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Abstract: The polymer binder, poly(imide-co-siloxane) (PIS), was synthesized and applied to form 12 
a thin cathode layer composites for a thermal battery that has an unusually high operating 13 
temperature of 450 °C. The PIS was prepared through cross-linking of the polyimide with 14 
polysiloxane. The morphology of FeS2/PIS composites showed that FeS2 particles was coated with 15 
the PIS cross-linked gel. The FeS2/PIS composites enabled to fabricate mechanically stable thin 16 
cathode layer that was 20–10% of the thickness of a conventional pellet-type cathode. The FeS2/PIS 17 
composites were stable up to 400 °C and maintained their morphology at this temperature.  PIS 18 
coating layers decomposed at 450 °C and a new residue was generated, which was observed by 19 
transmission electron microscopy and the compositional change was analyzed. The FeS2/PIS 20 
composites showed enhanced thermal stability over that of FeS2 in thermogravimetric analysis. The 21 
thermal battery with the PIS polymer binder showed a 20% discharge capacity increase when 22 
compared to a conventional pellet-type cathode. 23 

Keywords: Thermal battery; Polyimide; Cathode; Slurry casting; Binder 24 
 25 

1. Introduction 26 
Recently, much attention has been drawn to the functional materials for energy storage devices 27 

that are suitable for improving performance and efficient manufacturing processes [1, 2]. Among the 28 
various energy storage devices, thermal batteries have had little progress in their applied materials 29 
over the long history of development due to their high operating temperature up to 450 °C. The 30 
thermal battery is a primary battery that uses a pyrotechnic source to raise the temperature of a 31 
battery stack to operating temperature, and they utilize molten salts (such as LiCl-KCl) as the 32 
electrolyte, which melt and start Li-ion transfer at operating temperature. Li-Si is used as the anode, 33 
FeS2 (pyrite) is used as the cathode [3, 4]. Thermal batteries are primarily used for emergency power 34 
sources and military purposes (for example, missiles, ordnance, and nuclear weapons) due to their 35 
exceptional mechanical robustness, reliability, and long shelf life [4-8]. Optimization of the molding 36 
and manufacturing process of the individual components of thermal batteries is very important 37 
because the mechanical strength and reliability of thermal batteries are critical for emergency and 38 
military applications [9]. 39 

In general, the constituent units of thermal batteries are produced, through a pressing process, 40 
in the form of pellets that are several hundred micrometers thickness. However, especially in cathode 41 
layer, pellets that are produced through such a process are molded to be thicker than the optimal 42 
thickness in order to maintain their mechanical strength. On the other hand, inorganic binder, MgO 43 
is added for reinforcement of the brittle FeS2 layer to prevent the cracking of the layers which cause 44 
the problem of low utilization of the electrode material. When the thickness of an electrode pellet is 45 
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above a certain level, the electrode utilization and conductivity are significantly reduced, which can 46 
lead to a reduction in the capacity of the entire thermal battery. In order to solve such a problem, it is 47 
important to develop a manufacturing process that produces a thinner cathode with adequate 48 
mechanical strength [10, 11]. However, for the cathode layer to optimize the electrochemical 49 
performance of the cell, materials and processes that can be applied are very limited due to high 50 
operating temperature. 51 

To maintain the mechanical strength and control the thickness of the electrode, a polymer binder 52 
is generally used in the conventional battery field [12-14]. Particularly in the field of lithium-based 53 
secondary batteries, polyvinylidenefluoride (PVdF) is currently the most widely utilized for the 54 
fabrication of both cathodes and graphite anodes [15, 16]. In addition, polyacrylonitrile (PAN) [17] 55 
and polyacrylic acid (PAA) binders [18] were introduced as alternative binders. All of these 56 
polymeric binders are being applied at battery operating temperatures lower than 80 °C and cathode 57 
process temperatures lower than 150 °C.  PAN and PAA have a low glass transition temperature 58 
(101-105 °C) and a low heat deflection temperature (70 °C) and pyrolysis begins at around 200 °C. 59 
Especially, PVDF which is used in lithium ion battery has a limitation on application of thermal 60 
battery due to the problem of low melting point (160 oC). Therefore, they cannot be applied for 61 
applications of thermal batteries with operating temperatures of at least 400 °C and high process 62 
temperatures of 250 °C for cathode molding. Utilization of polyimide as a polymer binder can meet 63 
these high-temperature operation and manufacturing process needs. In the development of lithium 64 
secondary batteries, the results of the application of polyimide as a cathode binder material have been 65 
reported [19-22]. Recent studies have shown that the Li-ion battery performance is greatly improved 66 
due to the binding and coating properties of polyimide on the cathode materials [23]. Polyimide has 67 
excellent heat resistance with a decomposition temperature greater than 400 °C. It also has good 68 
mechanical and chemical properties and is expected to be an exceptional polymer binder for the 69 
cathode of thermal batteries.  70 

