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Abstract


With the widespread application of lithium-ion batteries (LIBs), safety performance has become a critical factor limiting the commercialization of large-scale, high-capacity LIBs. The main reason for the safety problem is that the electrolytes of LIBs are extremely flammable. Adding flame retardants to conventional electrolytes is an effective method to improve battery safety. In this paper, trimethyl phosphate (TMP) and trimethyl phosphite (TMPi) were used as research objects, and the flame-retardant test and differential scanning calorimetry (DSC) of the electrolytes configured by them were first carried out. The self-extinguishing time of the electrolyte with 5% TMP and TMPi is significantly reduced, achieving a flame-retardant effect. Secondly, the electrochemical performance of LiFePO4|Li half-cells after adding different volume ratios of TMP and TMPi was studied. Compared with TMPi5, the peak potential difference between the oxidation peak and the reduction peak of the LiFePO4|Li half-cell with TMP5 added is reduced, the battery polarization is reduced, the discharge specific capacity after 300 cycles is large, the capacity retention rate is as high as 99.6%, the discharge specific capacity is larger at different current rates, and the electrode resistance is smaller. TMPi5 causes the discharge-specific capacity to attenuate, which is more obvious at high current rates. LiFePO4|Li half-cells with 5% volume ratio of flame retardant have the best electrochemical performance. Finally, the influence mechanism of the phosphorus valence state on battery safety and electrochemical performance was compared and studied. After 300 cycles, the surface of the LiFePO4 electrode with 5% TMP added had a smoother and more uniform CEI film and higher phosphorus (P) and fluorine (F) content, which was beneficial to the improvement of electrochemical performance. The cross-section of the LiFePO4 electrode showed slight collapse and cracks, which slowed down the attenuation of battery capacity.
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1. Introduction


Lithium-ion batteries, with their high energy density and high voltage, have become a research hotspot for energy storage devices and have been widely used in small portable devices and energy storage power stations [1]. At present, most lithium-ion batteries use highly flammable organic carbonate solvents as the main component of the electrolyte. These electrolytes have a low flash point and pose a great safety hazard. Due to the high energy density of lithium-ion batteries, overcharging or short-circuiting can cause the electrolyte to decompose, generating heat and flammable gases [2]. When the heat generated inside the battery is greater than the diffusion amount, it will cause serious combustion and explosion. Therefore, large-capacity batteries have more stringent requirements on safety performance. The flame-retardant mechanism inside lithium-ion batteries is more effective than external safety protection measures [3]. Obviously, the use of flame-retardant additives is one of the most effective ways to improve the safety performance of lithium-ion batteries.



At present, it is generally recognized that effective flame retardants commonly used in battery applications include organic phosphorus flame retardants [4,5,6,7], halogenated carbonate flame retardants [8,9,10], composite flame retardants [11,12,13] and ionic liquids [14,15]. The flame-retardant mechanisms of different flame retardants are not the same. Taking phosphorus-based flame retardants as an example, their flame-retardant mechanisms include condensed phase catalytic carbonization and gas phase free radical capture mechanisms. The gas phase free radical capture mechanism is that when the temperature rises, the flame retardant will decompose and generate substances that can capture the highly active free radicals generated during the combustion process [8]. For example, organic phosphorus-containing flame retardants will decompose at high temperatures to produce phosphorus-containing free radicals [P]· [16]. Organic halogen-containing flame retardants release halogen-free radicals such as Cl· and Br· in high-temperature environments. These free radicals can also effectively capture free radicals in combustion, thereby reducing the rate of the spread of flames. There are few reports explaining the effect mechanism of phosphorus-containing flame retardants with different phosphorus valence states on the safety and electrochemical performance of lithium-ion batteries.



This paper takes trimethyl phosphate (TMP) and trimethyl phosphite (TMPi) as research objects, conducts flame-retardant tests and electrochemical characterizations on the electrolytes configured with them, and explores their role in improving the safety of LIBs. Taking into account factors such as flame-retardant efficiency and electrochemical performance, the most appropriate amount of flame retardant is discussed, the electrochemical performance of LiFePO4|Li half-cells after adding TMP and TMPi is studied, and the mechanism of the phosphorus-based valence state on battery safety and electrochemical performance is explored from an experimental perspective.




2. Experiment


2.1. Experimental Materials and Instruments


The experimental materials were all purchased from commercial manufacturers, as shown in Table 1. The materials were all battery-grade or analytical-grade, which were of very high purity.



Lithium iron phosphate was battery-grade and purchased from Shenzhen Tianchenghe Technology Co., Ltd. Beijing, China. Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) were used to characterize the chemical properties and crystal structure of lithium iron phosphate (LiFePO4), and the results are shown in Figure 1. FTIR was used for the identification of functional groups found on the surface of the nanomaterials. The lower region of the spectrum (below 1500 cm−1) is usually represented for the bonds by inorganic molecules, so the FTIR spectra of the prepared pristine LFP were only focused between 400 and 1400 cm−1, which is shown in Figure 1a.



