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Abstract- Lithium-ion batteries have emerged as the preferred choice for rechargeable power
sources due to their ability to deliver high voltage, high energy density, and minimal self-
discharge, making them ideal for electronic devices and energy storage applications. Among
the most commonly employed industrial lithium-ion batteries is the 18650 commercial battery,
measuring 18x65 mm, renowned for its rechargeable capabilities. Nonetheless, their
widespread use faces significant safety challenges when subjected to extreme thermal or
electrical stress. This study aims to enhance the safety and electrochemical performance of
18650-type battery cells at room temperature while mitigating the flammability risks associated
with their carbonate-based electrolytes by incorporating an eco-friendly additive, vinyl
triethoxysilane (VTES). Introducing 5 vol.% VTES into the electrolyte proved to be the optimal
composition, resulting in improved cycling performance. This improvement can be attributed
to the formation of stable and uniform surface films on both cathode and anode surfaces. These
findings underscore the promise of VTES as an additive to enhance the safety and
electrochemical performance of lithium-ion batteries, even at an industrial scale. To
quantitatively and qualitatively assess the impact and performance of the VTES organic silicon
compound, a comprehensive set of thermal and electrochemical analyses, including EDX,
SEM, LSV, CV, EIS, TGA/DSC, and SET, were conducted.

Keywords- Lithium-ion batteries; Rechargeable; Power source; vinyltriethoxysilane;
Electrolyte Additive
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1. INTRODUCTION

Lithium-ion batteries have garnered interest for their capacity to deliver elevated voltage,
substantial energy density, and minimal self-discharge in electronic devices and energy storage
applications [1,2]. Although liquid electrolyte setups have proven effective in commercial
lithium-ion batteries, the heightened flammability of these liquid-based electrolytes can lead to
thermal runaway issues in such batteries [3,4].

Furthermore, the performance of lithium-ion batteries is significantly impacted by the type
of electrolyte employed, making it a pivotal factor. Consequently, enhancing the safety and
electrochemical stability of electrolytes can have a positive influence on the overall safety and
electrochemical performance of lithium-ion batteries. Numerous methods have been explored
in pursuit of these objectives. Research in this area has concentrated on enhancing electrolyte
safety and thermal stability through the use of safer solvents, electrolyte additives [5-9], organic
phosphorus compounds [10-19], and nitrogen-containing organic compounds [20-24].

While these additives have the potential to enhance the safety of lithium-ion batteries,
certain cases exhibit a decline in electrochemical performance. Moreover, some of these
additives are prone to reduction on the electrodes, leading to a noticeable reduction in ionic
conductivity, often attributed to their high viscosity. In the realm of research, there has been a
particular emphasis on the utilization of film-forming agents, with a focus on organic
phosphorus compounds [25-30] and a range of electrolyte additives [31-47]. These efforts aim
to enhance the electrochemical stability of both the electrolyte and the electrodes within
lithium-ion batteries.

Nonetheless, these additives come with certain drawbacks, such as causing environmental
pollution or posing toxicity risks. Consequently, there is a need for innovative additives that
are environmentally friendly in the context of lithium-ion batteries.

Organosilicon compounds hold significant importance due to their environmental
compatibility. Researchers have explored these compounds as a means to enhance the safety
and electrochemical stability of both the electrolyte and electrodes in lithium-ion batteries,
achieved through the formation of a surface film on either the cathode or anode [48-56].

Regrettably, a few of these compounds present challenges due to their intricate synthesis
processes. It's worth noting that the Si—O chemical bond exhibits greater strength and stability
when compared to the C—O bond. As a result, organosilicon compounds assume a pivotal role
as additives in lithium-ion battery electrolytes. One such example is vinyltriethoxysilane
(VTES), which has been recognized as a safe additive and enhancer of electrolyte
electrochemical performance, with documented use in half-cell lithium-ion batteries [57].

