

  energies-11-03154




energies-11-03154







Energies 2018, 11(11), 3154; doi:10.3390/en11113154




Article



Poly(imide-co-siloxane) as a Thermo-Stable Binder for a Thin Layer Cathode of Thermal Batteries



Ilwhan Oh 1, Jaeyoung Cho 1, Kwansu Kim 1, Jaehwan Ko 2, Haewon Cheong 3, Young Soo Yoon 2,* and Hyun Min Jung 1,*[image: Orcid]





1



Department of Applied Chemistry and Department of IT Convergence Engineering, Kumoh National Institute of Technology, Gumi 730-701, Korea






2



Department of Chemical and Biological Engineering, Gachon University, Seongnam 13120, Korea






3



Convergence Technology Research Directorate, Agency for Defense Development, Daejeon 305-600, Korea









*



Correspondence: benedicto@gachon.ac.kr (Y.S.Y.); hmjung@kumoh.ac.kr (H.M.J.)







Received: 23 October 2018 / Accepted: 10 November 2018 / Published: 14 November 2018



Abstract

:

The polymer binder, poly(imide-co-siloxane) (PIS), was synthesized and applied to form a thin cathode layer of composites for a thermal battery that has an unusually high operating temperature of 450 °C. The PIS was prepared through cross-linking of the polyimide with polysiloxane. The morphology of FeS2/PIS composites showed that FeS2 particles was coated with the PIS cross-linked gel. The FeS2/PIS composites enabled to fabricate mechanically stable thin cathode layer that was 10–20% of the thickness of a conventional pellet-type cathode. The FeS2/PIS composites were stable up to 400 °C and maintained their morphology at this temperature. PIS coating layers decomposed at 450 °C, and a new residue was generated, which was observed by transmission electron microscopy, and the compositional change was analyzed. The FeS2/PIS composites showed enhanced thermal stability over that of FeS2 in thermogravimetric analysis. The thermal battery with the PIS polymer binder showed a 20% discharge capacity increase when compared to a conventional pellet-type cathode.
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1. Introduction


Recently, much attention has been drawn to the functional materials for energy storage devices that are suitable for improving performance and efficient manufacturing processes [1,2]. Among the various energy storage devices, thermal batteries have had little progress in their applied materials over the long history of development due to their high operating temperature up to 450 °C. The thermal battery is a primary battery that uses a pyrotechnic source to raise the temperature of a battery stack to the operating temperature, and they utilize molten salts (such as LiCl–KCl) as the electrolyte, which melt and start Li-ion transfer at an operating temperature. Li–Si is used as the anode, and FeS2 (pyrite) is used as the cathode [3,4]. Thermal batteries are primarily used for emergency power sources and military purposes (for example, missiles, ordnances, and nuclear weapons) due to their exceptional mechanical robustness, reliability, and long shelf life [4,5,6,7,8]. Optimization of the molding and manufacturing process of the individual components of thermal batteries is very important because the mechanical strength and reliability of thermal batteries are critical for emergency and military applications [9].



In general, the constituent units of thermal batteries are produced, through a pressing process, in the form of pellets that are several hundreds of micrometers thickness. However, especially in the cathode layer, the pellets that are produced through such a process are molded to be thicker than the optimal thickness, in order to maintain their mechanical strength. On the other hand, an inorganic binder, MgO, can be added for the reinforcement of the brittle FeS2 layer to prevent the cracking of the layers that cause the problem of low utilization of the electrode material. When the thickness of an electrode pellet is above a certain level, the electrode utilization and conductivity are significantly reduced, which can lead to a reduction in the capacity of the entire thermal battery. In order to solve such a problem, it is important to develop a manufacturing process that produces a thinner cathode with adequate mechanical strength [10,11]. However, for the cathode layer to optimize the electrochemical performance of the cell, the materials and processes that can be applied are very limited due to a high operating temperature.