As can be seen from Figure 1a, the characteristic absorption peaks of lithium iron phosphate (LiFePO4) showed two broad characteristic absorption bands. The first adsorption band (e.g., at 965.14, 1053.6, 1094.7, and 1137.9 cm−1) in the upper region of the spectrum (930–1120 cm−1) was assigned to the intermolecular stretching vibration modes of the [PO4]3− group, and the second adsorption band (e.g., at 549.45, 578.26, 635.88 cm−1) in the lower region of the spectrum (540–660 cm−1) was due to the intermolecular bending vibrations of [PO4]3−. The adsorption bands at 465.08 and 498.00 cm−1 can be attributed to the Li-ion motion. It was indicated that the purchased samples had high crystal purity and were free of other impurities.



Compared with the standard card, the diffraction peaks of the purchased lithium iron phosphate samples completely overlap with the standard card (PDF#40-1499) in Figure 1b, indicating that the intensity of each diffraction peak was relatively large and sharp, and the major diffraction peaks observed in the XRD corresponded to the (200)/(101)/(210)/(011)/(211)/(301)/(311)/(410)/(022)/(222)/(412)/(331)/(040) surface of the crystal lattice.



The original basic electrolyte was a mixture of 1.0 mol L−1 LiPF6 and organic solvents ethylene carbonate (EC), dimethyl carbonate (DMC), and ethyl methyl carbonate (EMC), where the volume mass ratio of organic solvent EC:DMC:EMC wa 1:1:1 (referred to as BE). Different volume ratios of the flame retardants TMP and TMPi were added to 5 mL of the basic electrolyte, as shown in Table 2.




2.2. Experimental Method


2.2.1. Thermal Stability Experiment of Electrolyte


The safety of lithium-ion batteries was related to the thermal stability of the electrolyte. Improving the thermal stability of the electrolyte was an effective measure to improve the safety of lithium-ion batteries. In this paper, the self-extinguishing time (SET) was used to compare the effects of different flame retardants on the thermal stability of the electrolyte. Rectangular ceramic fiber paper (1 cm × 2.5 cm) was selected as the electrolyte test carrier. The rectangular ceramic fiber paper was placed in the electrolyte to be tested with a known mass m1 and fully soaked. It was taken out and moved to a square ceramic crucible and ignited. At room temperature and pressure (25 °C, 101.325 kPa), square crucibles containing rectangular ceramic fiber paper soaked with electrolyte were placed on the sample platform of the solid combustion rate instrument and automatically ignited in a fume hood. The igniter was removed to start timing. The burning time was T. The electrolyte to be tested m2 was measured after the rectangular ceramic fiber paper was taken out. This was repeated 3 times. The SET values were calculated using Formula (1).


  S =    T   M     



(1)







In the formula, T is the total time from the burning to the extinguishing of the electrolyte, unit: s. M represents the mass of the electrolyte soaked in the fiber paper, M = m1-m2, unit: g. The larger the value of SET, the more flammable the electrolyte is. On the contrary, if SET is smaller, it means that the electrolyte is more difficult to burn.



On the basis of the optimization results of the self-extinguishing time, in order to further characterize the flammability of the electrolyte, a differential scanning calorimeter (DSC 3500, NETZSCH, Bavaria, Germany) was used for differential scanning calorimetry (DSC). The experimental samples (13 mg BE, 13.5 mg TMP5 and 13.8 mg TMPi5) were sealed in crucibles of concave pan Al for testing. The purge gas was nitrogen, and the flow rate was 40 mL min−1. The temperature test range was from 25 °C to 300 °C, and the heating rate was 10.0 K min−1.




2.2.2. Battery Electrochemical Performance Experiment


To investigate the influence of flame retardants on the electrochemical performance of batteries, in this experiment, CR2025-type LiFePO4|Li half-cells with different phosphorus-containing flame retardants in the electrolyte, as shown in Table 1, were assembled in a glove box (JMS-1X, Nanjing Jiumen Automatic Technology Co., Ltd., Nanjing, China). The assembled half-cells were subjected to cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests using an electrochemical workstation (CHI760E, Shanghai Chenhua Instrument Co., Ltd., Shanghai, China), and cycle performance and rate performance tests were conducted using a Land battery testing system (CT3001A, Wuhan Land Electronics Co., Ltd., Wuhan, China). The CV curves of the LiFePO4|Li half-cells were tested within a voltage range of 2.5–4.2 V. The cycle performance was evaluated by testing the discharge specific capacity after 300 cycles at a current of 1 C. The rate performance was assessed by testing the discharge specific capacity under different rates of 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, 5 C, and 0.1 C. The EIS spectra were measured after 300 cycles at a current of 1 C.