In this study, we explore the utilization of vinyl triethoxysilane (VTES) as an electrolyte
additive (optimized at 5% by volume) to enhance the safety and electrochemical performance
of 18650-type rechargeable Li-ion cells, measuring 18x65mm in size — a prevalent industrial
battery. We conducted these investigations at room temperature. VTES exhibits remarkable
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attributes such as high thermal stability, low viscosity, and minimal toxicity, rendering it
capable of improving the thermal and electrochemical stability of the electrolyte in these cells.
In this research, the incorporation of VTES composition into the production of lithium-ion
batteries can serve as a near-ideal solution both technically and economically. Given that the
cost of 100 ml of VTES composition is approximately $5, it becomes evident that the expense
associated with each 18650 battery containing 5% VTES is remarkably low. Importantly, this
marks the first instance of a silane compound being investigated as an electrolyte additive in
an industrial 18650-type lithium-ion battery. The thermal analysis of self-extinguishing time
rate (SET) and TGA/DSC indicates that the inclusion of VTES compound in the electrolyte
decreases its susceptibility to self-combustion, ignition, and flammability. This enhances the
thermal stability and safety of both the electrolyte and lithium-ion cells. Furthermore,
electrochemical impedance tests demonstrate optimization in parameters, including Warburg
impedance coefficient, charge transfer resistance, electrolyte ohmic resistance, alternating
current density, and lithium-ion diffusion coefficient. Scheme 1 provides an illustration of the
chemical structure of vinyltriethoxysilane (VTES).
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Scheme 1. Chemical structure of vinyltriethoxysilane (VTES)

2. EXPERIMENTAL SECTION

2.1. Materials

Vinyltriethoxysilane (VTES) was acquired from Merck Chemical Co. (Germany). The
electrolyte solution was formulated by introducing varying quantities of VTES into a mixture
of 1.0 M LiPF®6 dissolved in ethylene carbonate (EC): ethyl methyl carbonate (EMC): dimethyl
carbonate (DMC) in a 1:1:1 ratio, obtained from Guotai-Huarong New Chemical Materials
Co., Ltd. (China). Diverse amounts of VTES were integrated into the empty electrolyte within
an argon-filled glove box maintained at less than 1 ppm of H20 and O2. 18650-type battery
cells with a capacity of 1,200 mAh were assembled,using 5 g of the aforementioned electrolyte
with varying VTES content, graphite as the anode, and LiNi0.5C00.2Mn0.302 as the cathode
material. All 18650-type battery cells and CR2032 coin cells were constructed within an argon-
filled glove box.
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2.2. Measurements

The study assessed the flammability of electrolyte variants containing varying amounts of
VTES by measuring their self-extinguishing times (SETs). Specifically, 0.83 grams of
electrolyte with different VTES concentrations were ignited three times to calculate the average
SETs, which were subsequently reported. To assess the heat release during the electrolyte
decomposition, we employed differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) techniques, conducted under an argon (Ar) atmosphere with a heating rate of
10 °C/min, spanning from room temperature to 300 °C. The TGA/DSC thermal analyses were
carried out using a Setaram Evolution TGA & DTA/DSC thermal analyzer from France.
Additionally, linear sweep voltammetry (LSV) experiments were conducted using 1.0 M
LiPF6/EC:EMC:DMC electrolytes with varying VTES content. A Pt wire (99.9%) served as
the working electrode, while Li foil functioned as both the reference and counter electrodes.
The voltage range explored was 0-6 V, and the scan rate utilized was 1 mV s?. Cyclic
voltammetry (CV) was carried out by employing CR2032 coin cells with an Origa-Flex
electrochemical workstation from France. The voltage range spanned from 2.6 to 4.5 V, and
the scan rate was set at 0.1 mV s-1. In addition, electrochemical impedance spectroscopy (EIS)
was executed using the same workstation, involving 18650-type battery cells and covering a
frequency range of 100 kHz to 10 mHz, utilizing a 5 mV amplitude. The impedance spectra
were fitted using Z-view software. Lastly, charge and discharge performance assessments were
performed on 18650-type battery cells using the Neware battery tester BTS-4000 system from
China.

The 18650 battery cells underwent charging and discharging cycles within a voltage span
of 3.0 to 4.2 V at current rates of 0.2 C, 0.5 C, and 1 C. We analyzed the cathode and anode
surfaces using field-emission scanning electron microscopy (FE-SEM) with a TESCAN-
VEGAZ3 instrument from the Czech Republic. Afterward, the electrodes were cleansed with
anhydrous dimethyl carbonate (DMC) three times to eliminate any residual electrolyte
components. Subsequently, they were subjected to vacuum drying at 40 °C for surface
characterization.