Recently, we reported the fabrication of a thin cathode film for thermal batteries using novel 71 
binder materials and a slurry casting process [10, 11]. The role of the binder is important for the slurry 72 
casting process and stable electrode formation. Polymeric binders are expected to be more effective 73 
for fabrication of thinner cathode because of the improved binding effect of particles, which lead to 74 
improved full cell performance. However, conventional polymeric binders are limited in this 75 
application due to their poor thermo-stability. 76 

In this study, we applied polyimide as a binder for the cathode of a thermal battery to overcome 77 
the limitations of existing polymer binders. Poly(imide-co-siloxane) (PIS), which is a copolymer of 78 
imide and siloxane, was designed and synthesized to form a cross-linked gel; it was then tested it as 79 
a binder for cathode molding. We show that a thin cathode film with mechanical stability can be 80 
formed with the PIS binder. Compared with the pellet-type FeS2 cathode, the slurry-cast FeS2 cathode 81 
with the PIS binder exhibited enhanced discharge capacity. This proves that the novel PIS binder was 82 
effective to fabricate thin cathode layer through the slurry casting process without degrading the 83 
electrical properties of the FeS2 film. This resulted in improved mechanical and electrical properties 84 
and, thus, a higher capacity of the thermal battery was obtained. 85 

2. Materials and Methods 86 

2.1. Materials and Instruments 87 
4,4'-(Hexafluoroisopropylidene) diphthalic anhydride (6-FDA), 2,2'-bis(trifluoromethyl)-4,4'-88 

diaminobiphenyl (TFDB), and 3,5-diaminobenzoic acid (DABA) were purchased from the Aldrich 89 
Chemical Co. and used as received. N,N-Dimethylformamide (DMF), tetrahydrofuran (THF) and 90 
acetone were purchased as reagent grade and purified by passing them through a purification 91 
column consisting of alumina and molecular sieve. (Glass Contour) . The polysiloxane (XIAMETER® 92 
OFX-8040 Fluid, Dow Corning) was used as received. The FeS2 powders (mean size of 98 µm, 99%, 93 
LinYi, China) were used as the active material. The molecular structure of the synthesized PI was 94 
characterized by 1H- and 13C-nuclear magnetic resonance (NMR; Bruker Advance 400 MHz NMR). 95 
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A field emission scanning electron microscope (FE SEM; FEI Sirion) and transmission electron 96 
microscope (TEM; JEOL JEM-2100) were used to identify the morphology of the FeS2/PIS composites. 97 
Surface analysis was conducted using X-ray photoelectron spectroscopy (XPS) (Kratos, AXIS NOVA) 98 
with an Al Kα X-ray source at 15 kV. The thermal stability of the synthesized PI was measured with 99 
thermogravimetric analysis (TGA; TA Instruments Auto-TGA Q600). 100 

