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Iron-based fluorides are promising alternates for advanced sodium-free battery cathodes due to their large theoretical capacity. However, the rational structural control on the iron-based fluorides toward high-performance batteries is still challenging. To this end, a controllable porous structure on FeF3·0.33H2O sub-microspheres is achieved by a polyethylene glycol (PEG)-assisted hydrothermal method via adjusting the volume of PEG-400. Experimental and molecular dynamic results verify that the formation of small amethyst-like sub-microspheres is mainly ascribed to the steric hindrance reaction of PEG-400, which makes it difficult for F− to combine with Fe3+ to form coordination bonds, and partially hinders the nucleation and growth of FeF3·0.33H2O nanospheres. As a sodium-free battery cathode, the FeF3·0.33H2O sub-microspheres with porous structure and smaller particle size exhibit excellent electrochemical performance with regard to cycle capacity and rate capability (a remaining capacity of 328 mAh g−1 and up to 95.3% retention rate when backs to 0.1 C after 60 cycles).
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INTRODUCTION
With the development of lithium-ion batteries in various fields, abundant disadvantages such as insufficient resources, high costs, and safety issues have gradually emerged, prompting people to explore sustainable alternative energy sources to meet energy storage needs (Kundu et al., 2015; Kim et al., 2016; Li et al., 2017). The low cost, high natural abundance, and storage mechanism of sodium-ion batteries (NIBs), similar to lithium-ion batteries (LIBs), have made them an ideal choice for energy storage applications (Ong et al., 2011; Dai et al., 2017; Xue et al., 2019). Furthermore, sodium and lithium metals have many similarities in physical and chemical properties (Jian et al., 2013; Liu et al., 2016). Hence, people have rekindled interest in the use of NIBs in energy systems (Liu et al., 2015; Chen et al., 2020).
In the past few years, considerable research efforts have been made to improve the electrochemical property of NIBs. However, the use of NIBs is still limited for practical applications. One of the main obstacles is the lack of high-performance cathode materials to store and transfer the energy (Wang et al., 2013). Recently, iron-based fluorides have attracted much attention as alternative materials for battery cathodes. For example, FeF3·0.33H2O and FeF3 materials with high theoretical capacity have been studied in NIBs (Nishijima et al., 2009; Li et al., 2013; Han et al., 2016; Wu and Yushin, 2017; Luo et al., 2019). Particularly, FeF3·0.33H2O nanomaterials possess the unique tunnel structure, which provides significant contribution to enhance the transport of sodium ions (Li et al., 2013). Unfortunately, the band gap of FeF3·0.33H2O will become larger due to the high electronegativity of fluorine, which leads to poor conductivity and capacity decay (Chu et al., 2013). Furthermore, the volume of cathode materials will be expanded and contracted during the cycle, thus restricting the development of FeF3·0.33H2O cathode materials in the storage field (Rao et al., 2016).
To overcome these issues, significant efforts have been devoted, such as mixing with conductive carbon-based materials (CB, SWNTs, or rGO) to increase electronic conductivity (Li et al., 2011; Shen et al., 2015; Jiang et al., 2016) and doping with some metal ions (Cr3+ or Co3+) to reduce the band gap (Bai et al., 2015; Liu et al., 2018). To a certain extent, the above strategies have improved specific capacity of iron-based fluorides, but they will decrease the energy density of NIBs and induce large volume changes (Li et al., 2017). In general, the shape and size of cathode materials have an important influence on the electrochemical property of NIBs. Appropriate morphology and particle size can effectively shorten the ion/electrode diffusion path and provide enough space to greatly reduce the volume effect (Trogadas et al., 2016; Gao et al., 2019). Therefore, improving the synthesis technology and optimizing the shape of the nanomaterials is another effective and reliable method to enhance their properties (Kim et al., 2010). At present, for the synthesis of iron-based fluorides with various geometric forms, the assistance of surfactants has been considered to be an important factor (Fu et al., 2015; Thorkelsson et al., 2015). However, the role of surfactant during the formation of iron-based fluorides is not clear, which is important for the rational structural control for iron fluoride cathodes toward high-performance battery devices.
