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Abstract 

In the context of global environmental sustainability initiatives, lithium-ion batteries have become the primary 
power source for a multitude of applications. Consequently, the aviation industry is increasingly exploring 
electrification as a potential solution to mitigate emissions and combat climate change. However, the 
widespread adoption of this technology is hampered by the limitations of conventional batteries, particularly their 
low specific and volumetric energy densities. This challenge justifies current research efforts on Structural 
Batteries, a novel technology designed to integrate energy storage and load-bearing functionalities within a 
single multifunctional material structure. This approach has the potential to significantly reduce the weight of 
electric airplanes. 
This paper presents the design, manufacturing process, and promising initial performance of a prototype 
Structural Battery demonstrator. Furthermore, the importance of incorporating eco-design principles to ensure 
sustainable recycling at the battery's end-of-life is emphasized. 
Keywords: Structural batteries, multi-functionality, preliminary assessment, composites 

1. Introduction 
The tuning of the batteries for various applications of the transport sector is an ambitious target. The 
pollutant emissions and mostly the process for battery recycling and recovery are peculiar aspects to 
consider for new energy storing system designs. With a particular focus on the aviation sector, the 
goal is to reduce the weight of conventional batteries, to obtain better performances in terms of 
specific and volumetric energy densities, limiting parameters for the spread of electric energy onboard 
aircraft if compared to the values reached by conventional energy sources. In detail, even if the most 
advanced current battery storage system is considered, worse performance than traditional fuels like 
Diesel and Kerosene are reached. Once the required energy is fixed, the weight of a lithium battery 
is about 60 times than that of a Kerosene tank and the required storage space itself is 18 times bigger. 
This is obviously a core issue, especially for the heavier aircraft categories, in which the energy 
request increases. Moreover, pollution remains a problem, since approximately 95% of lithium 
batteries are landfilled instead of recycled upon reaching end of life. 
In this scenario a novel technology, named Structural Battery, has been conceived. Structural 
Batteries stand out as a possible solution to improve aircraft electric energy-storing capabilities, since 
they combine energy storage and load-bearing capabilities in multifunctional material structures, thus 
enabling electrification towards environmental friendliness of air transport. These are multifunctional 
components, manufactured similarly to composite materials already used on many aircraft, and 
capable of replacing stress-supporting parts typically made from metal alloys or carbon fibers [1-3]. 
The state of the art on this topic includes different research paths involving the study of the materials 
to be adopted for the different layers of the Structural Battery, the assembly, the scale-up, and the 
multiphysics modeling of this novel technology. The possible applications are endless, ranging from 
the casings for mobile phones, to laptops, or structural components of cars and airplanes, allowing 
for significant weight savings [4, 5].  



PRELIMINARY ASSESSMENT FOR STRUCTURAL BATTERY COMPONENTS 

2 

 

 

Very sensitive is the airworthiness assessment of this novel technology, since it raises relevant issues 
about the requirements that need to be applied when considering multi-functional materials. To do so, 
with the collaboration of the National Research Council, in the context of a project promoted by 
Leonardo company, a Structural Battery model has been realized, accounting the information 
gathered from the literature State of the Art.  
The Structural Battery demonstrator aims to achieve a gravimetric energy density between 40 and 50 
Wh/kg, a nominal discharge rate of 1°C, being able to sustain more than 300 cycles at 0.1°C with 
90% capacity retention.  
The structural battery demonstrator consists of positive and negative electrodes, made of carbon fiber 
fabrics, already used for aeronautical applications, since characterized by high stiffness and strength, 
also allowing lithium ions intercalation by functionalizing it with active materials such as LiFePO4. 
Considering that the electrical performance of the structural batteries depends on various factors, 
such as the degree of adhesion of the salt to the carbonaceous substrate and the level of salt that 
binds to its substrate, various lithium salts that can obtain good quantities of deposited lithium on 
carbon fiber substrates have been investigated. Their effectiveness is monitored by specific surface 
characterization techniques such as SEM-EDAX morphological studies. 
The functionalization process has been performed by spray coating a solution capable of solubilizing 
LiFePO4 onto the carbon fiber fabrics, first activated by plasma treatment to improve surface 
wettability by promoting intense and stable adhesion of lithium ions over time. 
For the sake of completeness, the adopted Structural battery configuration is shown in Figure 1, 
together with the first manufactured demonstrator. 