To maintain the mechanical strength and to control the thickness of the electrode, a polymer binder is generally used in the conventional battery field [12,13,14]. Particularly in the field of lithium-based secondary batteries, polyvinylidenefluoride (PVDF) is currently the most widely utilized for the fabrication of both cathodes and graphite anodes [15,16]. In addition, polyacrylonitrile (PAN) [17] and polyacrylic acid (PAA) binders [18] were introduced as alternative binders. All of these polymeric binders are being applied at battery operating temperatures that are lower than 80 °C and at cathode process temperatures that are lower than 150 °C. PAN and PAA have a low glass transition temperature (101–105 °C) and a low heat deflection temperature (70 °C), and pyrolysis begins at around 200 °C. Especially, PVDF, which is used in lithium ion batteries, has a limitation on the application of thermal batteries due to the problem of a low melting point (160 °C). Therefore, they cannot be used for applications of thermal batteries with operating temperatures of at least 400 °C and high processing temperatures of 250 °C for cathode molding. The utilization of polyimide as a polymer binder can meet these high-temperature operations and manufacturing process needs. In the development of lithium secondary batteries, the results of the application of polyimide as a cathode binder material have been reported [19,20,21,22]. Recent studies have shown that Li-ion battery performance is greatly improved due to the binding and coating properties of polyimide on the cathode materials [23]. Polyimide has excellent heat resistance, with a decomposition temperature that is greater than 400 °C. It also has good mechanical and chemical properties, and it is expected to be an exceptional polymer binder for the cathodes of thermal batteries.



Recently, we reported the fabrication of a thin cathode film for thermal batteries using novel binder materials and a slurry casting process [10,11]. The role of the binder is important for the slurry casting process and stable electrode formation. Polymeric binders are expected to be more effective for the fabrication of thinner cathodes because of the improved binding effect of particles, which lead to improved full-cell performances. However, conventional polymeric binders are limited in this application due to their poor thermostability.



In this study, we applied polyimide as a binder for the cathode of a thermal battery, to overcome the limitations of existing polymer binders. Poly(imide-co-siloxane) (PIS), which is a copolymer of imide and siloxane, was designed and synthesized to form a cross-linked gel; it was then tested as a binder for cathode molding. We show that a thin cathode film with mechanical stability can be formed with the PIS binder. Compared with the pellet-type FeS2 cathode, the slurry-cast FeS2 cathode with the PIS binder exhibited enhanced a discharge capacity. This proves that the novel PIS binder was effective for fabricating a thin cathode layer through the slurry casting process without degrading the electrical properties of the FeS2 film. This resulted in improved mechanical and electrical properties, and thus, a higher capacity of the thermal battery was obtained.




2. Materials and Methods


2.1. Materials and Instruments


4,4′-(Hexafluoroisopropylidene) diphthalic anhydride (6-FDA), 2,2′-bis(trifluoromethyl)-4,4′-diaminobiphenyl (TFDB), and 3,5-diaminobenzoic acid (DABA) were purchased from the Aldrich Chemical Co. (Sigma-Aldrich, St. Louis, MO, USA) and used as received. N,N-Dimethylformamide (DMF), tetrahydrofuran (THF), and acetone were purchased as reagent grade and purified by passing them through a purification column consisting of alumina and a molecular sieve. (Glass Contour). The polysiloxane (XIAMETER® OFX-8040 Fluid, Dow Corning, Midland, MI, USA) was used as received. The FeS2 powders (mean size of 98 µm, 99%, Linyi, China) were used as the active material. The molecular structure of the synthesized PI was characterized by 1H- and 13C-nuclear magnetic resonance (NMR; Bruker Advance 400 MHz, Bruker, Seongnam-si, Korea). A field emission scanning electron microscope (FE SEM; MAIA 3, TESCAN, Brno, Czech Republic) and transmission electron microscope (TEM; JEM-2100, JEOL, Tokyo, Japan) were used to identify the morphology of the FeS2/PIS composites. Surface analysis was conducted using X-ray photoelectron spectroscopy (XPS) (K-Alpha, ThermoFisher, Waltham, MA, USA) with an Al Kα X-ray source at 15 kV. The thermal stability of the synthesized PI was measured with thermogravimetric analysis (TGA; Auto-TGA Q500, TA Instruments, New Castle, DE, USA).