2.2. Preparation of polyimide 101 
TFDB (19.1 g, 59.6 mmol) and 6-FDA (33.1 g, 74.5 mmol) were both dissolved into 90 mL of DMF 102 

to form two separate solutions. DABA (2.26 g, 14.9 mmol) was dissolved into 50 mL of DMF. These 103 
three solutions were combined in a round-bottom flask and stirred for 5 h at 0 °C under nitrogen 104 
atmosphere. The temperature was increased to r.t and the mixture was further reacted for 17 h with 105 
constant stirring. Acetic anhydride (40 mL) and pyridine (29 mL) were added to the resultant 106 
polyamic acid solution and the mixture was stirred at 80 °C. After the 24 h reaction, the resultant 107 
polyimide (PI) solution was cooled to r.t and added into a beaker filled with distilled water to 108 
precipitate the PI. The precipitated PI was filtered and washed with water and ethanol. The resultant 109 
PI was dried at 120 °C for 24 h under vacuum. 110 

2.3. In-situ poly(imide-co-siloxane) (PIS) gel formation and preparation of FeS2/PIS cathode composites 111 
The prepared PI was dissolved in THF and combined with FeS2 in an acetone slurry. The 112 

polysiloxane was added to the resulting mixture; the total amount of PI and polysiloxane was 10 wt% 113 
in the FeS2 active materials and the PI to polysiloxane weight ratio was 1:2. A wet ball mill process 114 
was performed to mix the slurry materials and control the particle size of the FeS2 powders. To 115 
maximize the dispersion of the FeS2 powder, the ball milling process was carried out twice (24 h each) 116 
before and after adding the binder. The balls used in the ball milling process were zirconia with 117 
diameters of 10 mm and 5 mm in a 1:1 ratio. After the ball milling process, the bubbles contained in 118 
the slurry were removed in a vacuum chamber. The prepared slurry was uniformly coated, using the 119 
doctor blade method, with a constant thickness. The substrate was a 50-µm-thick SUS plate that was 120 
used as a current collector. After the application of the slurry, the samples were dried at 70 °C for 1 h 121 
and 250 °C for 2 h. 122 

2.4. Thermal battery cell fabrication and discharge measurements 123 
The dried samples were cut into circular-shaped pieces, with a diameter of 56.2 mm, to assemble 124 

them as the cathode in a thermal battery. The assembled single-cell diagram is described in Figure 1. 125 
The single cells were discharged at 500 °C while applying a consecutive pulse current profile (10 A, 126 
4.5 sec → 0 A, 0.5 sec). The cell discharge was terminated when the voltage dropped below 1.3 V. 127 

2.5. Electrical conductivity measurement  128 

The vertical conductivity of the prepared FeS2/PIS thin film was measured. A silver electrode 129 
was deposited onto the FeS2/PIS thin film, formed on the SUS substrate, using a shadow mask and a 130 
thermal evaporator. The thermal evaporator (Jvac, JVR-72S) equipped with thickness detector (Sycon 131 
Instruments, STM-100/MF) was used. The Ag deposition rate was 1 Å/sec and total operating time 132 
was 800 sec to make 80 nm thickness Ag layer on FeS2/PIS thin film. Current-voltage characteristics 133 
was measured on this sample using potentiostat (Metrohm, Autolab PGSTAT302N) which was 134 
connected on Ag layer and SUS plate through probe tips.      135 

3.3. Electrical properties of the FeS2/PIS cathode layer 136 
The electrical properties of the prepared FeS2/PIS thin layer cathode were measured. The vertical 137 

conductivity of the prepared thin-film sample was measured using sharp probes in a probe station. 138 
 139 

 140 
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 141 

 142 

Figure 1. Schematic view of a thermal battery and the FeS2/PIS composite cathode. 143 

3. Results and Discussion 144 

3.1. Synthesis of polyimide and the formation of cross-linked poly(imide-co-siloxane) 145 
Poly (imide-co-siloxane) (PIS) was formed by cross-linking polyimide and polysiloxane at high 146 

temperature. PIS was composited with cathode material FeS2 as a high heat-resistant binder to form 147 
a thin cathode layer. The applied polyimide was polymerized with a combination of 6-FDA, TFDB, 148 
and DABA as monomers (Scheme 1). 149 

