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The cold sintering process (CSP) is a low-temperature consolidation method used to fabricate materials and their composites by applying transient solvents and external pressure. In this mechano-chemical process, the local dissolution, solvent evaporation, and supersaturation of the solute lead to “solution-precipitation” for consolidating various materials to nearly full densification, mimicking the natural pressure solution creep. Because of the low processing temperature (<300°C), it can bridge the temperature gap between ceramics, metals, and polymers for co-sintering composites. Therefore, CSP provides a promising strategy of interface engineering to readily integrate high-processing temperature ceramic materials (e.g., active electrode materials, ceramic solid-state electrolytes) as “grains” and low-melting-point additives (e.g., polymer binders, lithium salts, or solid-state polymer electrolytes) as “grain boundaries.” In this minireview, the mechanisms of geomimetics CSP and energy dissipations are discussed and compared to other sintering technologies. Specifically, the sintering dynamics and various sintering aids/conditions methods are reviewed to assist the low energy consumption processes. We also discuss the CSP-enabled consolidation and interface engineering for composite electrodes, composite solid-state electrolytes, and multi-component laminated structure battery devices for high-performance solid-state batteries. We then conclude the present review with a perspective on future opportunities and challenges.
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1 INTRODUCTION
Sintering refers to a process that combines particulate materials into dense solids through diffusion-assisted densification and coarsening. Extensive research has been conducted on processing ceramics and ceramic-based composites to promote multifunctional properties (e.g., mechanical, electrical, thermal properties, etc.) (Lóh et al., 2016; Qian, 2017). Ceramic manufacturing has progressed along a path with the continuous development of sintering techniques. In this regard, manufacturing methods of interest include hot pressing (HP), flash, microwave, spark plasma (SPS), laser, and cold sintering process (CSP). The pressure and heat coupling in the HP, high thermal ramp rates by microwave heating, and electrical field-assisted rapid ramp rates by SPS, present respective advantages and disadvantages of these processes (Biesuz et al., 2019). Among these techniques, cold sintering is a low-temperature sintering process that involves two phases: a main component of powder from which to form a matrix body and a transient phase which is often liquid or liquid mixer to facilitate mass transport. Liquid phases can be acids, alkalis, polar solvents, or mixtures with polymer or salt additives (Grasso et al., 2020). A combination of capillarity at the two-phase interface and the applied uniaxial pressure provides the driving force to facilitate mass transport and densification (Guo et al., 2019).
As an emerging densification method, the CSP has been used to process a large variety of materials at high density (>90% of relative density), such as metals (Fe, Cu, etc.) (de Beauvoir et al., 2019), binary compounds (V2O5, ZnO, etc.) (Gonzalez-Julian et al., 2018; Zhao N et al., 2019), ternary compounds (K2Mo2O7, BaTiO3, etc.) (Guo J et al., 2016; Sada et al., 2021), quaternary compounds (LiFePO4, KH2PO4, etc.) (Guo H et al., 2016; Seo et al., 2017) and quinary compounds (Li1.5Al0.5Ge1.5(PO4)3, Li1.3Al0.3Ti1.7(PO4)3, Li7La3Zr2O12, etc.) (Berbano et al., 2017; Liu et al., 2019; Seo et al., 2020). The low-temperature sintering can integrate different materials, such as ceramic, polymers, and metals, that can open opportunities for composite manufacturing in many applications. For example, in battery electrode processing, electrode materials usually include metals (Al and/or Cu) as the current collector, ceramics as the active material, carbon as the conductive additive, and polymer as the binder (Huang et al., 2015). When introducing the CSP, the low-temperature sintering process can achieve dense composite electrodes to improve volumetric battery performance compared to the low-calendered electrode density fabricated by the conventional process (Sun et al., 2019). The cold-sintered solid-state electrolytes can also mitigate the lithium volatilization and interface side reactions that usually occur under high-temperature sintering (>1000°C) (Zhao Y et al., 2019).