2.2. Preparation of Polyimide


TFDB (19.1 g, 59.6 mmol), 6-FDA (33.1 g, 74.5 mmol), and DABA (2.26 g, 14.9 mmol) were dissolved in 140 mL of DMF and stirred for 5 h at 0 °C under nitrogen. After the reactants were further reacted at room temperature (r.t.) for 17 h, acetic anhydride (40 mL) and pyridine (29 mL) were added to the reaction mixture. After a 24 h reaction at 80 °C, the resultant polyimide (PI) solution was cooled to r.t. and added into a beaker filled with distilled water to precipitate the PI. The precipitated PI was filtered and washed with water and ethanol. The resultant PI was dried at 120 °C for 24 h under vacuum.




2.3. In Situ PIS Gel Formation and Preparation of FeS2/PIS Cathode Composites


The prepared PI was dissolved in THF and combined with FeS2 in an acetone slurry. The polysiloxane was added to the resulting mixture; the total amount of PI and polysiloxane was 10 wt % in the FeS2 active materials, and the PI-to-polysiloxane weight ratio was 1:2. The ball milling process was carried out twice (24 h each) to maximize the dispersion of the FeS2 powder before and after adding the binder. The balls used in the ball milling process were zirconia with diameters of 10 mm and 5 mm at a 1:1 ratio. After the ball milling process, the bubbles contained in the slurry were removed in a vacuum chamber. The prepared slurry was coated on a 50 μm thick SUS (stainless steel) plates using the doctor blade. The resulting cathode film on SUS plate were dried at 70 °C for 1 h and 250 °C for 2 h.




2.4. Thermal Battery Cell Fabrication and Discharge Measurements


The dried samples were cut into circular-shaped pieces, with a diameter of 56.2 mm, to assemble them as the cathode in a thermal battery. The assembled single-cell diagram is described in Figure 1. The single cells were discharged at 500 °C while applying a consecutive pulse current profile (10 A, 4.5 s → 0 A, 0.5 s). The cell discharge was terminated when the voltage dropped below 1.3 V.




2.5. Electrical Conductivity Measurement


The vertical conductivity of the prepared FeS2/PIS thin film was measured. A silver electrode was deposited onto the FeS2/PIS thin film, formed on the SUS substrate, using a shadow mask and a thermal evaporator. The thermal evaporator (JVR-72S, Jvac., Yangju-si, Korea) equipped with thickness detector (STM-100/MF, Sycon Instruments, East Syracuse, NY, USA) was used. The Ag deposition rate was 1 Å/s, and the total operating time was 800 s, to make a 80 nm thick Ag layer on the FeS2/PIS thin film. Current–voltage characteristics was measured on this sample using a potentiostat (Autolab PGSTAT302N, Metrohm, Herisau, Switzerland) that was connected on the Ag layer and SUS plate through the probe tips.




2.6. Electrical Properties of the FeS2/PIS Cathode Layer


The electrical properties of the prepared FeS2/PIS thin layer cathode were measured. The vertical conductivity of the prepared thin-film sample was measured using sharp probes in a probe station.





3. Results and Discussion


3.1. Synthesis of Polyimide and the Formation of Cross-Linked PIS


PIS was formed by cross-linking polyimide and polysiloxane at high temperatures. PIS was composited with cathode material FeS2 as a high heat-resistant binder to form a thin cathode layer. The applied polyimide was polymerized with a combination of 6-FDA, TFDB, and DABA as monomers (Scheme 1).



