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Abstract

High-power discharge requirements are critical for lithium-ion batteries (L1Bs) used in electric
Vertical Takeoff and Landing (eVTOL) vehicles that are increasingly considered in urban
mobility. This investigation places a particular emphasis on understanding the impact of
electrolytes on discharge processes and rate capability. We aim to compare the discharge
behavior of LiBs using a conventional electrolyte (Gen 2: 1.2 M LiPF6 in EC:EMC) and the
dual salt LiTFSI-LiBOB-based electrolyte. We carefully examine the profiles of charging and
discharging, the behavior during extended cycles, impedance spectroscopy results, and the
characteristics of the electrode surface. Our research findings demonstrate the complex
relationship between the composition of electrolytes and the specific high-power discharge
requirements of electric vertical takeoff and landing (eVTOL) systems. This research highlights
the importance of customizing electrolyte compositions to optimize energy storage density
while simultaneously enabling higher power extraction to enhance performance in short-range

electric aviation.
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1. Introduction

In today's world, the demand for energy is increasing day by day. Whether it is for our
smartphones, cars, or the exciting new world of flying taxis called electric Vertical Takeoff and
Landing (eVTOL), we need more energy[1-3]. The batteries powering our daily devices are
playing a crucial role in this energy revolution, and lithium-ion batteries are leading the way.
However, as we move towards new frontiers in aviation, such as eVTOLs vehicles, we need
powerful batteries to make them a reality[4-7]. The power requirements become even more
demanding, and the batteries need to provide decent amounts of energy super quickly,
especially during the eVTOL take-off and landing[6, 8]. Current batteries struggle to meet these
high-energy demands, so the research community needs to come up with new solutions[6, 9].
The materials used in the battery are like building blocks, determining how well it can store and
release energy. One crucial aspect involves the selection of the right electrolyte and materials
for the battery application[2, 10-19]. The electrolyte serves as the bridge for lithium ions to
cross between the anode and cathode, while the choice of lithium salts and solvents significantly
influences the battery's performance and stability[17, 20]. By carefully designing these
components, the battery can meet the high-power demand of eVTOL vehicles while ensuring
safety and durability under extreme conditions.

Lithium-ion batteries are a result of advanced chemistry and engineering[21]. The flow of
electrical charge between the positive and negative electrodes is enabled by the mobility of
lithium ions, which is fundamental to their function. These ions bridge the gap between the
negative electrode (typically made of graphite) and the positive electrode (often constructed
with compounds containing lithium, nickel, cobalt, and manganese-based oxides)[13].
However, the battery performance is not solely determined by these electrodes. Standard
electrolytes have been made of lithium hexafluorophosphate (LiPFe) dissolved in organic
solvents[22-24]. It is worth noting that the choice of lithium salt and the precise solvent

composition play a crucial role in shaping the battery electrical power and long-term
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performance stability[10, 11, 19, 20, 25]. The hypothesis that the dual salt electrolyte may
outperform the traditional Gen-2 electrolyte is motivated by previous research [19], which
demonstrated improved fast discharging capabilities with the dual salt (LiTFSI + LiBOB) with
or without LiPF6 as compared to LiPF6 alone. Additionally, the dual salt electrolytes are known
to form a more robust and stable solid-electrolyte interphase (SEI) layer, which can reduce
lithium plating and enhance thermal stability. The present study aims to compare the
performance of two types of electrolytes, Gen-2 and dual salt electrolyte (LiTFSI-LiBOB)[19],
under the high-power demand scenario in an electric vertical takeoff and landing (eVTOL)
vehicle (Figure 1a). We examined their charge-discharge profiles, long-term cycling responses,
and electrode surface morphologies to understand the interplay between electrolyte systems and
rate capability performance. Our research provides insights into the nuanced behavior of these
electrolytes in high-power demand applications.
2. Experimental Section

Two distinct electrolytes were employed in this study: Gen-2 and LiTFSI-LIiBOB. Gen-2
electrolyte (1.2 M LiPFe in EC: EMC) was procured and used without further modification.
The dual salt electrolyte of 1.0 M concentration was synthesized by combining 0.6 M LiTFSI
(1.72 g) and 0.4 M LiBOB (0.774 g) in a 10 mL solution of EC:EMC (3:7 v/v) within an argon-
filled glovebox. The resulting solution underwent overnight stirring in the glovebox. A clear
solution was obtained because of the complete dissolving of the salts in the solvents which was
used for further testing. The CR2032 coin cells were fabricated using NMC811 as the cathode
and graphite as the anode with the resulting electrolyte. The loading of NMC811 was
standardized at 10 mg/cm?, and an N/P ratio (negative electrode capacity to positive electrode
capacity) of =1.16 was maintained. Cathode and anode punches of 14 mm and 16 mm and
Celgard 2325 separators with diameter of 18 mm were utilized for assembling the coin cells. A
constant 100 pL quantity of electrolyte was utilized for all the coin cells. All cell assembly