 

 
Figure 1 - Schematization and first manufactured demonstrator of the proposed Structural Battery 

configuration. 

 
In this activity, along with the breakdown of the adopted manufacturing process, the concept of eco-
design is emphasized, since the Structural Battery is conceived in a configuration such that when it 
reaches its end of life, the recycling and component recovery process is completely sustainable.  
Attention is dedicated to the combination of the different layers for the Structural Battery, performed 
by hand layering them and compacting the stacked system using a hydraulic laboratory press. The 
considered process conditions have been set based on the decades of prior experience of the IPCB 
resources involved in the project regarding the development of thermoplastic composite structural 
laminates. 
A special focus is dedicated to the Solid Polymer Electrolyte (SPE) layers, fundamental to get a 
Structural Battery capable to storage electric energy and carry loads. They have been made by 
polypropylene, typically used as a matrix in thermoplastic composite structural laminates, in which 
electrical percolation conditions are reached by dispersing lithium salts. Such ingredients have been 
melted and mixed and the product compression moulded into thin films to use as lithium conductive 
layers inserted in the anode and cathode portions of the structural battery. In detail, different 
formulations for the SPE layers have been manufactured and preliminarily characterized by structural 
(FTIR-ATR), thermal (DSC, TGA), morphological (SEM) and mechanical (tensile tests) analysis. 
  

2. Electrolyte in the Solid State 
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PEO-based SPEs have been manufactured using PEG of different molecular weight, PEG 1000 
(1400-1600 g/mol) and PEG 1550 (1400-1600 g/mol) of analytical grade, PEO, SEP and lithium triflate 
(LiCF3SO3). Organo-modified sepiolite (SEPmod) was prepared by suspending 5 g of SEP in 100 mL 
of deionized water containing 5% or 10% (w/w) of both PEG under homogenization with an 
UltraTurrax IKA T25 disperser at 12,000 rpm for 15 minutes. The suspension was then washed and 
centrifuged three times, and the recovered solid fraction was dried under vacuum at 40°C overnight. 
Physical blends of SEPmod, PEO and LiCF3SO3 were prepared through solvent-free melt blending 
using a Brabender Plasti-Corder internal mixer at 140°C and 80 rpm for 20 minutes. The results were 
cooled at room temperature and then ground by a centrifugal bladed mill Retsch ZM1. The obtained 
powders were dried under vacuum at 40°C for 24 hours, and then ground and dried again. Finally, 
films were prepared using a hot press at 130°C: first applying no pressure for 5 minutes to remove 
entanglements, then 20 bar for 2 minutes to allow homogeneous melting, and finally 40 bar for 2 
minutes for optimization of salt and clay distribution. A water quench for 10 minutes brought the films 
to room temperature. The entire manufacturing process is schematized in Figure 3, while the 
identification codes (ICs) along with the composition of the formulations adopted for the PEO-based 
SPE films are detailed in Table 1.  

 

Table 1 - Identification codes of the films and their compositions expressed in percentage. 

IC PEO LiCF3SO3 SEP PEG 1000 PEG 1550 
SPELi 91.5 8.5 / / / 
SPE0 87.5 8.13 4.36 / / 
SPE1 87.5 8.13 4.15 / 0.21 
SPE2 87.5 8.13 4.15 0.21 / 
SPE3 87.5 8.13 3.96 / 0.40 
SPE4 87.5 8.13 3.96 0.40 / 

 
 

 
Figure 2 - Processing steps of the SPE films preparation. 