3. RESULTS AND DISCUSSION
3.1. Thermal stability of electrolytes

To assess the efficacy of VTES in enhancing the safety of a lithium-ion battery electrolyte,
we conducted SET, TGA, and DSC analyses. Figure 1 illustrates the SET values for a range of
1 M LIiPF®6 electrolytes, each with varying VTES concentrations. The SET for the electrolyte
lacking VTES was 73.17 s g-*, whereas the electrolyte containing 10 vol.% VTES exhibited a
lower value of 56.77 s g-*. As the VTES content increased, the electrolyte's SET progressively
decreased. Generally, a reduced SET is indicative of decreased flammability [4]. Consequently,
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the decreased SET in the VTES-modified electrolyte confirms its superior safety and reduced
flammability compared to the VTES-free electrolyte.
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Figure 1. SETs of the 1 M LiPFg electrolytes without and with different VTES content
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Figure 2. (a) TGA (b) DSC curves of the 1 M LiPFs electrolytes without and with different
VTES content
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Figures 2a and 2b display the TG and DSC curves, respectively, of 1 M LiPF6 electrolytes
containing varying amounts of VTES. The TG curves reveal that within the 50-100 °C
temperature range, the electrolyte with VTES exhibited a slower decomposition process
compared to the one without VTES. Additionally, the DSC curves demonstrate a reduction in
released heat as the VTES content increases. In terms of safety assessment, lower heat
generation is a crucial parameter when analyzing DSC curves, as it signifies a safer electrolyte
[58]. Therefore, VTES appears to enhance the thermal stability of the electrolyte, as suggested
by these findings.

3.2. Electrochemical characterization of the electrolytes

Figures 3a and 3b display the linear sweep voltammograms of 1 M LiPF6 electrolytes, both
with and without the addition of VTES. They also illustrate the electrochemical stability
windows. Without VTES, the electrolyte begins to decompose at 4.7 V. However, when VTES
is introduced at concentrations of 2%, 5%, 7%, and 10%, the decomposition thresholds shift to
50V,52V, 46V, and 4.4 V, respectively. Notably, the 5% VTES-containing electrolyte
exhibits remarkable stability, showing no decomposition below 5.2 V. This suggests that VTES
enhances the electrochemical stability of the electrolyte, providing a wider stability window
for lithium-ion batteries.
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Figure 3. (a) Linear sweep voltammograms of 1 M LiPFe electrolytes without and with
different VTES content; (b) Voltammograms of (a) with a larger magnification

3.3. Electrochemical performance

Figure 4 illustrates cyclic voltammetry (CV) curves for LiNiosCoo2Mno302/Li coin cells
employing 1 M LiPFs electrolytes, both with and without the inclusion of 5 vol.% VTES. In
the initial cycle, CV curves of the VTES-containing electrolyte show a smaller difference in
redox peak potentials (V=0.302 V) compared to the VTES-free electrolyte (V=0.387 V),
indicating reduced polarization. Additionally, the diminished current peaks in the VTES-
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containing electrolyte suggest that the surface film enhances stability but does not impact ionic
conductivity.

Notably, the CV curves of the VTES-free electrolyte (as seen in Figure 4a) display a marked
difference between the first and second cycles, likely due to the formation of a solid electrolyte
interface (SEI) film during the initial cycle. In contrast, the first and second cycles of the
electrolyte containing 5 vol.% VTES (Figure 4b) nearly overlap, possibly due to VTES
replacing some electrolyte components, leading to the reversible formation of an SEI film [57].
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Figure 4. Cyclic voltammetry curves of the LiNio.sC00.2Mno302/Li coin cells with 1 M LiPFe
electrolyte (a) without and (b) with 5 vol% VTES recorded at a scan rate of 0.1 mV s

Figure 5a illustrates the performance of 18650-type battery cells with varying VTES
content in 1 M LiPF6 electrolytes, tested at current rates of 0.2 C, 0.5 C, and 1 C over 100
cycles, with operation voltages set between 3.0 V and 4.2 V. Comparisons of the cycling
performance of cells with different VTES content at these current rates are presented in Fig.
5b, 5c¢, and 5d, respectively.

Specifically, at a current rate of 0.2 C, the initial discharge capacities for cells containing
0%, 2%, 5%, 7%, and 10% VTES content are 2157.2 mAh, 2198.5 mAh, 2247.7 mAh, 2160.2
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mAnh, and 2098.9 mANh, respectively. The capacity retentions for these VTES content cells are
98.201%, 98.235%, 98.350%, 98.027%, and 97.188%, as shown in Figure 5b. At the current
rate of 0.5 C, the initial discharge capacities for the VTES content cells mentioned are as
follows: 2064.3, 2097.5, 2130.4, 2056.2, and 1935.9 mAh, with corresponding capacity
retentions of 97.759%, 97.419%, 98.898%, 96.676%, and 92.120% as shown in Figure 5c. In
Figure 5d, the initial discharge capacities for these VTES content cells are 1957.5, 1999.7,
2023.8, 1916.5, and 1641.7 mAh, with capacity retentions of 96.964%, 95.836%, 97.449%,
94.851%, and 91.885%, respectively.