In fact, CSP shows many advantages for battery processing compared to other electrode fabrication methods. This mini-review discusses the concept of the cold sintering process concept, including the process evolution, sintering mechanism, and energy dissipation. Then, the applications of cold sintering in the manufacturing/production of battery electrodes and solid-state electrolytes, as well as the integration of laminated all-solid-state devices, are discussed. Perspectives and outlooks on future opportunities and challenges of the cold sintering process for battery material selection and manufacturing field are also given.
2 MECHANISM AND PROCESS PHYSICS
Based on the early diagenesis in sedimentary basins (Figure 1A), the sediments consolidate upon weathering pressure solution. The non-hydrostatic dissolution around the intergranular contact surface occurs and assists diffusive transport into the pores outside the contacts and possible secondary mineral precipitation (Gundersen et al., 2002; Lu et al., 2021). Inspired by the geological consolidation process, CSP was designed with similar attributes to consolidate the materials or composites. The combination of capillary forces applied uniaxial pressure, and dissolution-based mass transport presumably forms the basis for the densification mechanism. It involves primary stages with dissolution, mass transport, and precipitation during the CSP. In these stages, due to the mechanical-chemical coupling and the hydrothermal-assisted crystal growth, the free energy barrier is relatively lower (Figure 1B) (Guo H et al., 2016). The heating profile and the applied pressure generally follow an initial rapid increase and then a plateau period (Funahashi et al., 2017; Haug et al., 2020). Assisted by the transient solvent, the sintering temperature (typically <300°C) of CSP is much lower than that of the conventional sintering process. Specifically, the shrinkage difference shows that more linear shrinkage occurs in the CSP at a temperature lower than 65°C (Figure 1C). Also, the heating rate affects the existing period of the transient phase, which presents a heating rate-dependent kinetic process (e.g., 2.0ºC–15.0°C/min) (Bang et al., 2020a). Regarding the different attributes of the sintering process, increasing the ramping rate, applying an electric field, and using sintering aid can lower energy consumption. In Figures 1D,E, the addition of sintering aids is the simplest approach to reduce energy consumption, which makes CSP one of the most energy-efficient techniques to consolidate powder materials and composites (Sohrabi Baba Heidary et al., 2018). Across multiple material sintering systems, CSP with significantly decreased energy dissipation shows a low normalized excess energy indicator versus power density compared to the furnace-based sintering. Thus, the CSP of ceramics and their composites saves considerable energy in production.
[image: Figure 1]FIGURE 1 | Geomimetics inspired cold sintering process (CSP). (A) The geology diagenesis in sedimentary basins (Gundersen et al., 2002). (B) The schematic of the cold sintering mechanism (Guo H et al., 2016). (C) The sample shrinkage difference between the CSP and solid-state sintering (Bang et al., 2020a). (D and E) The comparison of energy dissipations and conditions for different sintering methods (Sohrabi Baba Heidary et al., 2018). (F) The co-sintering ability for ceramic-polymer composite designs at a low temperature (Guo et al., 2018). All reproduced with permission, Copyright.
Due to the low sintering temperature, CSP can co-sinter dissimilar materials to integrate their composites. Specifically, with the addition of the polymer phase, it is possible to prepare dense polymer-in-ceramic composites where polymers can fill in the ceramic matrix or laminated structures between the ceramic layers (Figure 1F). Interface engineering of polymers, ceramics, and other additives into a composite allows novel composite designs for battery electrodes, electrolytes, and multi-component devices (Guo et al., 2018).