procedures were conducted in an inert atmosphere within the argon-filled glovebox.
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Electrochemical testing was carried out on a Biologic SP-300 potentiostat with a high-current
booster for carrying out high-rate discharge. All electrochemical testing was conducted inside
ESPEC thermal chambers maintained at 30+1°C. Initial formation cycles involved a constant
current of C/10 from 3.0 V to 4.2 V for three cycles. Subsequent charging was performed at a
1C rate, following an eVTOL discharge profile. In a second set of experiments, cells were
subjected to varying temperatures (20 °C, 10 °C, and 0 °C) under similar electrochemical testing
conditions. The electrochemical impedance (EIS) was performed in the frequency range of
1MHz to 1hz using a sinusoidal voltage amplitude of 20 mV at OCV conditions. The EIS
spectra were fitted using an equivalent circuit model built in ZView software. All the
electrochemical testing were performed using a Biologic potentiostat. The equivalent circuit
model was designed based on the determination of distribution of relaxation processes. Post-
cycling, coin cells were opened within the glovebox, and electrodes were washed with
anhydrous dimethyl carbonate (DMC). All cycled samples were in a discharged state. Surface
morphology analysis was conducted using a Scios 2 FIB-SEM instrument.
3. Results and Discussion

Figure 1la shows the schematic representation of predicted discharge rate requirements with
the state of charge (SOC) for eVTOL profile. The eVTOL mission profile necessitates a high-
rate discharge at high SOC at the beginning of discharge for the lift-off hover and climb steps

Table 1 Details of the eVTOL mission profile

Flight Profile Hover Climb Cruise Descent
6C 2C C/3 3C
Duration (min) 2 5 45 5

Expected Drain 33% 17% 25% 25%

of the profile (6C and 2C), and an equivalent high-rate discharge at low SOC at the end of
discharge for landing hover and descent (3C). Figure 1b represents an electric Vertical Take-

Off and Landing (eVTOL) flying profile, with a corresponding discharge polarization profile
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highlighting the different discharge rates employed within the different segments of the eVTOL

flight. It should also be noted that the duration of these individual segments is different and

detailed breakdown of the mission profile and expected capacity from each segment is outlined
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Figure 1. Schematic representation of a) discharge current versus state of charge, illustrating

the dual salt electrolyte molecule (LiTFSI-LIBOB) and b) electric Vertical Take-Off and

Landing (eVTOL) flying profile, alongside the corresponding discharge current profile during

the process.



in Table 1. It is seen that the significant polarization voltage drops for the initial hover step, as
well as the descent step, while lower polarizations are seen for the climb and the cruise step in
general (Fig. 1b).

The voltage polarization curve and discharge capacity analysis of cells employing Gen-2 and
dual salt electrolyte systems under the Electric Vertical Takeoff and Landing (EVTOL) profile
reveal notable distinctions in performance and cycling durability (Figure 2). The Gen-2 system
exhibits substantial polarization, evident by consistent voltage fade reaching 3 volts even before
completing the final descent segment after 100 cycles (Figure 2a). This pronounced
polarization persists throughout all discharge segments, suggesting a notable decline in

performance over repeated cycling. The voltage decay and capacity loss continue with further
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Figure 2. Charging-discharging behavior and capacity fade comparison of coin cell with
Gen-2 (a, c¢) and Dual-salt (b, d) electrolytes over 500 cycles.
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cycling leading to rapid deterioration in performance. Notably, the absence of the descent
discharge segment within first 100 cycles indicates the inadequacy of Gen-2 electrolyte to
provide energy or power to mission essential segments. In contrast, the dual-salt electrolyte
system shows stable cycling performance over 500 cycles with limited voltage decay as well as
capacity fade. All discharge segments are achieved across 500 cycles which is a significant
improvement over <100 cycles observed with the Gen-2 system. These results indicate a
significant enhancement in cell performance can be achieved by tailoring the electrolyte
chemistry for the demanding load profile of electric Vertical Takeoff and Landing (eVTOL)
vehicles. It is anticipated the partial degradation of Gen-2 electrolyte by running the cell in the

eVTOL protocol possibly enhanced the total cell resistance.
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Figure 3. 50th cycle comparison of charge/discharge in a) Gen-2 and b) Dual-Salt
electrolytes. c) Bar graph of average potential in each segment for both electrolytes.