According to the findings, the 18650-type battery cell with 5 vol.% VTES exhibits superior
initial discharge capacity and capacity retention compared to cells containing varying VTES
percentages across all current rates. Therefore, it can be concluded that 5 vol.% VTES is the
optimal amount, providing favorable cycling performance for lithium-ion cells. These results
align with the analysis presented in earlier sections.
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Figure 5. Cycling performance of the 18650-type battery cells with 1 M LiPF¢ electrolytes
containing different VTES content (a) at current rates of 0.2 C, 0.5 C, and 1 C during 100
cycles. (b) at the current rates of 0.2 C (c) 0.5 C and, (d) 1C related to (a)

Figure 6a illustrates a comparison of discharge curves from the initial cycle of 18650-type
battery cells. These cells utilize 1 M LiPF6 electrolytes with varying VTES content. A more
detailed view of these curves can be seen in Figure 6b. The discharge capacities for cells
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containing 0, 2, 5, 7, and 10 vol.% VTES content are 2157.2, 2198.5, 2195.9, 2247.7, 2166.9,
2160.2, and 2098.9 mAh in respective order, as evident from these figures.

Evidently, the cell with 5 vol.% VTES possesses a superior last discharge capacity
compared to cells with different VTES contents. To confirm that 5 vol.% VTES is the optimal
choice, the values of cells containing 4 and 6 vol.% VTES are also assessed, ensuring that 5
vol.% VTES yields the most suitable capacitive performance for 18650-type battery cells.
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Figure 6. (a) Discharge curves related to the first cycle of the 18650-type battery cells with 1
M LiPFe electrolytes containing different VTES content (b) Curves of (a) with a larger
magnification

Figures 7a and 7b depict impedance spectra acquired following a single cycle and 100
cycles, respectively, for 18650-type battery cells both with and without the addition of 5 vol.%
VTES. The data includes experimental results represented by colored points and fitted data
indicated by lines. Each spectrum displays two semi-circles and is fitted using the equivalent
circuit illustrated in the inset of Figure 7a. The impedance parameters adhere to their
conventional definitions [59-61]. The high-frequency semicircle typically corresponds to the
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resistance associated with film resistance (Rfim), while the medium-frequency semicircle
represents charge-transfer resistance (Rct). The low-frequency tail is attributed to Li+ migration
resistance [62]. When fitting the EIS data (as shown in Figures 7a, 7b, and Table 1) for the cell
containing 5 vol.% VTES after one cycle, the resulting values for Rsim and Rct were 0.0098 and
0.0151, respectively. These values are relatively higher compared to those obtained for the
blank electrolyte cell, where Rsiim = 0.0074 and Rt = 0.0084. This can be attributed to a thicker
film formation in the VTES-added electrolyte cell, primarily due to electronic insulation.
Consequently, this thicker film could lead to higher film and charge transfer impedances in the
initial cycles of the cell. However, in the subsequent cycles (beyond the 100th charging), it's
noteworthy that both Rsim and Rct values for the blank electrolyte cell (0.8271 and 8.8033,
respectively) exceed those of the cell with 5 vol.% VTES (0.7762 and 8.4404, respectively).
Notably, the substantial increase in Rt is mitigated when 5 vol.% VTES is present. This
suggests that the film, facilitated by VTES, acts as a more effective passivation layer to
suppress additional electrolyte decomposition in later cycles. This phenomenon is depicted in
Figure 7b, where the second semi-circle in the 5 vol.% VTES cell is smaller in comparison to
the blank electrolyte cell. Furthermore, the Electrolyte resistance (Re) values after both one
cycle and 100 cycles for the cells containing 5 vol.% VTES are lower than those for the blank
electrolyte cells. This is attributed to the lower density and viscosity of VTES when compared
to the electrolyte solvents. These findings strongly suggest that VTES has the potential to
mitigate side reactions occurring on the electrode surfaces, which often impede the diffusion
of Li* ions and lead to excessive growth of the electrode surface film. Consequently, this aids
in maintaining a relatively stable structure of the electrode surface. As observed, these results
align perfectly with the measurements discussed in the previous section.

