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The transport performance of lithium ions affects the rate performance of the cathode at different current densities. The poor interface contact between a solid electrolyte and the cathode makes it difficult to transport lithium ions. Adding a solid electrolyte into the cathode material can improve lithium ion transport. In this paper, we prepared some cathodes with different doping ratios, including two common cathode materials (LiFePO4 and NCM811), and tested their rate and long cycle performance. LFP-10 has a specific discharge capacity of 79.75 mAh g−1 at 5C, and the Li+ diffusion coefficient of LFP-10 is 4.91 × 10−13 cm−2 s−1, which is about 13.4 times higher than the pure LiFePO4 sample. The rate performance of an all-solid-state battery has also been improved, and there is still more than 100 mAh g−1 capacity reserved at 60°C and 2C current density. This shows that the introduction of a PEGDA-based solid electrolyte can significantly improve the Li+ transport of the cathode, and the composite cathode also provides support for the future application of all-solid-state batteries.
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INTRODUCTION
Energy is the driving force for the continuous advancement of modern society. Traditional lithium-ion batteries with liquid electrolytes have been deeply studied as an excellent energy storage device (Kulova, 2020; Manthiram, 2020; Chen et al., 2021; Edge et al., 2021; Wang et al., 2021). However, lithium-ion batteries using organic electrolytes have two intractable shortcomings: most electrolytes use flammable organic electrolytes, which has great potential safety hazards (Liu K. et al., 2018; Ould Ely et al., 2019; Liu et al., 2020). Secondly, current lithium-ion batteries have low energy density, which makes it difficult to meet increasing needs, such as electric vehicles (Martins et al., 2021). Solid electrolyte solutions are expected to fundamentally solve these two problems (Mahmood, 2015; Chen et al., 2018a; Gonzalez Puente et al., 2021; Rajagopal et al., 2021). A solid electrolyte usually has high thermal stability; the high temperature resistance means a low risk of thermal runaway. Then, the structure of a solid-state electrolyte battery is lighter than a traditional battery. The solid electrolyte can both transport Li+ and separate the anode and cathode. These features will reduce the volume of a single battery, which is expected to improve the energy density of lithium-ion batteries and alleviate the “range anxiety” problem faced by owners of battery-powered vehicles.
Though the potential commercialization of solid-state electrolytes is amazing, there are still some key problems to be solved. Compared with a liquid electrolyte, the ionic conductivity of a solid electrolyte at room temperature is poor, which limits the rate performance of the battery. In particular, the polymer electrolyte crystallizes easily at room temperature, resulting in fewer free chain segments in the amorphous region used for Li+ migration, leading to a low ionic conductivity (10−6–10−7 S cm−1 at room temperature) (Liu et al., 2017; Chen et al., 2018b; Wu H. et al., 2020; Ding et al., 2021). Adding plasticizers such as succinonitrile (SCN) will effectively improve the ionic conductivity of polymer electrolytes, but this practice will reduce their mechanical properties (Xin et al., 2021). The decline of mechanical properties will lead to poor interface contact between electrode and electrolyte. Simultaneously, the solid electrolyte cannot spontaneously penetrate into the electrode. This “solid-solid interface contact” will lead to extremely high interface resistance, and the increase of the internal resistance of the battery will undoubtedly cause greater difficulties for the transmission of Li+ and intensify polarization, thus affecting the performance of the battery (Shiraki et al., 2018; Dong et al., 2021).