 150 

Scheme 1. Preparation of the polyimide and the formation of the cross-linked poly(imide-co-151 
siloxane). 152 
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The polyimide product was confirmed by 1H, 13C-NMR (Figure S1 (a), (b)) and FT-IR (Figure S2). 153 
The poly(imide-co-siloxane) to be formed in this study was based on a copolymer formation in which 154 
the polysiloxane moiety was grafted onto the polyimide main chain. For this purpose, the polyimide 155 
was prepared with monomers containing DABA to introduce a carboxyl group capable of an amide 156 
bonding reaction with aminosiloxane. The combination of the 6-FDA and TFDB monomer 157 
components allowed for the solubility of polyimide in organic solvents such as THF and mixing with 158 
FeS2 in solution. 159 

Polysiloxane is a liquid polymer with a terminal amine group, which forms a gel by mixing with 160 
a polyimide that contains carboxyl groups. In this stage, at room temperature, gelation proceeded 161 
through the formation of acid-base salts of amino and carboxyl groups. In-situ gelation at the mixing 162 
stage with the FeS2 particles had several advantages. The liquid polysiloxane and polyimide solution 163 
allowed for perfect, uniform mixing with the FeS2 particles and the solid composite formed as the 164 
gelation progressed. We found that 1-3 h was required for the complete gelation by mixing of the two 165 
components. Due to slow gelation of two components, the FeS2 particles were uniformly mixed with 166 
the liquid polyimide and polysiloxane at the beginning of the mixing process. The gelation process 167 
then yielded a mechanically stable cathode composites layer. The gelation was involved in the acid-168 
base complexation of the amine groups in the polysiloxane with the carboxyl groups in the polyimide. 169 
This gel formed as chemically and thermally stable grafting PIS through an amide bond formation at 170 
a process condition of 250 °C. Unlike the polysiloxane and polyimide, the PIS that was formed after 171 
the high-temperature treatment was insoluble in organic solvents and did not show melting at high 172 
temperatures. 173 

3.2. Formation of the cathode thin layer and its thermal properties 174 
A polysiloxane/polyimide mixture was added to the FeS2 at 10 wt% and the slurry was cast on a 175 

current collector (SUS plate) by the doctor blade method. During this process, the thickness of the 176 
casted cathode composites could be reduced to 50 - 100 µm at a level where the thin layer was stably 177 
maintained. This thickness was 20 to 10% of the thickness of a typical pelletized FeS2 electrode of 500 178 
µm. When a pellet is manufactured by compression without a polymer binder, the thickness of the 179 
electrode must be at least 500 µm to maintain its shape due to the characteristics of the brittle FeS2 180 
layer. The ability to reduce the thickness of the FeS2 electrode with low electrical conductivity results 181 
in very favorable electron transport in the cathode layer. The application of the polymeric binder 182 
allowed for slurry casting which made the process uniform and convenient, and also reduced the 183 
thickness of brittle FeS2. A bending test (4-point bending with 198 kgf pressure) was performed to 184 
confirm the stability of the 100 µm thick FeS2/PIS composite cathode. It showed a 6.2 mm 185 
displacement until the occurrence of a crack, which represents a greater stability against bending 186 
when compared with the 0.8 mm displacement with the binder-free sample. The samples used were 187 
freestanding samples that were removed from the SUS plates. The cathode composite layer that was 188 
attached to the SUS plate exhibited greatly increased stability and maintained the layer without 189 
cracking even with a large curvature 360° bending (Figure S3). 190 

In order to form thin-layer cathode composites by the slurry casting process after the mixing of 191 
FeS2 and PIS binder, it was necessary to completely remove the solvent component through a high-192 
temperature treatment at 250 °C or higher. Typical polymer binders cause decomposition reactions 193 
at these high-temperature conditions and show brittle characteristics after molding. Moreover, in 194 
thermal batteries with a high operating temperature of 400 °C or higher, the application of a binder 195 
which lacks high thermal stability in a thin layer cathode can cause a sudden failure due to the 196 
collapse of the cathode layer. The TGA analysis of the PIS showed that the decomposition of the 197 
binder component started at 400 °C and fully decomposed at 500 °C (Figure 2). Considering that the 198 
operating temperature of a thermal battery is in the range of 450 to 500 °C, it is presumed that the 199 
binder component is maintained at the early stage and decomposition proceeds considerably during 200 
the operation of the thermal battery. 201 
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 202 