2.2.3. SEM and XPS Experimental Equipment and Methods


Firstly, the lithium iron phosphate positive electrode sheets before and after the charge and discharge cycles were taken out from the test battery in the glove box, and then the surface of the electrode sheets was cleaned with dimethyl carbonate (DMC) three times. After the DMC evaporated naturally, the surface and cross-sectional morphology of the positive electrode were tested by a scanning electron microscope (model: German Zeiss Gemini300, gold spraying instrument model: Leica ACE200) on the dried electrode, with a test voltage of 5 kV and a magnification of 500–60,000. Similar to the SEM test electrode cleaning preparation process, the cleaned battery electrode sheets were tested using the Thermo Fisher K-Alpha photoelectron spectrometer to analyze the elemental composition and content of the CEI film on the positive electrode surface before and after the cycle. An Al-Kα monochromatic X-ray source was used in an ultra-vacuum environment, with a power of 150 W, a beam spot size of 650 um, a voltage of 14.8 kV, and a current of 1.6 A. The charge correction was performed using surface contamination carbon (C 1 s = 284.8 eV). The vacuum degree of the analysis chamber was better than 1 × 10−9 mbar. The values of the pass energy and energy step were 20 eV and 0.1 eV.






3. Experimental Results and Analysis


3.1. Effect of Phosphorus-Based Flame Retardants on the Thermal Stability of the Electrolyte


The safety of lithium-ion batteries is related to the thermal stability of the electrolyte. Improving the thermal stability of the electrolyte is an effective measure to improve the safety of lithium-ion batteries. This paper studied the effects of TMP and TMPi on the self-extinguishing time (SET) of the electrolyte and then studied the ability of phosphorus-based flame retardants to improve the thermal stability of lithium-ion battery electrolytes. The results are shown in Table 3 and Figure 2.



As can be seen from Figure 2 and Table 3, the self-extinguishing time of the electrolyte with 5% TMP and TMPi added is significantly reduced, and a flame-retardant effect was achieved. Moreover, the self-extinguishing time tended to be flat with the increase in concentration. Therefore, subsequent studies were all based on the electrolyte with 5% TMP and TMPi added. The self-extinguishing time of TMP was slightly higher than that of TMPi overall, and the flame-retardant performance was equivalent. However, the self-extinguishing time of the electrolyte with 5% TMP added was lower than that with 5% TMPi added, and the flame-retardant performance was better, which was consistent with previous studies on phosphorus-based flame-retardant electrolytes [17].



Based on the optimized results of the self-extinguishing time, differential scanning calorimetry (DSC) was further conducted on the electrolytes with 5% TMP and TMPi added, and the results are shown in Figure 3 and Table 4.



As can be seen from Figure 3 and Table 4, within the two temperature ranges of 100–130 °C and 250–300 °C, the decomposition of LiPF6 and the evaporation of the solvent caused two endothermic peaks in BE, TMP5 and TEP5 electrolytes. The first endothermic peak was due to the decomposition of LiPF6. In an inert environment, LiPF6 decomposed to generate solid LiF and gaseous PF5 [18]. The second endothermic peak was due to the evaporation of the solvent in the electrolyte [19]. Compared with BE, the total heat absorbed by TMP5 and TMPi5 electrolytes in a high-temperature environment was reduced, and they had lower peak heat flow and peak temperature at the first or second endothermic peak, respectively. The TMP5 electrolyte had a small amount of the endothermic process at 61.15 °C, which may be due to evaporation of volatile substances or the melting of crystalline substances in the flame retardant. This showed that after adding TMP5 and TMPi5, the intensity of the electrolyte reaction was slowed down, the endothermic process occurred earlier, and the total heat of the electrolyte system was reduced and more stable at lower temperatures.




3.2. The Impact of Phosphorus-Based Flame Retardants on the Electrochemical Performance of LiFePO4|Li Half-Cells


The above study found that compared with TMPi, the electrolyte with 5% TMP added has stronger thermal stability and more stable electrochemical properties. The effects of different volume ratios of phosphorus-based flame retardants on the electrochemical properties of LiFePO4|Li half-cells were further explored through cyclic voltammetry (CV) tests, cycle performance tests, rate performance tests, and electrochemical impedance spectroscopy (EIS) tests, and the compatibility of phosphorus-based flame retardants with lithium iron phosphate materials was further explored.



3.2.1. Cyclic Voltammetry Testing of LiFePO4|Li Half-Cells


The cyclic voltammetry of LiFePO4|Li half-cells with different ratios of TMP and TMPi added were tested, as shown in Figure 4 and Table 5.



After adding flame retardant TMP, the following results were found. (1) The CV curves of LiFePO4|Li half-cells with different volume ratios of TMP showed a pair of redox peaks corresponding to Li+ insertion and deinsertion in the voltage range of 2.5~4.2 V, and no new oxidation or reduction peaks appeared, indicating that adding TMP to the LiFePO4|Li half-cell electrolyte does not cause obvious side reactions in the battery system. (2) Compared with the basic electrolyte, the peak currents of the oxidation peak and reduction peak of the electrolyte with TMP added increased, and the peak potential difference decreased, indicating that TMP reduced the electrode polarization degree of the half-cell and improved the electrochemical stability of the electrolyte. (3) When the volume ratio of TMP added was 5%, the peak potential difference was the smallest, the peak current was the largest, and the symmetry of the redox peak was relatively good. Preliminary analysis showed that the addition of TMP may be conducive to the formation of a more stable CEI (solid electrolyte interface) film on the positive electrode surface. The CEI film not only inhibited the reaction between the electrolyte and the electrode but also allowed more lithium ions to participate in the reversible cycle reaction.