 
The compression-molded films, together with neat material samples (PEO, PEG, and SEP), have 
been subjected to different tests. Attenuated total reflection Fourier-transform infrared (ATR-FTIR) 
spectroscopic analyses were performed as shown in Figure 3.  
The analysis involved surface mapping of different areas per film at room temperature, with an 
average of 16 scans and a resolution of 4 cm-1 in the range of 4000-650 cm-1. 
The spectra of PEG and PEO overlap due to their identical chemical structures and functional groups, 
so only the PEO functional groups were considered. The characteristic absorption bands of PEO have 
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been detailed, with peaks at various wavelengths corresponding to different types of stretching, 
bending, and twisting vibrations. These vibrations confirm the semi-crystalline nature of the polymer 
[6, 7]. FTIR-ATR absorption peaks of PEO are highlighted, corresponding to various types of 
vibrations, including Mg-OH, coordinated water, zeolitic water, Si-O stretching, O-H deformation, and 
Mg-OH bending [8, 9]. 
It results that SEP forms a checkerboard pattern with tunnels containing structural water molecules, 
which grants it excellent adsorptive properties relevant for SPE production [10-12]. The spectra of 
LiCF3SO3 have been also analysed, with peaks at various wavelengths corresponding to different 
types of vibrations [13]. 
The analysis of the spectra suggests potential physical interactions between PEO, PEG, and SEPmod. 
However, attributing conformational changes to specific interactions within these complex structures 
is challenging. 
In the high-frequency region, notable differences have been found between unmodified sepiolite and 
SPE0/SPE4 films. The coordinated water and zeolitic water peaks in plain SEP significantly change 
conformation in the films, likely due to hydrogen bonds formed with clay mineral surfaces. The 
presence of lithium ions and polar residues from the SPE0 polymer matrix and SPE4 film PEG 
plasticizer also likely contribute to these interactions. 
Changes in the bending vibration region and salt stretching deformations also confirm interactions 
between sepiolite, salt, and polymers. The merging of peaks related to PEO crystalline phase 
methylene group wagging and CH2 symmetric and asymmetric twisting modes in SPE films suggests 
that both LiCF3SO3 and SEP influenced PEO crystallinity. The silicate absorption peak is also present, 
suggesting physical interaction between the polymer matrix and SEP silicate fractions [14-17]. 

 

 
Figure 3 - FTIR-ATR spectra of neat PEO, SEP and of SPE films in different regions of interest. 

 
Differential Scanning Calorimetry (DSC) have been adopted to investigate the crystallization and 
melting behavior of compression-molded samples, along with neat PEO, PEG 1000, and PEG 1500 
SEP samples. The samples were subjected to a thermal cycle from 25°C to 250°C under an inert 
liquid nitrogen atmosphere, with a 1-minute isothermal step and a non-isothermal crystallization 
cooling at 50°C/min to -80°C. Results are shown in Figure 4. All samples started crystallization at 
significantly low temperatures due to the rapid cooling rate employed, which reflects industrial cooling 
practices [18]. Rapid cooling hinders chain entanglement and promotes an amorphous-frozen state 
in the solid. Polymer crystallinity significantly influences macroscopic properties such as mechanical 
performance [19, 20], and the presence of additives within semi-crystalline polymers can alter their 
crystallization and melting behavior [21, 22]. 
All doped samples (including sepiolite, lithium salt, and PEG) started crystallization before neat PEO 
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and SPE0, due to the combined nucleating and plasticizing effects of the additives. SPE2 exhibited 
the fastest crystallization due to the balanced nucleating and plasticizing action of PEG 1000. Lower 
molecular weight and amount of plasticizer reduced PEO intermolecular forces, enhancing free 
volume and chain mobility, favoring crystallization. 
Significant differences were observed between doped blends, neat PEO, and SPE0. Neat PEO 
exhibited slower crystallization due to the absence of nucleating agents or plasticizers, while SPE0 
showed distinct thermal behavior due to the absence of PEG. SEP lacks the PEG plasticizing effect 
and instead delays PEO macromolecular organization at low temperatures, leading to non-crystalline 
PEO conformations near the sepiolite surfaces [23]. 
DSC curves related to the second heating ramp showed that all investigated systems, except the neat 
polymer, exhibited similar melting temperatures and profiles, indicating a regular endothermic peak 
likely associated with the melting of well-defined crystalline structures formed during cooling [24]. 
Table 2 showed a general trend of increasing crystallinity percentage, likely due to the formation of 
tighter structures through physical interactions between the polymer, salt, PEG, and sepiolite. SPE2 
and SPE3 exhibited the highest crystallinity values, which aligns with their high ΔHm values, strongly 
correlated to physical entanglements within the blend developed during melt crystallization [25]. 