3 COLD SINTERING ENABLED BATTERY MATERIAL AND DEVICE MANUFACTURING
Cold sintering features a mechanically and thermally driven mass transport process that enables a low-temperature integration of various materials, such as ceramics, polymers, and metals (Figure 2A) (Dursun et al., 2020). Particularly, it attracts great attention to the advanced manufacturing of solid-state batteries with high energy density, safe operation, low processing cost, and energy consumption. Specifically, it enables interface engineering to readily address many fundamental issues associated with chemical/physical/mechanical properties occurring at various interfaces. These defects may cause an increased resistance as a barrier to prevent fast electron and ion transports in the electrochemical battery system, dramatically deteriorating the battery performance (Banerjee et al., 2020). To this end, the CSP enables an effective strategy to engineer intimate contact between dissimilar phases or components for composite electrodes, solid electrolytes, and the integration of multi-layered structures (Figure 2B). In fact, the CSP offers many advantages, including: 1) integration of additive phases to aid conductive interfaces and mechanical integration; 2) mitigation of volatility with Li-salts to reduce depletion zones at interfaces; 3) consolidation of high-density composite electrodes for high volumetric performance; 4) facile integration of anodes, cathodes, electrolytes, and metallic current collectors for multi-component battery devices; and 5) good compatibility with lamination and tape-casting approaches for potential scale-up batch and continuous processes.
[image: Figure 2]FIGURE 2 | Cold sintering of composite electrodes, electrolytes, and multi-component layered-structure battery devices. (A) The process of CSP and its applications (Dursun et al., 2020). (B) The schematic of the CSP-assisted interface engineering for the integration of solid-state battery devices. (C) The pressure-dependent density of cold-sintered LiFePO4 cathodes (Seo et al., 2017). Inset: an SEM image showing the morphology of the cold-sintered cathodes. (D) The charge-discharge cycling performance of a cold-sintered Li4Ti5O12 anode (Seo et al., 2019). (E) The NASICON structured triphasic composite electrode (Grady et al., 2021). (F) The CSP of the Li1.3Al0.3Ti1.7(PO4)3 (Liu et al., 2019). (G) The ionic conductivity of the cold-sintered LAGP-LiTFSI solid-state composite electrolyte (Lee et al., 2019). (H) The ionic conductivity of the cold-sintered LLZO-SM electrolyte. Insert: A TEM image showing the sintered particles (Seo et al., 2020). (I) The interface illustrations of the multi-component layered-structure solid-state battery device via STEM and elemental mappings (Seo et al., 2021). (J) The scale-up configuration of the cold sintering system (Bang et al., 2020b). All reproduced with permission, Copyright.
3.1 CSP of composite electrodes
Different phases and components in composites underpin the electrochemical battery performance inside an electrochemical system. LiFePO4, as a commercial cathode material for LIBs, has a low density of 3.6 g cm-3, which is very difficult to achieve high volumetric capacity in a roll-to-roll slurry coating process. CSP was demonstrated to densify LiFePO4 composite electrodes consisting of carbon and PVDF polymer additives at a low temperature of 240°C. In Figure 2C, the cold-sintered composite cathode exhibited a relative density of ∼89% and higher physical density (2.7 g cm-3) than electrodes manufactured by conventional sintering (1.9 g cm-3). It is suggested that employing the liquid phase of LiOH solution benefits the dissolution-precipitation for the compaction and sintering. For example, LiFePO4 cathode in a lithium-ion half-cell delivered a high volumetric capacity of ∼340 mAh cm-3 at 0.1C (Seo et al., 2017). In addition to the sintering aids, the transient phase of the LiOH solution was also demonstrated to promote the LiCO3 removal from the air-exposed LiMn2O4 cathode for improved battery performance (Nur et al., 2022). On the anode side, a binder-free Li4Ti5O12 (LTO)/carbon nanofiber (CNF) composite was co-sintered to achieve a relative density of 87%, which delivered a high volumetric capacity of 225 mA h cm-3 after 150 cycles at 0.2 C (Figure 2D) (Seo et al., 2019). More importantly, electrical and ionic conducting phases are necessary to be co-sintered into composite electrodes for rapid charge delivery. For example, a NASICON-structured composite electrode (>90% density) with interface engineering of Na3V2(PO4)3 (NVP) active material, Na3Zr2Si2PO12 (NZSP) ionic conductor, and electrically conductive carbon nanofibers (CNFs) was co-sintered by CSP, which demonstrated improved total conductivity from 3.8 × 10−8 S cm-1 to 1.31 × 10−5 S cm-1 (Figure 2E) (Grady et al., 2021). The optimized interface engineering through cold sintering of dissimilar materials illustrates enhanced volumetric capacity and improved charge transports for battery composite electrodes. The CSP enables to the production of thick and dense composite electrodes with high areal mass loading and high electrode density, which shows great potential to achieve high areal and high volumetric battery performance. However, the thick and dense electrodes usually severely degrade the battery performance due to insufficient charge transports. Therefore, novel structured electrode designs with optimized charge transport pathways are highly desirable to address the intrinsic limitation for efficient charge transport kinetics. For the solid-state battery system, CSP can readily integrate inorganic and organic conducting phases into the co-sintered thick electrodes (Wu et al., 2019), but the large interface resistances cause the degradation for high-energy-density battery performance, especially at the elevated current density. In addition, liquid electrolyte additives are still used to further reduce interface resistances and improve the charge transport kinetics.