After adding the flame retardant TMPi, (1) the CV curves of the LiFePO4|Li half-cells with different volume ratios of TMPi showed a pair of redox peaks corresponding to Li+ insertion and extraction in the voltage range of 2.5–4.2 V, and no obvious side reactions occurred in the entire battery system. (2) With the increase in the TMPi addition ratio, the peak currents of the oxidation peak and the reduction peak first increased and then decreased, and the peak potential difference gradually increased, indicating that the addition of TMPi affected the number of Li+ ions inserted and extracted, increased the polarization of the battery, and reduced the reversibility. (3) When the volume ratio of TMPi addition was 5%, the potential difference between the peak potentials was relatively small, and the symmetry of the redox peaks was relatively good.



When the addition ratio of TMP and TMPi was 5%, the peak currents of the oxidation peak and the reduction peak were TMP, BE, and TMPi from high to low, and the peak potential difference between the oxidation peak and the reduction peak increased in sequence: 0.205 V→0.222 V→0.223 V. Therefore, TMP improved the electrochemical performance of the LiFePO4|Li battery to a certain extent, while TMPi reduced the electrochemical performance of the LiFePO4|Li battery [17].




3.2.2. Discharge Specific Capacity of LiFePO4|Li Half-Cells


The discharge specific capacities of the LiFePO4|Li half-cell with different volume ratios of TMP and TMPi added were tested, and the results are shown in Figure 5 and Table 6.



At 1C current, for the LiFePO4|Li half-cell using the TMP flame-retardant electrolyte, after 300 cycles, the discharge capacity suddenly increased to the highest value after adding TMP and then gradually decreased. Among them, the half-cell with 5% TMP added had the highest discharge capacity of 181.4 mAh·g−1, and the capacity retention rate was the highest after 300 cycles.



For the LiFePO4|Li half-cell using the TMPi flame-retardant electrolyte, during 300 charge and discharge cycles, compared with the basic electrolyte, the addition of TMPi caused the battery discharge capacity to decrease. The discharge capacity increased in the first 15 cycles, then stabilized, and gradually decayed with the increase in the number of cycles. This may be because the electrolyte was unstable in the first 15 cycles, and the cycle began to stabilize after a complete CEI film was formed on the electrode surface. At the same time, the half-cell with 5% TMPi added had the least decrease in discharge capacity after 300 cycles and had the least negative impact on the battery.



After the first cycle, the discharge specific capacity was TMPi5 < BE < TMP5. After 300 cycles, the discharge specific capacity was still TMPi5 < BE < TMP5, and the capacity retention rate was also TMPi5 < BE < TMP5. TMP5 had a higher discharge specific capacity and capacity retention rate during the 300 charge and discharge processes, showing better cycle performance.




3.2.3. Rate Performance of LiFePO4|Li Half-Cells


The rate performances of LiFePO4|Li half-cells with different ratios of TMP and TMPi were tested, and the results are shown in Figure 6.



When charged and discharged at different current rates of 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, 5 C, and 0.1 C, the LiFePO4|Li half-cell containing TMP flame-retardant electrolyte with 5% TMP showed a higher discharge specific capacity, and the increase in TMP content did not have a significant negative impact on the rate performance of the battery, which was consistent with the cycle capacity (discharge specific capacity) and CV curve results of the LiFePO4|Li half-cell, indicating that TMP improved the electrochemical performance of the half-cell.



At different current rates, the flame retardant TMPi caused the discharge specific capacity of the LiFePO4|Li battery to decrease, especially at high current rates, and with the increase in TMPi content, the battery’s specific capacity decreased more significantly, among which the addition of 5% TMPi had the least negative impact on the LiFePO4|Li battery.



Based on the above results, at different current rates, TMP5 always showed a higher discharge specific capacity, while TMPi5 caused the discharge specific capacity to decrease, and it was more obvious at high current rates. Therefore, the lithium-ion batteries with the addition of TMP5 exhibited better rate performance due to the reduced polarization.




3.2.4. Electrochemical Impedance Spectroscopy of LiFePO4|Li Half-Cells Before and After Cycling


The electrochemical impedance spectra of the LiFePO4|Li half-cells with different volume ratios of TMP and TMPi before and after cycling were tested, respectively. The results and the simulation results of the equivalent circuit diagram are shown in Figure 7. Rs is the ohmic resistance, RCEI and QCEI are the CEI membrane resistance and the double-layer capacitance of the contact interface between the SEI membrane and the electrolyte, Rct and Qct are the charge transfer resistance and double-layer capacitance of the charged particles transferred from the electrode to the electrolyte, and Ws is the diffusion impedance of lithium ions in the solid material. The change of the charge transfer resistance Rct can analyze the stability of the CEI membrane [20,21,22].