 
Figure 4 - Melt crystallization (left) and second heating run (right) of plain PEO and SPE based films. 

 
Thermogravimetric (TG) and derivative thermogravimetric (DTG) analyses have been considered to 
investigate the thermal stability of solid polymer electrolyte (SPE) films. The analyses were conducted 
using a Perkin-Elmer Pyris Diamond TGA/DTG analyzer, with samples heated from 25 °C to 600 °C 
at 10 °C/min under nitrogen flow. The TG and DTG curves of the SPE films (Figure 5) showed a single 
major weight loss step, followed by lithium triflate degradation at higher temperatures. All SPE 
systems displayed enhanced thermal stability compared to neat PEO, due to the inclusion of 
reinforcing and stabilizing agents within the polymer matrix. 
In SPE0, SPE1, SPE2, and SPE3, polymer degradation started at higher temperatures and extended 
to 450°C, due to the dominant reinforcing effect of sepiolite [26]. This suggested tight intermolecular 
entanglements between components, leading to mutual stabilization. The single sharp degradation 
patterns in both TG and DTG curves indicated good physical compatibility within the blends. 
Conversely, SPE4 was significantly influenced by the high PEG 1000 concentration, causing a shift in 
the entire thermal degradation profile towards lower temperatures due to the prevailing plasticizing 
effect [27]. 
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Figure 5 - TGA (left) and DTG (right) of PEO and SPE based films under nitrogen. 

 
Table 2 - Thermal parameters of SPE based films and neat polymers measured by DSC and TGA 
analysis. The values of crystallization and melting enthalpy in parentheses (ΔH) and the crystallinity 
(χ) are normalized with respect to the weight fraction of the polymer in the blend. 

 ΔHc [J/g] 
± 2% 

Tc,onset [°C] 
± 2% 

Tc [°C] 
± 2% 

ΔHm [J/g] 
± 1% 

Tm [°C] 
± 2% 

Tonset [°C] 
± 2% 

Tpeak [°C] 
± 2% 

Χc [%] 

PEO 146.9 -31.7 -40.6 121.8 66.4 366.7 400.2 59.4 
SPE0 118.2 -51.7 -64.0 117.4 62.4 391.9 419.7 65.4 
SPE1 117.4 -21.7 -36.4 118.4 61.3 388.7 419.0 66.0 
SPE2 140.7 -18.3 -30.5 133.5 60.5 383.8 421.3 74.4 
SPE3 119.2 -22.5 -33.8 136.1 61.2 386. 419.8 75.9 
SPE4 134.3 -20.8 -34.4 123.8 60.9 376.1 409.0 69.0 

 
Scanning electron microscopy (SEM) was used to analyze the morphology of the samples, which 
were sputter-coated with a gold-palladium alloy layer before observation. The micrographs were 
acquired at room temperature under high vacuum conditions. 
Figure 6 shows the results of the SEM analysis. The SPE0 sample (Figure 6a) has a non-uniform and 
highly structured polymer surface with fine and homogenous distribution of rod-like sepiolite filler 
domains. The presence of PEG plasticizers alters the polymer surface morphology. SPE1 (Figure 6b) 
has a homogeneous, smooth, and continuous polymer surface with very fine sepiolite particles 
dispersed amongst the polymer chains [28]. In contrast, SPE2 (Figure 6c) has a distinct surface 
topography, with a continuous but roughened polymer surface and good interfacial adhesion between 
the polymer matrix and plasticizer. The polymer interaction appears to influence the surface 
morphology's crystalline pattern, with a tightly packed and robust texture of the macromolecular chain 
distribution. Well-dispersed and well-embedded sepiolite particles are also observed in SPE2. 
 