In the past few years, many targeted methods have been proposed. For example, Chen designed an electrolyte membrane structure with cathode support; a layer of electrolyte slurry is cast on the surface of the cathode. The capacity performance of each discharge rate at 50°C is significantly improved compared with the traditional method, and the average discharge-specific capacity at 1C is 110 mAh g−1 (Chen et al., 2019). Similarly, Yun pressed a sulfide electrolyte and electrodes together in a specific container by means of hot-pressing polymerization. While enhancing the interface contact effect, it also effectively inhibits the occurrence of side reactions. The battery has not incurred significant capacity degradation after 50 cycles at a current density of 18 mAh/g (Yun et al., 2022). However, these methods often have high craftsmanship requirements, and the estimation of the quality of electrode materials is not accurate enough. Another method is to mix the solid electrolyte into a cathode to gain a composite cathode. Zhang et al. mixed 10% sodium-based electrolyte into the Na0.44MnO2 cathode and obtained a full battery that can stably cycle 160 times (Zhang et al., 2021). Wu’s team also added 10% polyethylene oxide (PEO) and LiTFSI into LiFePO4, resulting in a stable battery voltage platform and small polarization (Wu N. et al., 2020). Yu mixed a PEGDA-based composite electrolyte component into NCM811 electrode material at a ratio of 25%, and the battery has an average discharge-specific capacity of 69.5 mAh g−1 at 1C at room temperature (Yu et al., 2021).
The second method is an effective way to improve the performance of a battery, but the specific impact mechanism needs to be studied. In this work, we used PEGDA-based Ses to prepare composite cathodes with different doping ratios to explore the regulation mechanism of this modification of Li+ transport. We found that the incorporation of solid-state components is both effective for all-solid-state batteries and has a significant impact on the performance of the cathode itself, especially at high current density. We found the best performance for all-solid-state lithium batteries using LFP-10. It has a discharge-specific capacity of more than 100 mAh g−1 at 2C and 60°C, while the unmodified sample has a very low capacity. This reflects that the lithium-ion transport capacity of the modified cathode has been greatly improved, which has a good application prospect.
EXPERIMENTAL PARTS
Materials
Polyethylene glycol diacrylate (PEGDA, Aladdin, MW = 600), polyethylene oxide (PEO, Aladdin, MW = 600,000), LiFePO4 (Tianchenghe, Shenzhen), NCM811 (Tianchenghe, Shenzhen), Super P (Kejinng, Hefei), PVDF (Solvay), N-methylpyrrolidone (NMP, Aladdin), lithium bis(trifluoromethane sulfonimide) (LiTFSI, Aladdin), anhydrous acetonitrile (Aladdin), succinonitrile (SCN, Macklin).
Preparation of PEGDA-based solid electrolyte
PEGDA and PEO were dissolved in anhydrous acetonitrile at the mass ratio of 1:5. LiTFSI (EO/Li = 12) was added at the same time, then plasticizer succinonitrile (SCN) and inorganic ceramic Li1.25Al0.25Zr1.75(PO4)3 (LAZP) were added in a certain proportion, and finally, a photoinitiator was added. The mass of the initiator accounted for 2% of the total mass of the polymers. After the electrolyte precursor solution completely dissolved, it was placed in a vacuum oven for 2 h to remove bubbles in the solution. The electrolyte slurry was evenly coated on the release film and transferred to a vacuum oven for 12 h at 50°C. The film was irradiated under an ultraviolet lamp for 30 min to obtain the final solid electrolyte membrane (SE).
Preparation of SE-LFP and SE-NCM composite cathode
PEGDA and LiTFSI were dissolved in NMP at a mass ratio of 7:3, and the solute in the solution was recorded as P-L. The cathode powder, PVDF, super P and P-L were dissolved in NMP according to different mass ratios, stirred for 6 h to obtain a uniform ink-like electrode mixed slurry, then coated on aluminum foil and dried at 80°C in a vacuum oven to obtain the required cathode sheet. The active substance mass of the electrode sheet was about 2.5–3 mg. All relevant system structures are shown in Figure 1.
Naming conventions: when the cathode material used is LFP, and the content of P-L added is 10%, it is named LFP-10, and so on. LFP-0, LFP-5 and LFP-15 are distinguished by the content of electrolyte, and the electrode sheet using NCM materials also adopts a similar naming method (NCM-x).