Before cycling, that is, after the first activation, compared with the basic electrolyte, the semicircle diameter of the LiFePO4|Li half-cell with 5% TMP and TMPi increased in the high-frequency region, the CEI membrane resistance RCEI increased, the CEI membrane resistance RCEI of 5% TMPi was the largest, the semicircle diameter of the mid-frequency region decreased, the charge transfer resistance Rct decreased, the low-frequency slope decreased, and the lithium ion solid diffusion resistance increased.



After 300 cycles, compared with the basic electrolyte, the semicircle diameter of the high-frequency zone of the LiFePO4|Li half-cell with 5% TMP decreased, the CEI membrane resistance RCEI decreased, and the formed CEI membrane was more stable, while the semicircle diameter of the high-frequency zone of the LiFePO4|Li half-cell with 5% TMPi increased significantly, and the CEI membrane resistance RCEI increased significantly due to membrane damage; the semicircle diameter of the medium-frequency zone of the LiFePO4|Li half-cell with 5% TMP remained almost unchanged, and the charge transfer resistance Rct did not change, while the semicircle diameter of the medium-frequency zone increased with 5% TMPi, and the charge transfer resistance Rct increased. The slopes of the low-frequency zone with the addition of 5% TMP and 5% TMPi both decreased, among which the slope of the low-frequency zone with the addition of 5% TMPi was the smallest, indicating that the addition of TMP and TMPi hindered the diffusion of lithium ions in the solid material, and the hindering effect of TMPi was greater.





3.3. Mechanism of Action


The optimal addition ratio of the flame retardant trimethyl phosphate (TMP) in the LiFePO4|Li battery is 5%, and the optimal addition ratio of trimethyl phosphite (TMPi) in the LiFePO4|Li battery is 5%. Therefore, the volume ratio of 5% was selected to compare and explore the mechanism of action of the phosphorus-containing flame retardants TMP and TMPi with different phosphorus valence states on the performance of lithium-ion batteries.



3.3.1. Analysis of Electrode Surface Morphology


The surface morphology and cross-sectional morphology of the LiFePO4|Li half-cell LiFePO4 electrode before and after 300 C cycling were tested, and the results are shown in Figure 8 and Figure 9, respectively. Figure 8a,b show the SEM surface morphologies of the LiFePO4 electrode before cycling with the base electrolyte (BE) at magnifications of 30K and 60K, respectively. Figure 8c,d show the SEM surface morphologies of the LiFePO4 electrode after 300 cycles with BE at magnifications of 30K and 60K, respectively. Figure 8e,f show the SEM surface morphologies of the LiFePO4 electrode after 300 cycles with 5% TMP at magnifications of 30K and 60K, respectively. Figure 8g,h show the SEM surface morphologies of the LiFePO4 electrode after 300 cycles with 5% TMPi at magnifications of 30K and 60K, respectively.



Comparing the surface morphology of the LiFePO4 electrode before and after the basic electrolyte cycle (Figure 8a–d), the surface of the LiFePO4 electrode before the cycle was relatively flat and smooth, without large-area adhesion, cracks or grooves. After 300 cycles, a relatively smooth CEI film was formed on the surface of the LiFePO4 electrode with a small amount of sediment. Further magnification observation showed that some particles of the LiFePO4 electrode have cracks on the surface, which hinder the migration of lithium ions, increases the interface resistance, and causes battery capacity decay.



After adding 5% TMP and cycling for 300 cycles, as shown in Figure 8e,f, the CEI film on the surface of the LiFePO4 electrode was relatively uniform and smooth, without cracks on the surface, indicating that TMP5 was conducive to forming a more uniform and smooth surface on the surface of LiFePO4 electrode. The CEI film protected the electrode and inhibited the decomposition of the solvent on the electrode surface.



After adding 5% TMPi and cycling for 300 cycles, as shown in Figure 8g,h, obvious grooves and cracks appeared on the surface of the LiFePO4 electrode, there were deeper cracks on the particle surface, and the CEI film had cracks and was uneven, which may have exposed more positive electrode materials to the electrolyte, produced side reactions, led to a loss of active substances, and accelerated the decline of battery capacity.



Based on the above analysis, comparing the surface morphology of the LiFePO4 electrode after 300 cycles, adding 5% TMP resulted in a smoother and more uniform CEI film, which was beneficial to the improvement of the battery’s electrochemical performance. Adding 5% TMPi will cause cracks and unevenness in the CEI film on the surface of the LiFePO4 electrode, accelerating the decline of battery capacity.