3.2 CSP of composite electrolytes
CSP enables the effective consolidation of solid-state electrolytes to improve ionic conductivity and stability. For the solid-state oxide-based electrolyte, the side reactions at a high sintering temperature limit its application in all-solid-state batteries. Recently, cold sintering has been used to sinter oxide-based electrolytes with good ionic conductivity. For example, NASICON structured electrolytes, such as Li1.5Al0.5Ge1.5(PO4)3 (LAGP) (Takashima et al., 2021) and Li1.3Al0.3Ti1.7(PO4)3 (LATP) (Liu et al., 2019), were prepared by CSP at 120°C. The sintered LATP pellet with a relative density of 93% showed a high ionic conductivity of 8.04 × 10−5 S cm-1 at room temperature. As shown in Figure 2F, the particles in the pellet are interconnected with nanocrystal-enriched “grain boundaries.” The regular CSP with water as the transient solvent remains challenging in the amorphous, low-conductivity grain boundaries for the oxide-based electrolyte. More importantly, the lithium salts (LiTFSI and LiClO4) with moisture can be used as the sintering aids to replace water as the transient solvent (Lee et al., 2019; Jiang et al., 2021). As a result, the 130°C sintered LAGP-LiTFSI composite electrolyte exhibited nearly 90% relative density and around 10–4 S cm-1 ionic conductivity at 20°C (Figure 2G). The assembled Li//LAGP-LiTFSI//Li symmetric cell can be charged/discharged over 1800 h at 0.2 mA cm-2. The transient solvent, LiTFSI with moisture, can lower the sintering energy and improve the ionic conductivity across the artificial “grain boundaries.” Besides lithium salts, polymer additives were co-sintered to consolidate the LAGP-(PVDF-HFP) composite electrolyte, which delivered a high ionic conductivity of 1.0 × 10−4 S cm-1 at 25°C (Berbano et al., 2017). Another type of oxide-based electrolyte, Li6.25Al0.25La3Zr2O12 (LLZO) garnet ceramic, was cold-sintered with PEO polymer, resulting in stable charge/discharge cycles over 550 h at a current density of 0.3 mA cm-2 (Hu et al., 2022). Furthermore, mixing lithium salts and polymer with the transient solvent mixture of acetone and DMF was used as the sintering aids for the co-sintering of LLZO ceramic-based electrolytes. The addition of solvent during the process was found to benefit the charge transport across the interfaces at grain boundaries (Figure 2H) (Seo et al., 2020). Therefore, the sintering temperature, applied pressure, dwell time, and the sintering transient solvent play significant roles in the densification and conductivity of the cold-sintered solid-state electrolytes (Seo et al., 2020; Wang et al., 2020; Zhang J et al., 2022; Zhang Y et al., 2022). With the above applications of solid-state composite electrolytes, the CSP enables to co-sinter dense composite electrolytes with strong bonding between powder particles as “grains” for improved ionic conductivity. Moreover, the chemical composition and phase of the constituent in the “grain boundaries” need further studies to reduce the depletion of ion transport across the “grain boundaries”.