The polyimide product was confirmed by 1H, 13C-NMR (Figure S1a,b) and FT-IR (Figure S2). The poly(imide-co-siloxane) to be formed in this study was based on a copolymer formation in which the polysiloxane moiety was grafted onto the polyimide main chain. For this purpose, the polyimide was prepared with monomers containing DABA to introduce a carboxyl group that was capable of an amide bonding reaction with aminosiloxane. The combination of the 6-FDA and TFDB monomer components allowed for the solubility of polyimide in organic solvents such as THF, with mixing with FeS2 in solution.



Polysiloxane is a liquid polymer with a terminal amine group, which forms a gel by mixing with a polyimide that contains carboxyl groups. In this stage, at room temperature, gelation proceeded through the formation of acid–base salts of amino and carboxyl groups. In situ gelation at the mixing stage with the FeS2 particles had several advantages. The liquid polysiloxane and polyimide solution allowed for perfect, uniform mixing with the FeS2 particles and the solid composite formed as the gelation progressed. We found that 1–3 h was required for complete gelation by the mixing of the two components. Due to the slow gelation of two components, the FeS2 particles were uniformly mixed with the liquid polyimide and polysiloxane at the beginning of the mixing process. The gelation process then yielded a mechanically stable cathode composite layer. The gelation was involved in the acid–base complexation of the amine groups in the polysiloxane with the carboxyl groups in the polyimide. This gel formed as chemically and thermally stable grafting PIS through an amide bond formation at a process condition of 250 °C. Unlike the polysiloxane and polyimide, the PIS that was formed after the high-temperature treatment was insoluble in organic solvents, and it did not show melting at high temperatures.




3.2. Formation of the Cathode Thin Layer and Its Thermal Properties


A polysiloxane/polyimide mixture was added to the FeS2 at 10 wt % and the slurry was cast on a current collector (SUS plate) by the doctor blade method. During this process, the thickness of the casted cathode composites could be reduced to 50–100 μm at a level where the thin layer was stably maintained. This thickness was 20% to 10% of the thickness of a typical pelletized FeS2 electrode of 500 μm. When a pellet is manufactured by compression without a polymer binder, the thickness of the electrode must be at least 500 μm to maintain its shape due to the characteristics of the brittle FeS2 layer. The ability to reduce the thickness of the FeS2 electrode with low electrical conductivity results in very favorable electron transport in the cathode layer. The application of the polymeric binder allowed for slurry casting, which made the process uniform and convenient, and also reduced the thickness of brittle FeS2. A bending test (4-point bending with 198 kgf pressure) was performed to confirm the stability of the 100 µm thick FeS2/PIS composite cathode. It showed a 6.2 mm displacement until the occurrence of a crack, which represents a greater stability against bending when compared with the 0.8 mm displacement with the binder-free sample. The samples used were freestanding samples that were removed from the SUS plates. The cathode composite layer that was attached to the SUS plate exhibited greatly increased the stability and maintained the layer without cracking, even with a large curvature 360° bending (Figure S3).



In order to form thin-layer cathode composites by the slurry casting process after the mixing of FeS2 and PIS binder, it was necessary to completely remove the solvent component through high-temperature treatment at 250 °C or higher. Typical polymer binders cause decomposition reactions at these high-temperature conditions, and they show brittle characteristics after molding. Moreover, in thermal batteries with a high operating temperature of 400 °C or higher, the application of a binder that lacks high thermal stability in a thin layer cathode can cause a sudden failure, due to the collapse of the cathode layer. The TGA analysis of the PIS showed that the decomposition of the binder component started at 400 °C and fully decomposed at 500 °C (Figure 2). Considering that the operating temperature of a thermal battery is in the range of 450 to 500 °C, it is presumed that the binder component is maintained at the early stage, and decomposition proceeds considerably during the operation of the thermal battery.