Figure 9 shows the cross-sectional morphologies of the LiFePO4 electrodes before and after 300 cycles. Figure 9a–c displays the SEM cross-sectional morphologies of the LiFePO4 electrode before cycling with the base electrolyte (BE) at magnifications of 5K, 30K, and 60K, respectively. Figure 9d–f shows the SEM cross-sectional morphologies of the LiFePO4 electrode after 300 cycles with BE at magnifications of 5K, 30K, and 60K, respectively. Figure 9g–i presents the SEM cross-sectional morphologies of the LiFePO4 electrode after 300 cycles with 5% TMP at magnifications of 5K, 30K, and 60K, respectively. Figure 9j–l depicts the SEM cross-sectional morphologies of the LiFePO4 electrode after 300 cycles with 5% TMPi at magnifications of 5K, 30K, and 60K, respectively.



Comparing the cross-sectional morphology of the LiFePO4 electrode before and after the basic electrolyte cycle, the particle distribution of the LiFePO4 electrode cross-sectional view before the cycle was relatively uniform, the particle cross-section was smooth and flat, and there were no cracks. After 300 cycles, the LiFePO4 electrode cross-sectional view showed partial particle collapse, continuous cracks appeared, and obvious cracks appeared on the particle cross-sectional view, indicating that after 300 cycles, the internal structure of the active material particles of the LiFePO4 electrode was destroyed, and some of them fell off and collapsed, which hindered the migration of lithium ions and affected the electrochemical performance of the battery.



The cross-sectional view of the LiFePO4 electrode after 300 cycles with the addition of 5% TMP5 also showed partial collapse, but the cross-sectional view of the active material particles was smoother than that in Figure 9f, with slight cracks, which can slow down the attenuation of the battery capacity.



Based on the above analysis, the cross-sectional view of the LiFePO4 electrode after 300 cycles with the addition of 5% TMPi shows that the active material collapsed severely and stuck together, there were many cracks inside the particles, and the structure was severely damaged, which seriously affected the performance of the LiFePO4 electrode.




3.3.2. Analysis of Electrode Surface Composition and Elements


To further understand the surface reaction of the LiFePO4 electrode after 300 cycles of TMP5 and TMPi5 batteries, an XPS test was performed on the surface of the LiFePO4 electrode in electrolyte containing TMP5 and TMPi 5 and in the basic electrolyte before and after 300 cycles. The results are shown in Figure 10 and Figure 11.



Compared with the XPS analysis of the LiFePO4 electrode before cycling, the intensities of P and F were both reduced after cycling, as shown in Figure 10 and Figure 11. This demonstrated that after 300 cycles, the contents of P and F were both reduced. In the C 1s spectrum, the carbon elements on the surface of the LiFePO4 electrode existed in the form of C-C, C-O, C=O, C-F, etc., indicating that the organic compound ROCO2Li and the inorganic carbonate Li2CO3 existed in the CEI on the electrode surface [23,24], and C-F may come from polyvinylidene fluoride (PVDF). Compared with the basic electrolyte, after adding TMP5, the content of carbon elements on the surface of the LiFePO4 electrode, such as C-C, C-O, C=O, and C-F, basically did not change, while the C-O on the surface of the LiFePO4 electrode after adding TMPi5 decreased, and C-F increased, indicating that after 300 cycles, the CEI film on the surface of the LiFePO4 electrode with TMPi5 added was unstable, and PVDF was exposed on the electrode surface, resulting in an increase in the C-F content. In the O 1s spectrum, BE and TMPi5 had O-Li, and the methoxy (R-O-Li) content of TMPi5 was higher, while TMP5 did not have R-O-Li, indicating that TMP may inhibit the decomposition of BE to form R-O-Li. In the P 2p and F 1s spectra, phosphorus and fluorine may exist in the form of LixPOyFz, among which the phosphorus (P) and fluorine (F) content on the surface of the LiFePO4 electrode with TMP5 added was higher, which improves the electrochemical integrity of cells [25,26].



Based on the above analysis results, combined with the effects of TMP and TMPi on the performance of LiFePO4|Li batteries, it was speculated that the phosphorus and fluorine components in the smooth and stable CEI film on the electrode surface were helpful in improving the electrochemical performance of LiFePO4|Li batteries.






4. Conclusions


(1) The self-extinguishing time of the electrolytes with 5% TMP and TMPi added is significantly reduced, achieving a flame-retardant effect. Moreover, as the concentration increases, the self-extinguishing time tends to level off. The overall self-extinguishing time of TMP is slightly higher than that of TMPi, and their flame-retardant performances are basically comparable.



(2) Both phosphorus-containing flame retardants TMP and TMPi can reduce the self-extinguishing time of the base electrolyte and enhance its safety. Considering the electrochemical performances of the LiFePO4|Li half-cells, such as CV curves, cycling performance, rate performance, and AC impedance spectra, the most suitable addition ratio for both flame retardants is 5%.



(3) Compared with TMPi5, the LiFePO4|Li half-cell with TMP5 added has a smaller potential difference between the peak potentials of the oxidation and reduction peaks, indicating reduced battery polarization. After 300 cycles, it has a larger discharge specific capacity and a higher capacity retention rate. Additionally, it exhibits larger discharge specific capacities at different current rates and has lower electrode resistance. In contrast, TMPi5 causes a decline in discharge specific capacity, which is more evident at high current rates. Therefore, the LiFePO4|Li half-cell with TMP5 added has better cycling and electrochemical performance.