 
Figure 6 - SEM micrographs of SPE0 (left), SPE1 (center) and SPE2 (right) surfaces. 
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In addition, tensile tests (Figure 7) were conducted on dumbbell-shaped film specimens using an 
Instron 4301 dynamometer. The tests were performed at 23 ± 2 °C, 45 ± 5% relative humidity, and a 
crosshead speed of 2 mm/min. Thickness (t), Young's modulus (E), failure stress (σf), and strain (εf) 
were determined as average values of six measurements (Table 3). 
The addition of lithium salt generally reduced mechanical properties compared to other PEO-based 
compositions. The SPELi system, containing only PEO and lithium salt, exhibited the lowest elastic 
modulus due to the absence of inorganic filler. The lack of sepiolite in SPELi led to a significant 
decrease in the Young Modulus and detrimental values for failure strain [29]. 
Except for the SPE1 formulation, other SPE-based composites showed increased tensile stiffness with 
plasticizer addition, contrary to initial expectations. This is likely due to the increased flexibility induced 
by the plasticizer promoting greater crystallinity within the PEO matrix. Both plasticizers increased 
tensile strength, with a more pronounced effect for PEG 1000 compared to PEG 1550. 
The mean values of failure stress decreased monotonically as the PEG 1550 content increases, while 
an opposite effect was observed in the presence of PEG 1000. The observed trends can be attributed 
to the interplay between increased matrix chain flexibility and the nucleating action of sepiolite. Failure 
strain also reflected the plasticizer influence on crystallinity, with formulations containing PEG 1550 
showing an increase in strain for a plasticizer content equal to 0.21 wt.% and then a slight decrease 
for higher contents, while formulations with PEG 1000 displayed an exactly reversed trend. 

Table 3 - Tensile test parameters for each adopted formulation. 

 
 
 
 
 
 
 
 
 

 

 
Figure 7 - Stress-strain curves for each adopted formulation. 

 

3. Functionalization of the Cathode 
The performance of the functionalized cathode to be included in the theorized SB configuration is 
reported. Multiple attempts have been made to deposit LiFePO4 particles on a Carbon Fiber (CF) 
fabric with an innovative technique, namely spray coating combined with pretreatment by plasma 
technique. The latter improves the chemical and physical surface properties of the fabric by increasing 
its adhesion. Both original fabric and the functionalized one were then characterized by TGA and SEM 
analyses.  
To deposit LiFePO4 on the CF fabrics, it was planned to dissolve the latter within a solution. Numerous 

Sample t [mm] E [MPa] εf [%] σf [MPa] 
SPELi 0.092 99.0±13.27 3.5±0.4 1.1±0.2 
SPE0 0.130 331.7 ± 30.0 4.5 ± 07 1.2 ± 0.1 
SPE1  0.145 305.6 ± 13.1 5.9 ± 2.6 1.1 ± 0.4 
SPE2 0.130 343.8 ± 10.8 4.8 ± 0.8 1.2 ± 0.2 
SPE3 0.148 397.9 ± 46.9 6.4 ± 1.5 0.8 ± 0.5 
SPE4 0.103 426.4 ± 65.3 3.8 ± 0.4 1.9 ± 0.1 
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attempts were made to identify which solution was suitable. A first attempt was made using only 
distilled water, as it would have been the greenest solution. The attempt reported negative results as 
LiFePO4 precipitated instantly. The other attempts were made with acid-type solutions, to increase 
the chances of dissolving LiFePO4. Therefore, solutions containing HNO3, HCl, and H2SO4 with 
different molar combinations have been considered. Figure 8 shows the preparation process for the 
solution containing LiFePO4 used to impregnate the CF fabrics, in which the gradual change in the 
solution color is shown. 
 

 
Figure 8 - Steps in the preparation of the solution chosen for CF tissue impregnation: solution of 

HNO3, HCl and H2SO4 (left), LiFePO4 addition (center) and dissolution (right). 