Figure 2. TGA thermogram of the PIS and FeS2/PIS composites. 203 

The results of the comparison between the thermal degradation tendencies of pure FeS2 and the 204 
FeS2/PIS composites are noteworthy. The FeS2 slowly decomposed when the temperature exceeded 205 
400 °C. Above 500 °C, the FeS2 showed a rapid change and decomposed at 570 °C, represented by a 206 
25% weight loss. A similar pattern also appeared for the FeS2/PIS composites, but they showed a 207 
slower progression of degradation. They showed a weight loss of 22% up to the point where the 208 
decomposition stabilized at 570 °C, consequently giving a higher thermal stability to the FeS2 through 209 
the combination with PIS. In particular, the total amount of decomposition of the FeS2/PIS composites 210 
included decomposition of the 10 wt% PIS binder, so the actual amount of FeS2 decomposition was 211 
further reduced. The effect of thermal stability at the operating temperature range of 450 – 500 °C 212 
may have a great influence on the performance of the battery. This can be attributed to the 213 
morphology of the composites between the PIS and FeS2 particles, which was confirmed by electron 214 
microscopy. 215 

The FeS2/PIS composites as formed at 250 °C as well as the changes that occurred at 450 °C were 216 
observed by SEM and TEM (Figure 3). The images revealed that the FeS2/PIS composites particles 217 
were uniformly coated by the PIS layer (Figure 3 (a)). The detailed structure of each particle was 218 
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observed through a TEM image, showing that a PIS layer was formed on the surface of particles with 219 
a thickness of about 10 to 20 nm (Figure 3 (c)). The PIS coating was not formed on the individual 220 
particles of FeS2 but appeared to be attached to the surface of the agglomerates of FeS2 particles. In 221 
the image after 1 h at 450 °C, the majority of the PIS layer that covered the surface disappeared (Figure 222 
3 (b)) and residual components appeared (Figure 3 (d)). Considering that the PIS binder coating layer 223 
was stable at around 400 °C and decomposition was observed after this in the TGA, the observation 224 
of decomposition in the microscopy at 450 °C was in good agreement with the TGA. We also observed 225 
that more than 30 wt% of the PIS residue remained in the temperature range of 450–500 °C, which 226 
could affect surface and binding of the FeS2 particles. In pellet-type FeS2 without PIS, changes in other 227 
aspects were apparent at high temperature treatment (Figure 3. (e), (d)). After the heat treatment at 228 
450 ° C, the surface of the FeS2 particles was greatly increased in roughness, and the entire surface of 229 
the FeS2 particles was split into small pieces with a size of 100-200 nm. The original particle structure 230 
of a few microns in size remains, but this change in the surface of each particle appeared to have 231 
begun FeS2 pyrolysis at the surface. This was comparable to the change in FeS2/PIS composites where 232 
the particle surface was relatively retained, which was consistent with the TGA results showing 233 
lowered thermal stability of FeS2 than that of the FeS2/PIS composites. These results were found to be 234 
highly related to the electrochemical properties to be discussed later. 235 
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 236 

Figure 3. SEM and TEM images of the cathode layer composites of FeS2/PIS: (a), (c) after formation of 237 
the cathode composites at 250℃; (b), (d) after a 1-h treatment at 450 °C. SEM images of pellet-type 238 
FeS2: (e) after formation of the cathode; (f) after a 1-h treatment at 450 °C. 239 

The compositional changes on surface of the FeS2 after decomposition at 450 °C were 240 
investigated by XPS analysis (Figure 4). The main changes in the composition were a rapid decrease 241 
of the carbon component and a relative increase of the Fe component. The decrease of the carbon 242 
signifies the decomposition of the carbon skeleton of PIS, and a little portion of carbon backbone is 243 
presumed to form a residue by carbonization. On the other hand, the relative amount of Si remained 244 
unchanged unlike the decrease of C. This suggests that the siloxane moiety was retained in the form 245 
of SiO2 rather than being removed by volatile degradation. This is consistent with the TEM 246 
observation that a large portion of the PIS layer that covered the FeS2 particle disappeared but a 247 
partially covering residue remained on the surface. We believe that the increase in the relative 248 
amount of the Fe was due to the increase of the Fe exposed to the surface. 249 
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 250 
Figure 4. XPS analysis for the cathode layer of the FeS2/PIS: (a) after formation of the cathode 251 