(4) After 300 cycles, the surface of the LiFePO4 electrode with 5% TMP added has a smoother and more uniform CEI film, which is conducive to enhancing electrochemical performance. The cross-section of the LiFePO4 electrode shows slight collapse and cracks, but the particle interfaces are smoother, slowing down battery capacity decay. On the other hand, adding 5% TMPi results in a CEI film with gaps and unevenness on the surface of the LiFePO4 electrode. The cross-section shows severe collapse of the active material, particles adhering together, numerous cracks, and severe structural damage, accelerating battery capacity decay.



(5) Compared with BE and TMPi5, the surface CEI film of the LiFePO4 electrode with 5% TMP added contains higher phosphorus (P) and fluorine (F) contents, which improve the electrochemical performance of the LiFePO4|Li battery. There is no R-O-Li, and TMP inhibits the decomposition of the base electrolyte.
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Figure 1. FTIR and XRD spectra for LiFePO4. 
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Figure 2. Self-extinguishing time of different electrolytes. 
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Figure 3. DSC of basic electrolyte and electrolytes with 5% TMP and TMPi. 
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Figure 4. Cyclic voltammetry curve of LiFePO4|Li half-cells with different volume ratios of TMP/TMPi. 
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Figure 5. Discharge specific capacity of LiFePO4|Li half-cells. 
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Figure 6. Rate performance of LiFePO4|Li half-cells. 






Figure 6. Rate performance of LiFePO4|Li half-cells.



[image: Processes 13 02248 g006]







[image: Processes 13 02248 g007] 





Figure 7. Electrochemical impedance spectroscopy of LiFePO4|Li half-cells before and after 300 cycles. 
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Figure 8. SEM surface morphology of the LiFePO4 electrode before and after cycling. 
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Figure 9. SEM cross-sectional morphology of the LiFePO4 electrode before and after cycling. 
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Figure 10. XPS analysis of the LiFePO4 electrode before cycling. 
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Figure 11. XPS analysis of the LiFePO4 electrode after 300 cycles. 
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Table 1. Experimental materials.
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	Material Name
	Grade/Model
	Manufacturer





	Argon gas
	High purity
	/



	Lithium iron phosphate
	Battery grade
	Shenzhen Tianchenghe Technology Co., Ltd., Shenzhen, China



	Acetylene black
	Battery grade
	Shenzhen Tianchenghe Technology Co., Ltd., Shenzhen, China



	Polyvinylidene fluoride
	PVDF5130
	Guangdong Canrd New Energy Technology Co., Ltd., Dongguan, China



	N-methylpyrrolidone
	Analytical grade
	Tianjin Yongda Chemical Reagent Co., Ltd., Tianjin, China



	Trimethyl phosphate
	Analytical grade
	Tianjin Yongda Chemical Reagent Co., Ltd., Tianjin, China



	Trimethyl phosphite
	Analytical grade
	Adamas Reagent Co., Ltd., Shanghai, China



	Electrolyte
	1 M LiPF6/EC: DMC: EMC (1:1:1 wt.%)
	Guangdong Canrd New Energy Technology Co., Ltd., Dongguan, China



	Separator
	Domestic PP
	Shenzhen Tianchenghe Technology Co., Ltd., Shenzhen, China



	Lithium metal sheet
	/
	Nanjing Wanqing Chemical Glass Instrument Co., Ltd., Nanjing, China



	Aluminum foil
	Battery grade
	Shenzhen Tianchenghe Technology Co., Ltd., Shenzhen, China



	Copper foil
	Battery grade
	Hefei Kejing Materials Technology Co., Ltd., Hefei, China



	Ceramic fiber paper
	1 mm × 0.61 m × 1 m
	/










 





Table 2. Composition of electrolyte containing phosphorus flame retardant.
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	Number
	Basic Electrolyte Composition
	Flame-Retardant Volume Ratio/%





	BE (TMP0/TMPi0)
	LiPF6 molar concentration: 1.0 mol L−1

EC:DMC:EMC mass ratio = 1:1:1
	0



	TMP5
	LiPF6 molar concentration: 1.0 mol L−1

EC:DMC:EMC mass ratio = 1:1:1
	5



	TMP8
	LiPF6 molar concentration: 1.0 mol L−1

EC:DMC:EMC mass ratio = 1:1:1
	8



	TMP10
	LiPF6 molar concentration: 1.0 mol L−1

EC:DMC:EMC mass ratio = 1:1:1
	10



	TMP15
	LiPF6 molar concentration: 1.0 mol L−1

EC:DMC:EMC mass ratio = 1:1:1
	15



	TMPi5
	LiPF6 molar concentration: 1.0 mol L−1

EC:DMC:EMC mass ratio = 1:1:1
	5



	TMPi8
	LiPF6 molar concentration: 1.0 mol L−1

EC:DMC:EMC mass ratio = 1:1:1
	8



	TMPi10
	LiPF6 molar concentration: 1.0 mol L−1

EC:DMC:EMC mass ratio = 1:1:1
	10



	TMPi15
	LiPF6 molar concentration: 1.0 mol L−1

EC:DMC:EMC mass ratio = 1:1:1
	15










 