A snapshot of the discharge curves for both the systems for the 50th cycle is presented in Figure
3. Both cells with Gen-2 and dual salts show identical charge capacity, however, the discharge

profiles are extremely different. The Gen-2 system clearly shows much higher polarization in
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Figure 4. Average voltage in each segment versus cycle number in (a) Gen-2 and (b) Dual-Salt
Electrolyte.

all discharge segments compared to the dual-salt electrolyte indicating a resistive behavior or
transport limitations within the cell. This difference is clearly illustrated in Figure 3c, which

displays a bar chart of the average potential versus each operational segment. It becomes



evident that the dual salt electrolyte consistently maintains higher potential levels in every
operational segment compared to the Gen-2 system. For example, for the descent segment the
Gen-2 systems shows an average potential of 3.15V compared to 3.2 V observed for the dual-
salt system. In general, ~1-2% improvement in the average potential was observed for the 50th
cycle in the different segments. For more detailed insight into the long-term performance of
these cells, the average potential evaluated over 500 cycles individually is presented in Figure
4 for each segment of the eVTOL profile for the two different electrolyte media.

The evaluation of the average voltage in each segment over the cycle life provides valuable
insights into the electrochemical stability of the system. Notably, the descent segment
polarization quickly drops while the climb segment shows a consistent fade over the cycling
duration. In contrast, the average potential measurements in individual segments of the dual
salt electrolyte show very stable behavior. The average polarization data prominently highlights
the enhanced stability achieved with the dual-salt electrolyte. This finding highlights the
significance of electrolyte composition in influencing the overall electrochemical performance
of the eVTOL system. To gain detailed insights into the difference of cell polarization
impedance measurements were performed before and after cycling. The impedance spectra
show distinct profiles for Gen-2 and dual salt electrolyte as shown in Figure 5. Here we have
shown EIS spectra after 1%, 10" and 500" EVTOL cycling protocol for Gen-2 (Figure 5a) and
dual salt electrolyte (Figure 5b). The two electrolytes exhibit very different cell resistance at
different cycling states. It is discernible from the Figure 5 that after the 1st eVTOL cycle the
total cell resistance decreases and again increases for Gen-2 electrolyte (Figure 5a) while dual
salt electrolyte (Figure 5b) displays a gradual decrease of total cell resistance and remains
constant on further cycling. To understand the insight into the change of cell resistance with
cycling of two electrolytes, we calculated distributions of relaxation times after formation cycle
and after 500 cycles. The cells with two electrolytes exhibit two different distributions of

relaxation processes after 500 cycles (supplementary Figure S2 and S3). In the formation cycle,
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both the electrolyte systems display five relaxation processes while after 500 cycles dual salt
electrolyte exhibits additional processes. Based on the relaxation process equivalent circuits
were designed (supplementary Figure S2 and S3) and individual resistances were separated

for after formation cycle and after 500 cycles and are compared in Table S1.
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Figure 5. Electrochemical impedance spectroscopy (EIS) spectra after 1, 10, and 500 cycles

(a) Gen-2 electrolyte and (b) Dual-Salt electrolyte.

It is interesting to notice that the Ohmic resistance of electrolyte solution does not change
between the formation and 500" cycles, whereas the lower frequency interface resistance
changes significantly (Cf. table S1). The lower frequency interfacial resistance after formation
to 500 cycles changes from 73Q to 15Q for the dual salt electrolyte. It should also be noted that
huge changes of interfacial resistance between formation cycle and first eVTOL cycle was
observed for dual salt electrolyte and insignificant change was observed for Gen-2 electrolyte.
Both these results indicate that the presence of a beneficial SEI layer on the anode with the
dual-salt electrolyte that is formed after the eV TOL cycling protocol that facilitates lithium-ion
transport and stabilizes the anode. On the contrary, the lower frequency resistance of cell with
Gen-2 electrolyte increases from 7Q to 13Q between formation and 500" cycles. This is

indicative of formation of resistive layers and could also arise from presence of dead Li on the
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anode surface. It should be noted that other resistive processes almost remain constant (Cf.
Table S1). The differences observed between the two electrolytes can be attributed to their
distinct electrochemical properties and stability. The initial high resistance in both cases is
typical for the first cycle due to various initial processes at the electrode-electrolyte interface.
The reduction in impedance after 10 cycles in the Dual Salt electrolyte suggests favorable long-
term stability, while the increase in impedance in GEN-2 after 500 cycles highlights its
limitations. The obtained cell resistances for Gen-2 and dual salts are very much consistent with

the discharge voltage profile observed in the eVTOL protocol.