3.3 CSP of multi-component solid-state battery devices
In all-solid-state batteries, the interfaces across the current collector, electrode, and electrolyte may cause large resistances leading to charge transport depletions and performance degradation. To tackle this challenge, cold sintering can integrate multiple components (e.g., electrodes, solid-state electrolytes, and metal current collectors) into a laminated structure in a battery cell, which is compatible with a tap-casting process (Figure 2I). The scanning transmission electron microscopy (STEM) and elemental mapping of energy dispersive X-ray spectroscopy (EDS) images of the triple point region showed that the grains and grain boundaries were intimately joined by CSP (Figure 2I), resulting in fast ion transport through the polymer-salt interfaces as artificial grain boundaries. Ascribed to the co-sintering with the metal current collector, the intimate interface between the metal and the ceramic-based composite enabled good electric contact. Integrating multi-components into solid-state battery cells via CSP enabled excellent interface engineering underpinning mechanical stability and high electrochemical performance simultaneously (Seo et al., 2021). Moreover, a customized cold sintering apparatus with a large-sized sintering die can be developed for a potential scale-up production (Figure 2J). Four densification process variables: applied uniaxial pressure (p), sintering temperature (T), dwell time (t), and transient chemistry (μ(t)) can be investigated to correlate the sintering conditions to microstructural evolution and property (Bang et al., 2020b). One major challenge of large sample sintering is that the microstructure and property homogeneity across the sample need to be better understood and well-controlled. Because transient chemistry drives the cold sintering process in an open system, the stochastic localized evaporation, a key factor, may lead to a major processing issue that limits sample homogeneity. Such a challenge was not obvious in laboratory-scale cold sintering due to the small amount of the transient chemistry and high pressure that yielded homogeneous samples (Hérisson de Beauvoir et al., 2020).
4 CONCLUSIONS AND PERSPECTIVES
This mini-review summarized the mechanism of cold sintering and its recent progress in interface engineering for battery material and manufacturing. Based on the merits of the cold sintering process, composite electrodes, solid-state electrolytes, and laminated cell devices can be consolidated into a dense form, which significantly can improve the conductivities and volumetric battery performance. Furthermore, the interface engineering between different phases and components offers a possible solution to enhance the charge transports across the interfaces, such as “grain boundaries.” In fact, cold sintering is an energy-efficient manufacturing process that enables the consolidation and densification of dissimilar materials, including polymers, ceramics, and metals, due to the low processing temperature. However, the electrochemical performance of the sintered electrodes, electrolytes, and laminated devices is still far behind the demands for real applications, especially the high-rate performance and long cycling stability. Therefore, it’s desirable to provide insight into interface engineering for more efficient charge transport kinetics across various interfaces. The studies of the interaction between transient solvents and powder particles will provide more insights into the cold sintering mechanism to further lower the energy dissipation. Moreover, it will require a further fundamental understanding to explore the possible scale-up cold sintering process. Specifically, the challenges associated with scale-up include: dispersion of transient phase throughout the particles; uniform re-arrangement and compactions of powders; minimization of stress gradients under uniaxial pressure; uniform loss of transient chemistries throughout the sintering process; homogeneous heat transfer to drive the sintering uniformly through the components. To this end, methodology approaches for in-line monitoring and closed-loop quality control need to be developed for aiding the scale-up processing. In addition, low-temperature sintering is crucial to enable re-processing and prevent side reactions that might occur between components at high temperature. Thus, cold sintering provides a unique opportunity for recycling composites. Overall, the CSP is a low-energy-consumption sintering process, which impacts composite manufacturing and many energy-related applications such as energy storage.
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