The results of the comparison between the thermal degradation tendencies of pure FeS2 and the FeS2/PIS composites are noteworthy. The FeS2 slowly decomposed when the temperature exceeded 400 °C. Above 500 °C, the FeS2 showed a rapid change and decomposed at 570 °C, represented by a 25% weight loss. A similar pattern also appeared for the FeS2/PIS composites, but they showed a slower progression of degradation. They showed a weight loss of 22%, up to the point where the decomposition stabilized at 570 °C, consequently giving a higher thermal stability to the FeS2 through the combination with PIS. In particular, the total amount of decomposition of the FeS2/PIS composites included the decomposition of the 10 wt % PIS binder, so that the actual amount of FeS2 decomposition was further reduced. The effect of thermal stability at the operating temperature range of 450–500 °C may have had a great influence on the performance of the battery. This can be attributed to the morphology of the composites between the PIS and FeS2 particles, which was confirmed by electron microscopy.



The FeS2/PIS composites as formed at 250 °C, as well as the changes that occurred at 450 °C, were observed by SEM and TEM (Figure 3). The images revealed that the FeS2/PIS composites particles were uniformly coated by the PIS layer (Figure 3a). The detailed structure of each particle was observed through a TEM image, showing that a PIS layer was formed on the surface of particles with a thickness of about 10 to 20 nm (Figure 3c). The PIS coating was not formed on the individual particles of FeS2 but it appeared to be attached to the surface of the agglomerates of FeS2 particles. In the image after 1 h at 450 °C, the majority of the PIS layer that covered the surface disappeared (Figure 3b), and residual components appeared (Figure 3d). Considering that the PIS binder coating layer was stable at around 400 °C and that decomposition was observed after this in the TGA, the observation of decomposition in the microscopy at 450 °C was in good agreement with the TGA. We also observed that more than 30 wt % of the PIS residue remained in the temperature range of 450–500 °C, which could affect surface and binding of the FeS2 particles. In pellet-type FeS2 without PIS, changes in other aspects were apparent at high temperature treatment (Figure 3d,e). After the heat treatment at 450 °C, the surface of the FeS2 particles was greatly increased in roughness, and the entire surface of the FeS2 particles was split into small pieces with a size of 100–200 nm. The original particle structure of a few microns in size remained, but this change in the surface of each particle appeared to have begun FeS2 pyrolysis at the surface. This was comparable to the change in FeS2/PIS composites where the particle surface was relatively well retained, which was consistent with the TGA results showing a lowered thermal stability of FeS2 than that of the FeS2/PIS composites. These results were found to be highly related to the electrochemical properties to be discussed later.



The compositional changes on surface of the FeS2 after decomposition at 450 °C were investigated by XPS analysis (Figure 4). The main changes in the composition were a rapid decrease of the carbon component and a relative increase of the Fe component. The decrease of the carbon signifies the decomposition of the carbon skeleton of PIS, and a small portion of carbon backbone was presumed to form a residue by carbonization. On the other hand, the relative amount of Si remained unchanged, unlike the decrease of C. This suggests that the siloxane moiety was retained in the form of SiO2, rather than being removed by volatile degradation. This was consistent with the TEM observation that a large portion of the PIS layer that covered the FeS2 particle disappeared, but a partially covering residue remained on the surface. We believe that the increase in the relative amounts of the Fe were due to the increase of the Fe exposed to the surface.



The morphology of the FeS2/PIS composites is presumed to influence the electrical properties of the cathode layer. The morphology of the PIS binder in the composites up to 400 °C served to provide the mechanical stability of the cathode layer. Decomposition in the 450 °C thermal condition minimized the electrical insulation in the operating temperature range of the thermal battery, and allowed the FeS2 particles to exhibit an appropriate level of connectivity. In addition, the binding effect between the particles through the residue, following decomposition, could improve the cathode efficiency by preventing the electrical disconnection between particles in the cathode layer.