MATERIAL CHARACTERIZATION AND ELECTROCHEMICAL PERFORMANCE TEST
The composition of PEGDA in the cathode was characterized by FTIR. A small amount of cathode mixed slurry was placed in a vacuum oven at 80°C overnight. The corresponding powder and potassium bromide were pressed into a sheet in a solid state to test its IR spectrum; an X-ray diffraction instrument was used to characterize the crystal structure of the positive electrode. A Cu Κα radiation test was performed under the following conditions: the tube current was 40 mA, the tube voltage was 40 kV, the scanning range was 10–90°, the step size was 0.2°, and the residence time of each step was 0.75 s. A scanning electron microscope was used to analyze the surface morphology of active electrode material particles and prepared cathodes.
The charging and discharging performance were tested by a LANDIAN battery tester. The battery voltage test range using the LiFePO4 cathode was 3–4 V; when the cathode is NCM811, the voltage became 3–4.3 V.
The current density of the variable magnification performance test was conducted according to the magnification range of 0.2–10C (LiFePO4, 1C = 170 mAh g−1; NCM811, 1C = 270 mAh g−1). CV and EIS were tested by a CHI660E electrochemical workstation to explore the mechanism of PEGDA-based solid electrolyte improving the Li+ transport performance of the cathode. CV curves were tested with different scan rates at 0.2–0.5 mV s−1, and the voltage range was set to 2.5–4.3 V.
A 5 mV voltage perturbation was used for the EIS test over a frequency range from 0.01 Hz to 0.1 MHz. The EIS curves obtained were fitted to the body resistance Rs and charge-transfer resistance Rct through equivalent circuit fitting. The Li+ diffusion coefficient (DLi+) of the cathode was calculated using CV and EIS data, respectively, through the corresponding formulas.
RESULTS AND DISCUSSIONS
Characterization of cathodes
PEGDA-based SE was used to modify the cathode to improve the transmission of Li+. The FTIR scanning results of each cathode are shown in Figure 2; the C=O (1730 cm−1) and C=C (1638 cm−1) were detected in all cathodes with solid components. The two chemical bonds exist only in PEGDA, which indicates that the cathode modification by PEGDA-based SE has been successfully realized. In addition, NMP is often used in the preparation of cathodes to uniformly mix the active material, Super P and PVDF. However, NMP solvent components may remain during the cathode drying process, which may adversely affect their performance (Bauer and Nötzel, 2014). Fortunately, no characteristic NMP infrared peak was found in the cathodes prepared by us, indicating that there was no residual NMP solvent.
[image: Figure 1]FIGURE 1 | The schematic diagram of the experiment process and structure of ASSLB.
[image: Figure 2]FIGURE 2 | FTIR spectra of electrode samples: (A) LiFePO4 electrode material, LFP-0, LFP-5, LFP-10, LFP-15; (B) NCM811 electrode material, NCM-0, NCM-5, NCM-10, NCM-15.
The physical structure stability of SE and cathode material is key to affecting the performance of the cathode. That LiTFSI is a stable cathode component has been proved by previous research (Wu N. et al., 2020; Yu et al., 2021). Therefore, we only studied the compatibility between PEGDA and the cathode. We tested the XRD curve of all samples after they were placed in an argon atmosphere for 1 month. As shown in Figure 3, the diffraction patterns of the cathodes with PEGDA were the same as those of their control group; that is, PEGDA had no effect on the phase structure of the cathode materials. This shows that the two common cathodes, LiFePO4 and NCM811, can coexist with PEGDA stably without side reactions.
[image: Figure 3]FIGURE 3 | XRD curves of all electrodes: (A) LiFePO4 electrode, LFP-0, LFP-5, LFP-10, LFP-15; (B) NCM811 electrode, NCM-0, NCM-5, NCM-10, NCM-15.