composites at 250 °C; (b) after a 1-h treatment at 450 °C. 252 
 253 
The morphology of the FeS2/PIS composites is presumed to influence on the electrical properties 254 

of the cathode layer. The morphology of the PIS binder in the composites up to 400 °C served to 255 
provide the mechanical stability of the cathode layer. Decomposition in the 450 °C thermal condition 256 
minimized the electrical insulation in the operating temperature range of the thermal battery and 257 
allowed the FeS2 particles to exhibit an appropriate level of connectivity. In addition, the binding 258 
effect between the particles through the residue, following decomposition, could improve the 259 
cathode efficiency by preventing the electrical disconnection between particles in the cathode layer. 260 

3.3. Electrical properties of the FeS2/PIS cathode layer 261 
The electrical properties of the prepared FeS2/PIS thin layer cathode were measured. The 262 

conductivity of the composites material possibly decreases when the PIS binder, which is much lower 263 
in electrical conductivity than FeS2 semiconductor, is added. The conductivity of the electrode 264 
material is an important factor for the performance of the full cell. Figure 5 shows the results of the 265 
vertical conductivity measurement of the FeS2/PIS thin film. The results show that the FeS2/PIS thin 266 
film exhibited a linear current-voltage relationship, as expected for a simple resistor. The measured 267 
conductivity of the thin film was 0.63 mS/cm. This indicates that even though the semiconducting 268 
FeS2 was mixed with insulating PIS, the composites film exhibited a considerable conductivity, which 269 
is important for the efficient operation of the full thermal battery. 270 
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 271 
Figure 5. Current-voltage characteristics of the FeS2/PIS thin film. 272 

The battery discharge capacity of the fabricated FeS2/PIS thin layer cathode was measured. The 273 
results were compared with those for the FeS2 pellet-type cathode. In the battery capacity 274 
measurement, a pulse current of 10 A for 4.5 sec at an interval of 0.5 sec was applied. The discharge 275 
was terminated when the voltage dropped below 1.3 V. The FeS2/PIS thin-layer cathode and pellet-276 
type FeS2 cathode exhibited discharge capacities of 1283 A∙s/g and 1002 A∙s/g, respectively (Figure 6). 277 
The FeS2/PIS thin layer cathode showed greater than a 20% increase in discharge capacity over the 278 
pellet-type FeS2 cathode. From these results, we conclude that the application of the PIS binder does 279 
not interfere with the operation of the thermal battery. This resulted in no electrical insulation of the 280 
FeS2 particles by the binder at the operating temperature and no issues caused by decomposition. 281 
More importantly, the application of the PIS binder enabled a fabrication process that allowed for 282 
mechanical stability of the cathode composites at a 1/5 thickness compared to conventional method. 283 
A reduced cathode thickness could increase the efficiency of the cathode by decreasing its resistance 284 
in the electric current collecting, and this effect resulted an increase of the capacity. 285 

 286 
Figure 6. Discharge capacities of the FeS2/PIS thin layer cathode and pellet-type FeS2. 287 

 288 
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 289 

Figure 7. Total polarization for the FeS2/PIS thin layer cathode and pellet-type FeS2. 290 

Based on the cell discharge test, the total polarization of the unit cell was calculated using the 291 
following equation (1) reported by Fujiwara [24] and the results are shown in Figure 7. 292 