3.3. Electrical Properties of the FeS2/PIS Cathode Layer


The electrical properties of the prepared FeS2/PIS thin layer cathode were measured. The conductivity of the composites material possibly decreased when the PIS binder, which is much lower in electrical conductivity than FeS2 semiconductor, was added. The conductivity of the electrode material is an important factor for the performance of the full cell. Figure 5 shows the results of the vertical conductivity measurement of the FeS2/PIS thin film. The results show that the FeS2/PIS thin film exhibited a linear current–voltage relationship, as expected for a simple resistor. The measured conductivity of the thin film was 0.63 mS/cm. This indicates that even though the semiconducting FeS2 was mixed with insulating PIS, the composites film exhibited a considerable conductivity, which is important for the efficient operation of the full thermal battery.



The battery discharge capacity of the fabricated FeS2/PIS thin layer cathode was measured. The results were compared with those for the FeS2 pellet-type cathode. In the battery capacity measurement, a pulse current of 10 A for 4.5 s at an interval of 0.5 s was applied. The discharge was terminated when the voltage dropped below 1.3 V. The FeS2/PIS thin-layer cathode and pellet-type FeS2 cathode exhibited discharge capacities of 1283 A∙s/g and 1002 A∙s/g, respectively (Figure 6). The FeS2/PIS thin layer cathode showed greater than a 20% increase in discharge capacity over the pellet-type FeS2 cathode. From these results, we conclude that the application of the PIS binder does not interfere with the operation of the thermal battery. This resulted in no electrical insulation of the FeS2 particles by the binder at the operating temperature, and no issues caused by decomposition. More importantly, the application of the PIS binder enabled a fabrication process that allowed for mechanical stability of the cathode composites at a 1/5 thickness level, compared to conventional method. A reduced cathode thickness could increase the efficiency of the cathode by decreasing its resistance in the electric current collecting, and this effect resulted an increase of the capacity.



Based on the cell discharge test, the total polarization of the unit cell was calculated using the following Equation (1) reported by Fujiwara [24], and the results are shown in Figure 7.


Rt = (Voc − Vcc)/I



(1)








	
Rt: total polarization (Ω)



	
Voc: open circuit voltage (V)



	
Vcc: close circuit voltage (V)



	
I: discharge current (A)








Voc during discharging was the highest voltage when no current was applied for 0.5 s, and Vcc was the voltage when the voltage was lowest by applying the current for 4.5 s. As shown in Figure 7, the total polarization of the FeS2 (pellet) and FeS2/PIS thin layer cathodes showed a significant difference. In the initial discharge period, both electrodes showed a constant resistance of 0.01 Ω. However, the discharge time of FeS2/PIS electrode was twice as long as that of the FeS2, until the rapid rise of the resistance. Discharge times of 127 s and 245 s were shown at FeS2 (pellet) and FeS2/PIS at 1.3 V, which is the end of the typical discharge voltage in the thermal battery. At this time, the resistance of the FeS2 (pellet) electrode was in a state of rapid increase. On the other hand, in the FeS2/PIS electrode, 0.02 Ω was maintained up to 245 s before the rapid increase of resistance. The rapid increase in total polarization is known to occur when FeS2 reacts with Li ions to form Li3FeS4 (Z-phase) with low conductivity [25,26]. It can be said that the influence of the Z-phase generation is relatively low in the FeS2/PIS cathode. This is attributed to the structural characteristics of the electrode due to the thinning, and it can be interpreted that all the FeS2 particles are uniformly contacted, with the electrolyte and Z-phase generation occurring uniformly throughout the cathode layer, resulting in a delayed increase in resistance. Conversely, the increase in thickness causes a non-uniform Z-phase formation in the cathode layer, which rapidly increases the total polarization and eventually lowers the utilization of cathode materials. On the other hand, it is believed that the binding between FeS2 particles by the PIS binder residues was strengthened, and that the effect of increasing the connectivity also contributed. This is also related to the difference in the morphology change of the cathode material before and after the high temperature treatment (Figure 3).