The surface morphology of the cathode sheet will also have an objective impact on the battery performance. Therefore, we observed the surface morphology of the cathodes. The SEM test results are shown in Figure 4. Figures 4A–D show LiFePO4 composite cathodes; the surface of cathodes is flat and rich in pores, which is conducive to the infiltration of the electrolyte. The SEM of a partially enlarged view of cathodes (Figures 4E–H)showsa film on the surface of LiFePO4 particles, which should be PVDF. However, PVDF has poor conductivity to electrons and Li+, which will inevitably affect the Li+ transport of the cathode. Therefore, the introduction of PEGDA-based solid electrolytes will effectively improve the rate performance of cathodes. Figures 4I–L show the surface morphology of the NCM811 electrode. Due to the large particle size of NCM811 (10–20 μm), the surface looks uneven, but in fact, the cathode surface is relatively flat from the macro view. Similarly, Figures 4M–P give the image of a magnified NCM811 cathode. The surface of particles without SE (Figure 4M) is attached with thick massive PVDF and super P aggregates, which will seriously hinder the transmission of Li+. By introducing SE (Figure 4N–P), the adhesion of cathode particles is significantly improved. It is obvious that thin films (PEGDA-based SM and PVDF) and relatively dispersed super-P particles on the surface of NCM811 particles will be beneficial to the infiltration of electrolytes and the transport of Li+.
[image: Figure 4]FIGURE 4 | SEM photos of all samples: (A–D) LFP−0, LFP−5, LFP−10, LFP−15; (E–H) NCM811−0, NCM811−5, NCM811−10, NCM811−15; (I–P) partial enlarged image of cathodes.
Porosity and specific surface area are important performance indexes of advanced materials. For the cathode material, the larger specific surface area provides a larger contact area between the electrode material and the electrolyte, and the porous structure is conducive to the infiltration of the electrolyte. The specific surface area and pore diameter of the samples were obtained through the BET nitrogen adsorption test. The adsorption/desorption curves of several groups of samples showed the characteristic line of a mesoporous structure. The results are shown in Figure 5. In Figure 5A, the specific surface area of LFP-10 (16.43 m2 g−1) is significantly higher than that of LFP-0 (8.52 m2 g−1), which will help the contact between the electrolyte and the cathode, reduce polarization and improve rate performance. The test results of NCM811 material are shown in Figure 5B, but the specific surface area and porosity information of NCM-5 and NCM-0 are not obviously different, which may be related to the larger particle diameter of this material.
[image: Figure 5]FIGURE 5 | The N2 adsorption/desorption curves of some cathodes: (A) LFP-0 and LFP-10; (B) NCM-0 and NCM-5.
Electrochemical performances
First, some batteries with liquid electrolyte were assembled, and the performance of the batteries was tested to determine whether the cathode performance improved. We use liquid electrolyte instead of solid electrolyte because of the poor ionic conductivity of SM, which makes the description of the discharge performance of electrode sheets under high current density incomplete. Therefore, the research starts with a conventional battery. Of course, we have also made corresponding tests on the application of cathodes in all-solid-state batteries (ASSLB), and the experimental results are provided at the end of this paper.
For LiFePO4 cathodes, the LFP-10 assembled battery has the best rate performance (Figure 6A), especially in the case of a high rate (≥5C). Specifically, LFP-10 has a discharge-specific capacity of 79.75 mAh g−1 at 5C, and it still has about 32.48 mAh g−1 even at 10C. In contrast, the capacity of the LFP-0 without SE decreased significantly at the rate of 2C. When the current density increased to 5C, the capacity approached zero. The improvement of rate performance is also fully reflected in another cathode material, NCM811 (Figure 6B). The discharge capacity of NCM-5 doped with 5% PEGDA-based SM is more reliable at high current density, and it has a capacity of nearly 100 mAh g−1 at 5C. By adjusting the doping ratio of PEGDA-based SM, the overall rate performance of the cathode shows a trend of first increasing and then decreasing. When the content of PEGDA-based electrolyte added to LiFePO4 reaches 15%, the rate performance of the cathode is not as good as that of LFP-10 but still higher than pure LiFePO4. Similarly, when the composition of PEGDA-based solid electrolyte exceeds 5%, the performance of NCM811 electrode material begins to decline. Therefore, it is necessary to control the content of the solid electrolyte to improve the electrode performance by doping SM. At the same time, the increase in rate performance reflects that the transmission resistance of Li+ decreases at a high current rate, which indicates that the doping of PEGDA-based SM can improve the transport of Li+.
