid electrolytes, this will require to work on the ceramic-polymer interface to allow easy ion transfer between them without bottleneck [22,65,66].





4. Conclusions


In this study, the ionic conductivity of LATP materials produced using different processing methods (NS, SPS, and as powder) was evaluated at room temperature. The contribution of point contacts between particles to the ionic conductivity of compacted powders and sintered pellets is extracted and discussed. Considerable decreases in conductivity are observed in compacted loose powders when compared to well-sintered pellets. This is caused by conduction bottlenecks between particles. On this basis, SCEs containing different amounts of LATP particles dispersed in PEO polymer hosts were prepared. Their ionic conductivities were evaluated over a large range of pressure to determine ideal ionic percolation. The benefit of the inclusion of ceramic particles in polymeric hosts was found to be limited.



This study, therefore, contradicts common consensus on SCEs, as it shows that ionic conductivity occurs through the polymer alone. Taking full advantage of the high conductivity of bulk ceramics requires sintering to yield a dense ceramic domain. As ceramic sintering, from the point of view of time and material thermomechanical compatibility [22], might be a limiting step in industrial battery applications, alternative composite solutions allowing a continuous conduction network should be sought without impacting the cell energy density, while minimizing the interfacial resistive contribution.
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Figure 1. (a) Typical Nyquist diagrams at 60 MPa for LATP powders, (b) schematic representation of the EIS cell and the corresponding equivalent circuit, and (c) the evolution of the total ionic conductivities of LATP powder and LATP SPS pellet as a function of the applied pressure. 
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Figure 2. (a) Evolution of the total ionic conductivities of LATP materials at 30 °C as a function of their compactness. (b) Schematic representation of the grain boundaries of LATP powders simply pressed and (c) sintered with improved grain boundary contacts. 
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Figure 3. (a) SEM images of pure PEO and SCEs, (b) EIS diagrams at RT at 20 MPa upon decrease of applied pressure for PEO-LITFSI SPE, (c) PEO-LATP85, (d) ionic conductivities at RT as a function of the applied pressure for the studied solid electrolyte, (e) EIS diagrams at 70 °C at 20 MPa upon decrease of applied pressure for PEO-LITFSI SPE, (f) PEO-LATP85, and (g) ionic conductivities at 70 °C as a function of the applied pressure for the studied solid electrolytes. 
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