The change in open circuit voltage (OCV) is also different between the two cathodes (Figure 8). It is known that the 500 °C condition in the thermal battery leads to the thermal degradation of the cathode material, and it is accompanied by a decrease in OCV, due to self-discharge [27,28]. Both cathodes showed an initial OCV at 1.95 V. In the case of FeS2 (pellet), the OCV was continuously decreased as the discharge progressed, and it was considered to self-discharge due to relatively low thermal stability. The FeS2/PIS cathode maintained an initial 1.9 V level up to 70 s, and then it gradually decreased. The PIS binder exhibited a considerable advantage in terms of the stabilization of the OCV drop related to the thermal decomposition. This is consistent with the result that the surface of the FeS2 particles was retained in the cathode to which the PIS binder was applied, and that in the pure FeS2, the surface was deformed rapidly at a high temperature. This OCV retention property and the inhibition of the rapid increase of total polarization resulted in the increase of the discharge capacitance by more than 20% in the film cathode using PIS binder.





4. Conclusions


Poly(imide-co-siloxane) (PIS) was designed to exhibit heat-resistant properties and adhesion to FeS2 particles. This material was applied as the binder to produce a thin-film cathode composited with FeS2. The PIS binder showed a nano-scale coating of the FeS2 particles with a thickness of 10–20 nm. In addition, the PIS enabled the cathode composites to be thin-films, which were mechanically stable and could have thicknesses of 50–100 μm. The thickness of this layer was reduced to 20–10% of that of conventional pellet-type layers, providing significant bending and impact resistance. The FeS2/PIS composites were stable in the temperature range of 250–400 °C, and decomposition was observed at 450 °C, which is the operating temperature of the thermal battery. The thermal stability of FeS2/PIS composites was improved over pure FeS2. The binding of the FeS2 particles was retained at the operating temperature by the PIS residues. Through its role as a binder, the battery capacity was improved by 20% when compared to the pellet-type cathode by thin layer composite formation.
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Figure 1. Schematic view of a thermal battery and the FeS2/ poly(imide-co-siloxane) (PIS) composite cathode. 
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Scheme 1. Preparation of the polyimide and the formation of the cross-linked poly(imide-co-siloxane). (a) Preparation for polyimide; (b) Cross linking step with polyaminosiloxane. 
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Figure 2. Thermogravimetric analysis (TGA) thermogram of the PIS and FeS2/PIS composites. 
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Figure 3. Scanning electron microscope (SEM) and transmission electron microscope (TEM) images of the cathode layer composites of FeS2/PIS: (a,c) after formation of the cathode composites at 250 °C; (b,d) after a 1 h treatment at 450 °C. SEM images of pellet-type FeS2: (e) after formation of the cathode; (f) after a 1 h treatment at 450 °C. 






Figure 3. Scanning electron microscope (SEM) and transmission electron microscope (TEM) images of the cathode layer composites of FeS2/PIS: (a,c) after formation of the cathode composites at 250 °C; (b,d) after a 1 h treatment at 450 °C. SEM images of pellet-type FeS2: (e) after formation of the cathode; (f) after a 1 h treatment at 450 °C.



[image: Energies 11 03154 g003]







[image: Energies 11 03154 g004 550] 





Figure 4. X-ray photoelectron spectroscopy (XPS) analysis for the cathode layer of the FeS2/PIS: (a) after the formation of the cathode composites at 250 °C; (b) after a 1 h treatment at 450 °C. 
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Figure 5. Current-voltage characteristics of the FeS2/PIS thin film. 
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Figure 6. Discharge capacities of the FeS2/PIS thin layer cathode and the pellet-type FeS2. 
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Figure 7. Total polarization for the FeS2/PIS thin layer cathode and the pellet-type FeS2. 
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Figure 8. Open circuit voltage changes for the FeS2/PIS thin layer cathode and pellet-type FeS2. 
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