 
Therefore, the solution was spray coated on the CF fabric, both as-is or pretreated by plasma 
technique, as showed in Figure 9. Plasma treatment was carried out on CF fabrics to improve surface 
wettability and roughness over time [30, 31]. The as-is CF fabric exhibits significant thermal stability, 
which is reflected by a 3% weight loss at 600°C. The fabric impregnated with LiFePO4 without plasma 
pretreatment exhibits a 5% weight loss at 450°C, whereas the pretreated CF fabric exhibits greater 
thermal stability since it showed an 8% weight loss at 525°C, which is an indication that the solution 
has stabilized the fabric. Figure 9 also shows the TGA profile for the LiFePO4. It exhibits a weight loss 
greater than 85% at 600°C, indicating that all the weight loss observable in the impregnated CF fabrics 
is attributable to the salt itself. 
Figure 10 presents the outcomes of the SEM analyses, validating the efficacy of the plasma treatment 
technique. The comparison among the untreated CF sample, the CF sample with direct LiFePO4 
deposition, and the plasma pretreated one is illustrated. Notably, the untreated CF sample is visibly 
free from any particles, whereas the CF sample with direct LiFePO4 deposition displays white dots, 
indicating the successful adherence of LiFePO4 particles on the fabric itself. Finally, the plasma 
pretreated CF sample reveals an increased number of LiFePO4 particles deposited on its surface, 
substantiating the effectiveness of the applied treatment. 
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Figure 9 - TGA profiles for CF fabrics, both as-is or spray coated (left) and for LiFePO4 (right).  

 

 
Figure 10 - SEM micrographs of the CF sample (left), the CF sample with direct LiFePO4 deposition 

(center), and the plasma pretreated one (right). 

 

4. Assembly of the Structural Battery Demonstrator 
The assembly of the Structural Battery demonstrator involved compacting the various components, 
as depicted in the exploded view in Figure 11. The compaction was performed using a hydraulic press 
set at a temperature of 60°C, following a predetermined pressure profile. 
 

 
Figure 11 – Breakdown view of the Structural Battery components. 

 
Upon assembly, the potential difference (ddp) of the battery was measured by connecting the current 
collectors of the demonstrator to a digital multimeter. A voltage value of 205 mV was recorded, as 
shown in Figure 12. The battery was then connected to a DC generator with a current of 100 μA. After 
a charging time of 10 minutes, a ddp value of 1.2V was observed.  
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Figure 12 – First voltage measurement for the SB demonstrator. 

 
The charging current was gradually increased, and the battery reached a maximum ddp value of 2.6V. 
An LED was then connected to SB current collectors to confirm its functionality, as shown in Figure 
13. 
However, during the compaction process, partial leakage of the solid-state electrolyte layer was 
observed from the central area of the demonstrator, where contact between the electrodes was likely 
to occur, resulting in short-circuiting phenomena. To address this issue, adhesive tape was applied 
to the ends of the electrodes. This modification significantly improved the ddp stability.  
 

 
Figure 13 – LED connecting to SB current collectors confirming its functionality. 

 

5. Conclusions 
This study focused on the development and characterization of solid polymer electrolyte films using 
PEO as the polymer matrix, PEG with varying molecular weights as plasticizers, SEP as a mineral 
carrier for salt ions, and lithium triflate as the inorganic electrolyte. The study explored diverse material 
compositions by modifying the PEG content while keeping PEO and lithium triflate constant. 
Thermal, structural, morphological, and mechanical analyses reveal promising characteristics for the 
use of SPE films in structural batteries. The properties of the different blend compositions, such as 
polymer plasticization, thermal stability, mechanical rigidity, toughness, and flexibility, can be 
modulated through specific hydrogen bonding between the polar residues of polymers, SEPmod 
surface and channels, and lithium ions. 
Notably, the one-pot solution processing via melt mixing and compression molding offers a 
sustainable, eco-friendly, cost-effective, and scalable approach for SPE fabrication.  
Furthermore, several solutions were prepared to obtain a mixture capable of solubilizing LiFePO4. On 
the CF fabric surface. Coating with different solutions containing LiFePO4 was performed by means 
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of spray coating process. To make the CF surface more hydrophilic, plasma treatment was used. Both 
as-is and functionalized CF surfaces were characterized by thermogravimetric and morphological 
analysis. The samples showed different properties attributable to the presence and relative amount 
of LiFePO4. However, further electrochemical investigations, such as impedance and cyclic 
voltammetry measurements, are necessary to verify the amount of LiFePO4 deposited on the tissue 
and whether it is sufficient for the functionalized sample to have an adequate specific capacity.  
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