Table 1. Fitting results of Re, Rfim and Rct values obtained from the 18650-type cells with and
without 5 vol.% VTES after 1 and 100 cycles.

VTES content in
Cycle number Re (Q cm?) Réim (Q cm?) Ret (Q cm?)
electrolyte/ Vol%

0% 0.1524 0.0074 0.0084
1st
5% 0.1448 0.0098 0.0151
0% 1.5050 0.8271 8.8033
100t

5% 1.3524 0.7762 8.4404
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Figure 7. EIS spectra (Nyquist plot) obtained from the 18650-type battery cells with and
without 5 vol.% VTES (a) after one cycle (b) after the 100 cycles. The equivalent circuit used
for fitting EIS spectra of the full cells is shown in the inset

3.4. Surface characterization

To further illustrate the effectiveness of VTES, we conducted surface characterization of
the cycled cathodes and anodes. In Figure 8, you can observe FE-SEM images depicting the
surfaces of these cycled cathodes and anodes. As evident in Figures 8a and 8c, the surfaces of
the cathode and anode that underwent cycling in the electrolyte without VTES exhibit a loose
and heterogeneous appearance due to reactions with the electrolyte. In contrast, when
employing the VTES-modified electrolyte (as shown in Figures 8b and 8d), a distinct layer is
visible on the cathode and anode surfaces. We also conducted Energy dispersive X-ray (EDX)
spectra and MAP (Material Analysis Program) imaging, which are presented in Figures 9, 10,
and 11, respectively, related to these FE-SEM images. These images collectively demonstrate
that the fundamental structure of the cathode and anode surfaces remains unchanged in the
presence of VTES. Importantly, the original electrode structure remains stable within the
18650-type battery cells. Furthermore, these electrode surfaces have become notably more
uniform and homogeneous.

As indicated by previously reported findings, the highest occupied molecular orbital
(HOMO) energy level of VTES surpasses that of the EC, DMC, and EMC electrolyte solvent
molecules. Consequently, VTES is more prone to oxidation compared to the solvents [58].
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Figure 8. FE-SEM images of (a) LiNiosC002Mno30> cathode surface without VTES and (b)
with 5 vol.% VTES in 1 M LiPFe. (c) Graphite anode surface without VTES and (d) with 5
vol.% VTES in 1 M LiPFs electrolytes after 20 cycles
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Figure 9. EDX analysis related to (a) LiNiosC00.2Mno 302 cathode surface without VTES and
(b) with 5 vol.% VTES. (c) Graphite anode surface without VTES and (d) with 5 vol.% VTES
in 1 M LiPFe electrolytes after 20 cycles
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This observation suggests that VTES undergoes decomposition, thereby promoting the
creation of a passivation film on the cathode surface. This aligns with previous research results
[55]. Furthermore, VTES possesses a lower lowest unoccupied molecular orbital (LUMO)
energy level in comparison to the EC, DMC, and EMC electrolyte solvent molecules. This
implies that VTES is a more effective electron acceptor [58]. Consequently, VTES safeguards
the anode by facilitating the formation of a uniform surface film, as depicted in Figure 8d.

Figure 10. MAP analysis images of LiNiosC00.2Mno 302 cathode surface in 1 M LiPFs
electrolyte without VTES related to (a) C, O, Mn, Co, and Ni, (b) C, (c) O, (d) Co, (¢) Mn,
and (d) Ni
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Figure 11. MAP analyze images of LiNiosC002Mno3O. cathode surface in 1 M LiPFs
electrolyte with 5 vol.% VTES related to (a) C, O, Mn, Co, and Ni, (b) C, (c) O, (d) Co, (e)
Mn, and (d) Ni

4. CONCLUSION

This study employed vinyltriethoxysilane (VTES) as an electrolyte additive, with an
optimal content of 5 vol.%, to enhance the safety and electrochemical performance of 18650-
type battery cells at room temperature. The electrolyte containing VTES demonstrates
outstanding thermal stability, low viscosity, cost-effectiveness in preparation, and eco-
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friendliness. Additionally, the modified electrolyte exhibits a broader electrochemical stability
window compared to the unmodified one. The addition of VTES significantly reduces the self-
discharge time (SET) of the electrolyte.

the cycling performance of cells containing 5 vol.% VTES is enhanced through the
formation of stable and uniform surface films on both cathode and anode surfaces. These
findings highlight VTES as a promising additive for improving the safety and electrochemical
performance of lithium-ion batteries, even when implemented on an industrial scale.
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