[image: Figure 6]FIGURE 6 | Rate performance of all samples: (A) LiFePO4; (B)NCM811.
In addition to helping to improve the rate performance of the cathode, as shown in Figure 7A, PEGA-based SM also plays a positive role in prolonging the cycle life of LiFePO4 series batteries. In our experiment, LFP-0 without any PEGDA showed significant capacity decay after only 20 cycles at a 0.5C rate, and the capacity decay reached 74.9 mAh g−1 after 200 cycles (the capacity retention rate was 54.8%). However, the LFP-10 still had 116.8 mAh g−1 capacity retention after 200 cycles (the capacity retention rate was 88.1%). Unfortunately, at the same current density, there is no significant difference in the long cycle performance of each of the NCM811 cathodes (Figure 7B). Their cycle curves all show a slow decline, which is mainly related to the poor structural stability of the NCM811 material itself. At the same time, the low charge-discharge rate of 0.5C may not be enough to show this difference.
[image: Figure 7]FIGURE 7 | Long cycle performance of all samples: (A) LiFePO4; (B)NCM811.
The cathode in the battery system needs to undertake both the external transmission of electrons and the internal insertion and removal of ions. As we know, LiFePO4 is not an ideal electronic conductor, so the cathodes need to be doped with electronic conductors such as super P to ensure their function. The incorporation of ionic conductors into the cathode materials can obviously help LiFePO4 to embed and detach Li+. As an ionic conductor, the incorporation of PEGDA-based SE in the cathode enhances the ability to transport Li+, resulting in the reduction of Li+ transmission resistance. This is well verified in the EIS impedance data tested. As shown in Figure 8A, the impedance information of the battery can be simplified to the equivalent circuit in the illustration: Rct represents the charge-transfer resistance, shows the internal polarization process of the battery, and is usually the main part of the battery resistance; Rs refers to other resistance caused by non-polarization, such as electrolyte and separator resistance. The EIS of the two groups of batteries after 30 cycles are fitted through the equivalent circuit. The LFP-0 of the control group is 110.9 Ω after the cycle. The Rct of LFP-10 in the experimental group was 60.14 Ω, showing a significant decrease in impedance compared with the LFP-0. Meanwhile, for the EIS data after the cycle, the Li+ diffusion coefficients (DLi+) of LFP−0 and LFP−10 are calculated by using Formula 1 (Liu G. et al., 2018).
[image: image]
where R and T represent the gas constant and the absolute temperature of thermodynamics, respectively; n represents the number of electrons transferred by the particle motion: for Li+, this value is 1; S is the effective contact area between the cathode and the electrolyte; CLi represents the Li+ concentration in LiFePO4 material; K represents the charge transfer resistance in the impedance part of the battery relative to ω−1/2 slope. The calculation results are shown in Figure 8B. The DLi+ of the LFP-10 electrode reaches 1.08 × 10−14 cm2 s−1; compared with LFP-0 (8.57 × 10−15 cm2 s−1), it is improved by one order of magnitude. The result shows that the Li+ transport inside the cathode is significantly improved by the incorporation of PEGDA-based SE.
[image: Figure 8]FIGURE 8 | (A) Nyquist plots of electrodes LFP-0 and LFP-10; (B) diffusion coefficients of LFP-0 and LFP-10.
In addition to the AC impedance spectrum, CV data can also support the above view. Figure 9A shows the CV curve of LFP-10 under different scanning rates. With the increase of scanning rate, the oxidation potential of the cathode increases from 3.63 to 3.7 V, only a small increase. At the same time, the curve shows good symmetry, and no extra side reactions are found, which indicates that the reaction of the cathode in the process of Li+ insertion and removal is highly reversible, which brings more than 95% average Coulombic efficiency to the battery and improves the cycle life of LiFePO4. The DLi+ of the cathode is calculated using Formula 2, and the results are shown in Figure 9B.