 293 
Rt = (Voc – Vcc)/I                                                 (1) 294 
 295 
Rt : total polarization (Ω) 296 
Voc : open circuit voltage (V) 297 
Vcc : close circuit voltage (V) 298 
I : discharge current (A) 299 
  300 
Voc during discharging was the highest voltage when no current was applied for 0.5 s and Vcc 301 

was the voltage when the voltage was lowest by applying current for 4.5 s. As shown in Figure 7, the 302 
total polarization of the FeS2 (pellet) and FeS2/PIS thin layer cathodes showed a significant difference. 303 
In the initial discharge period, both electrodes showed a constant resistance of 0.01 Ω. However, the 304 
discharge time of FeS2/PIS electrode was twice longer than that of the FeS2 until the rapid rise of the 305 
resistance. Discharge times of 127 s and 245 s were shown at FeS2 (pellet) and FeS2/PIS at 1.3 V, which 306 
is the end of the typical discharge voltage in the thermal battery. At this time, the resistance of the 307 
FeS2 (pellet) electrode was in a state of rapid increase. On the other hand, in the FeS2/PIS electrode, 308 
0.02 Ω was maintained up to 245 s before the rapid increase of resistance. The rapid increase in total 309 
polarization is known to occur when FeS2 reacts with Li ions to form Li3FeS4 (Z-phase) with low 310 
conductivity [25, 26]. It can be said that the influence of Z-phase generation is relatively low in 311 
FeS2/PIS cathode. This is attributed to the structural characteristics of the electrode due to the thinning, 312 
and it can be interpreted that all the FeS2 particles are uniformly contacted with the electrolyte and 313 
Z-phase generation occurs uniformly throughout the cathode layer, resulting in a delayed increase 314 
in resistance. Conversely, the increase in thickness causes non-uniform Z-phase formation in the 315 
cathode layer, which rapidly increases the total polarization and eventually lowers the utilization of 316 
cathode materials. On the other hand, it is believed that the binding between FeS2 particles by the PIS 317 
binder residues was strengthened and the effect of increasing the connectivity was also contributed. 318 
This is also related to the difference in the morphology change of the cathode material before and 319 
after the high temperature treatment (Figure 3). 320 
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 321 

 322 

Figure 8. Open circuit voltage changes for the FeS2/PIS thin layer cathode and pellet-type FeS2. 323 

The change in open circuit voltage (OCV) is also different between the two cathodes (Figure 8). 324 
It is known that the 500 oC condition in the thermal battery leads to thermal degradation of the 325 
cathode material and accompanied by a decrease in OCV due to self-discharge [27, 28]. Both cathodes 326 
showed initial OCV at 1.95 V. In the case of FeS2 (pellet), the OCV was continuously decreased as the 327 
discharge progressed, and it is considered that the self-discharge from the relatively low thermal 328 
stability. The FeS2/PIS cathode maintained the initial 1.9 V level up to 70 S and then gradually 329 
decreased. The PIS binder exhibited a considerable advantage in terms of stabilization of the OCV 330 
drop related to the thermal decomposition. This is consistent with the result that the surface of the 331 
FeS2 particles was retained in cathode to which the PIS binder was applied, and that in the pure FeS2, 332 
the surface was deformed rapidly at high temperature. This OCV retention property and the 333 
inhibition of the rapid increase of total polarization have resulted in the increase of discharge 334 
capacitance by more than 20% in the film cathode using PIS binder. 335 
 336 

4. Conclusion 337 
Poly(imide-co-siloxane) (PIS) was designed to exhibit heat-resistant properties and adhesion to 338 

FeS2 particles. This material was applied as the binder to produce a thin-film cathode composited 339 
with FeS2. The PIS binder showed nano-scale coating of the FeS2 particles with a thickness of 10–20 340 
nm. In addition, the PIS enabled the cathode composites to be thin-films, which were mechanically 341 
stable and could have thicknesses of 50–100 μm. The thickness of this layer was reduced to 20–10% 342 
of that of conventional pellet-type layers by providing significant bending and impact resistance. The 343 
FeS2/PIS composites were stable in the temperature range of 250–400 °C, and decomposition was 344 
observed at 450 °C which is the operating temperature of the thermal battery. The thermal stability 345 
of FeS2/PIS composites was improved over pure FeS2. The binding of the FeS2 particles was retained 346 
at the operating temperature by the PIS residues. Through its role as a binder, the battery capacity 347 
was improved by 20% when compared to the pellet-type cathode by thin layer composites formation. 348 
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