(b)

Figure 6. SEM Images of 500-Cycled Cells in Gen-2 and Dual-Salt Electrolytes. (a) Anode
and (c) Cathode for Gen-2 Electrolyte. (b) Anode and (d) Cathode for Dual-Salt Electrolyte.

After the cycling tests, we disassembled the coin cells and conducted a thorough examination
of the surface morphologies of the washed electrodes (Figure 6). Figures 6a and 6b present
scanning electron microscopy (SEM) images of the cycled anode for Gen-2 and dual salt
electrolyte systems respectively. In Figure 6a, it is quite evident that the anode cycled with

12



Gen-2 electrolyte exhibits clear indications of lithium plating. In contrast, Figure 6b, which
represents the anode cycled with the dual salt electrolyte, does not show any signs of lithium
plating. When we examine the SEM images of the cycled cathodes in Figure 6¢ and 6d, we
observe that both systems display spherical particles with evidence of particle cracking in both
the Gen-2 and dual salt electrolyte systems. This microscopic analysis provides visual
confirmation of the differences in electrode behavior between the two electrolyte systems,
particularly highlighting the absence of lithium plating in the dual salt electrolyte system, which
contributes to its enhanced performance in the eVTOL application.
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Figure 7. The charging and discharging behavior at 20°C, 10°C, and 0°C in a) Gen-2 and b)
Dual-Salt Electrolytes. Bar graphs of normalized capacity in each segment at 20°C, 10°C,
and 0°C in ¢) Gen-2 and d) dual-salt electrolyte.

Temperature tolerance is a key metric for eVTOL energy storage systems as they are subjected

to lower temperatures at higher altitudes as well as from different geographical locations. To
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gain deeper insights into the temperature impact on the eVTOL profile discharge, Gen-2 and
dual salt electrolyte coin cells were subjected to testing at three different temperatures: 0°C,
10°C, and 20°C, as shown in Figure 7. The charge and discharge profiles of both systems
closely resemble each other. We have also included data on the normalized capacity for each
segment at these varying temperatures (Fig. 7c, d). It's worth noting that at 0°C, neither system
demonstrated any capacity in the descent region. When comparing the performance in the hover
and descent regimes, it becomes evident that at 20°C, the dual salt electrolyte outperformed
Gen-2 by exhibiting a higher capacity, suggesting a greater power output in the former.
However, at lower temperatures, the dual-salt shows equivalent or even poor performance
compared to the Gen-2 electrolyte. Figure S1 illustrates the conductivity of both the dual-salt
and gen-2 electrolyte systems at different temperatures (30°C, 20°C, 10°C, and 0°C).
Surprisingly, we see that the dual-salt electrolyte system shows lower conductivity throughout
the temperature range investigated. This can help explaining the cycling behavior observed at
different temperatures. At lower temperatures, a notable decline in performance was observed.
The larger salts in the dual-salt formulation hinder the mobility of the electrolyte, resulting in
detrimental performance. In contrast, at room temperature, the potentially higher transference
numbers contribute to mitigating and even enhancing the high-rate performance, despite the
lower overall conductivity. Also, it indicates the lower polarizability of the dual salt electrolyte
compared to Gen-2. These temperature-dependent behaviors highlight the nuanced
performance characteristics of the dual-salt and gen-2 electrolyte systems, offering valuable
insights for their application in diverse environmental conditions.
4. Conclusion

In this work, we compared the performance of two electrolyte systems, Gen-2 and the dual salt
electrolyte, in the demanding context of electric Vertical Takeoff and Landing (eVTOL)
applications. Our investigation involved a detailed examination of charge-discharge profiles,

long-term cycling responses, electrode surface morphologies and analysis of individual
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resistive components before and after long eVTOL cycling. Throughout 500 cycles, the Gen-2
system exhibited signs of polarization and capacity loss, especially noticeable during high-rate
hover and descent phases. In contrast, the dual salt electrolyte system displayed remarkable
stability, retaining both capacity and maintaining low polarization potentials drop throughout
the cycling. Furthermore, when examining the electrode surface morphologies, we observed a
noteworthy absence of lithium plating in the dual salt electrolyte system. In summary, our
comprehensive evaluation demonstrates that the dual salt electrolyte system outperforms the
Gen-2 electrolyte in the context of eV TOL load profiles. Its superior stability, capacity retention,
and lower polarization potentials make it a promising candidate for advanced energy storage
solutions in electric aviation. This research contributes valuable insights to the ongoing efforts
to enhance the reliability and efficiency of energy storage systems in the rapidly evolving field
of eVTOL technology.
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