[image: image]
where Ip is the peak current of the oxidation peak in the CV curve, n represents the number of electrons transferred by the Li+ movement and here takes the value of 1, S is the effective contact area between the electrode and the electrolyte, DLi+ is the diffusion coefficient, v is the preset sweep rate, and CLi is the lithium-ion concentration in the cathode. As shown in Figure 9B, the DLi+ of LFP-0 is 3.66 × 10–14 cm2/s, while the DLi+ of the LFP-10 cathode after doping and modification increased to 4.91 × 10–13 cm2/s, 13.4 times larger than the former. The larger Li+ diffusion coefficient means that the insertion and removal process of lithium ions in the electrode is smoother so as to alleviate the polarization of the cathode and improve the high-rate charging and discharging performance of the battery.
[image: Figure 9]FIGURE 9 | (A) CV curves of LFP-10 at different scan rates; (B) the linear fitting of the peak current versus (scan rate)1/2 for LFP-0 and LFP-10.
The following data relate to its application in an all-solid-state battery. SM is a composite polymer of PEGDA and PEO doped with LAZP and SCN. We tested the rate performance of ASSLB at 60°C. The test results are shown in Figure 10A. In the activation process of the solid-state battery, the capacity of both is almost the same. However, with the increase in charge-discharge rate, the capacity of LFP-0 decays rapidly, and only 10 mAh g−1 capacity is reserved at 2C. In contrast, LFP-10 has only a small decline in capacity at a low rate and has an average specific capacity greater than 100 mAh g−1 at 2C. It is worth mentioning that the performance of ASSLB at room temperature is poor, but LFP-10 can cycle at a small charge and discharge rate of 0.1C (Supplementary Figure S1), and LFP-0 cannot complete the cycle. The main reason for this difference is that SM particles lack fluidity and cannot spontaneously penetrate into cathode materials, making the contact between SM and LFP-0 a “rigid contact.” Poor interface contact leads to the increase of internal impedance and polarization of the battery, resulting in capacity attenuation. The comparison of charge-discharge curves in Figures 10B,C can also prove this point. For the full battery with LFP-10, the charge-discharge curve has a flat platform at each rate, while the capacity of the ASSLB with LFP-0 begins to decrease significantly even at a low current density of 0.2C. This is obviously not useful in commercial applications. The charging-discharging curves of the first cycle of the batteries are shown in Figure 10D. The platform of the battery where LFP-10 is located is maintained at 3.47 and 3.39 V, respectively. However, LFP-0 has obvious polarization during cycling, which will seriously affect the cycle life of the battery.
[image: Figure 10]FIGURE 10 | (A) Rate performance of ASSLB at 60°C; (B,C) charge-discharge curve of LFP-10 and LFP-0 at different rate; (D) charge-discharge curve of LFP-10 and LFP-0 at first cycle, 0.1C.
CONCLUSION
Through simple physical doping, adding solid electrolyte components to cathode materials can significantly improve the lithium-ion transport of the cathode. For LiFePO4, the optimum doping ratio is about 10%, while for NCM811, the ratio is 5%. In these composite samples, the DLi+ of LFP-10 is increased to 4.91 × 10−13 cm−2 s−1, which is 13.4 times that of the LFP-0 sample. The rate performance of the electrode under high current also improved. It has a capacity of 79.75 mAh g−1 at 5C, while the capacity of the original sample tends to zero at 2C. Another material shows similar behavior. Thanks to its high specific capacity, the discharge capacity of NCM-5 at 5C is higher than 100 mAh g−1, about 5 times that of the NCM-0. Improving Li+ transport performance is also beneficial to the ASSLB cycle. Closer contact reduces the polarization caused by the interface impedance of the battery. The LFP-10 battery has a stable charging and discharging platform, which ensures that the ASSLB has a capacity greater than 100 mAh g−1 at 2C (60°C).
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