Table 3. Self-extinguishing time of basic electrolyte and electrolytes with different ratios of TMP and TMPi.
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Electrolyte

	
m1/g

	
m2/g

	
t/s

	
m1−m2

	
SET/s g−1

	
Average Value of SET/s g−1






	
BE

	
22.55

	
21.91

	
30.76

	
0.64

	
48.063

	
46.67




	
21.21

	
33.50

	
0.70

	
47.859




	
20.53

	
29.98

	
0.68

	
44.088




	
TMP5

	
28.48

	
27.80

	
18.69

	
0.68

	
27.485

	
27.925




	
27.14

	
18.72

	
0.66

	
28.364




	
26.53

	
17.03

	
0.61

	
27.926




	
TMP8

	
29.54

	
28.92

	
15.18

	
0.62

	
24.484

	
26.472




	
28.31

	
16.81

	
0.61

	
27.557




	
27.67

	
17.52

	
0.64

	
27.375




	
TMP10

	
30.74

	
30.09

	
16.78

	
0.65

	
25.815

	
25.078




	
29.39

	
17.4

	
0.70

	
24.857




	
28.75

	
15.72

	
0.64

	
24.563




	
TMP15

	
30.56

	
29.91

	
15.47

	
0.65

	
23.8

	
23.637




	
29.26

	
15.28

	
0.65

	
23.508




	
28.68

	
13.69

	
0.58

	
23.603




	
TMPi5

	
22.67

	
22.06

	
17.54

	
0.61

	
28.754

	
28.795




	
21.44

	
17.73

	
0.62

	
28.60




	
20.8

	
18.58

	
0.64

	
29.031




	
TMPi8

	
22.94

	
22.27

	
15.85

	
0.67

	
23.671

	
23.43




	
21.62

	
14.94

	
0.65

	
22.985




	
20.93

	
16.31

	
0.69

	
23.638




	
TMPi10

	
23.45

	
22.75

	
16.28

	
0.70

	
23.257

	
23.16




	
22.08

	
15.57

	
0.67

	
23.239




	
21.43

	
14.94

	
0.65

	
22.985




	
TMPi15

	
24.16

	
23.51

	
14.94

	
0.65

	
22.985

	
23.01




	
22.87

	
14.65

	
0.64

	
22.891




	
22.19

	
15.74

	
0.68

	
23.147











 





Table 4. Differential scanning calorimetry results of basic electrolyte and electrolytes with 5% TMP and TMPi.
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	Electrolyte
	Initial Reaction Temperature/°C
	The First Peak Temperature/°C
	The Second Peak Temperature/°C
	The Total Heat Absorbed J g−1





	BE
	96.8
	119.96
	270.79
	398.2



	TMP5
	94.87
	121.56
	259.61
	357.7



	TMPi5
	110.90
	111.53
	259.69
	389.8










 





Table 5. Peak potential differences between redox peaks of LiFePO4|Li half-cells with different volume ratios of TMP/TMPi.
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	Electrolyte Solution
	Oxidation Peak Potential/V
	Reduction Peak Potential/V
	Peak Potential Difference/V





	TMP0 (BE)
	3.545
	3.323
	0.222



	TMP5
	3.539
	3.334
	0.205



	TMP8
	3.557
	3.32
	0.237



	TMP10
	3.572
	3.313
	0.259



	TMP15
	3.563
	3.316
	0.247



	TMPi0 (BE)
	3.545
	3.323
	0.222



	TMPi5
	3.551
	3.328
	0.223



	TMPi8
	3.551
	3.326
	0.225



	TMPi10
	3.562
	3.332
	0.230



	TMPi15
	3.555
	3.322
	0.233










 





Table 6. Discharge specific capacity of LiFePO4|Li half-cells containing TMP and TMPi.
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	LiFePO4|Li Half-Cell Containing TMP and TMPi
	Discharge Specific Capacity After the First Cycle/mAh g−1
	Discharge Specific Capacity After 300 Cycles/mAh g−1
	Capacity Retention Rate/%





	TMPi0 (BE)
	180.7
	175.2
	97.0



	TMP5
	182.3
	181.4
	99.5



	TMP8
	183.3
	173.9
	94.9



	TMP10
	189.6
	172.7
	91.1



	TMP15
	182.3
	162.9
	92.8



	TMPi0 (BE)
	180.7
	175.2
	97.0



	TMPi 5
	174.7
	168.2
	96.3



	TMPi 8
	163.2
	165.8
	101.6



	TMPi 10
	160.2
	161.0
	100.5



	TMPi 15
	157.8
	147.0
	93.2
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