In this study, PEG-400 was utilized as the dispersant to control the formation and growth of sub-microspheres, thus forming an ideal particle size and morphology. In addition, the formation mechanism of steric hindrance effect and the influence of reaction time and HF concentration on the shape and size of FeF3·0.33H2O products are explored by experimental and molecular dynamic (MD) simulations. It has been found that the amethyst-like FeF3·0.33H2O sub-microspheres with porous structure and smaller size embrace excellent electrochemical properties in NIBs with regard to cycle capacity (a residual reversible capacity of 195 mAh g−1 at 0.1 C after 100 cycles) and rate capability (a remaining capacity of 328 mAh g−1 and up to 95.3% retention rate when backs to 0.1 C after 60 cycles).
EXPERIMENTAL DETAILS AND SIMULATION
Synthesis of FeF3·0.33H2O
A variety of FeF3·0.33H2O sub-microspheres with controllable shape and size were prepared by a PEG-assisted hydrothermal method. Here, iron (III) nitrate nonahydrate (Tianjin Damao, 98.5%), hydrogen fluoride (Comeo, 40 wt%), anhydrous ethanol (Tianjin Fuyu, AR), and polyethylene glycol (Tianjin Damao, AR) were used as the iron source, fluorine source, solvent, and dispersant, respectively. First, ethanol and PEG-400 were mixed in teflon-lined autoclaves with a volume ratio of 40:0, 30:10, 20:20, and 10:30, respectively (the total solvent volume was maintained at 40 ml) and then stirred vigorously for 30 min. Second, Fe(NO3)3·9H2O (2.02 g) was added to the above four different proportions of solvents, respectively, and stirred for 1 h. Afterward, 1 ml HF was dissolved into the solution with continuous stirring for 1 h. Then, the mixed solution was transferred to teflon-lined stainless steel autoclaves and heated at 150°C for 12 h, yielding the products. Finally, the products were repeatedly washed with ethanol solution, followed by drying at 80°C for 12 h to remove un-reacted HF and water. Subsequently, FeF3·0.33H2O samples were obtained by drying in a tube furnace under argon atmosphere at 300°C for 3 h. Besides, these samples with PEG volumes of 0, 10, 20, and 30 ml are marked as P-0, P-10, P-20, and P-30, respectively. The synthesis of FeF3·0.33H2O sub-microspheres is shown in Scheme 1.
[image: Scheme 1]SCHEME 1 | Synthetic route and model of FeF3·0.33H2O sub-microspheres. Left: the picture inside is the crystalline structure of Fe (NO3)3·9H2O. Middle: the complex anion FeF63−, which is formed by the reaction of Fe3+ and F−. Right: three kinds of FeF3·0.33H2O sub-microspheres, whose shapes and sizes can be adjusted by the volume ratio of PEG-400.
Influencing Factors on the Growth
To analyze the impacts of HF concentration on the shape and size of the products, the volume of HF was set as 1, 2, 4, 6, 8, and 10 ml when other conditions were not changed. Accordingly, these products were named H-1, H-2, H-4, H-6, H-8, and H-10, respectively. Furthermore, the growth process of FeF3·0.33H2O sub-microspheres is discussed by the above-mentioned methods. These products were named T-1, T-2, T-4, and T-12 under different reaction times (1, 2, 4, and 12 h), respectively.
Molecules Dynamic Simulation
Based on the experiment, two solution boxes were constructed and optimized initially in MD simulation (see Supplementary Information 1.1 for details).
Characterization
Detailed information of the instrument used for structural characterization (X-ray diffraction (XRD, SmartLab SE), thermogravimetric analysis (TG-DTG, NETZSCH STA 449F3), scanning electron microscopy (SEM, Gemini 300), transmission electron microscopy (TEM, FEI Tecnai F20), high-resolution transmission electron microscopy (HRTEM, FEI Tecnai F20), electron diffraction (SAED, FEI Tecnai F20), X-ray photoelectron spectroscopy (XPS, KAlpha 1,063), and Brunauer–Emmett–Teller (BET, Micro Active of ASAP 2460, United States) model, and electrochemical properties of the products are explained in Supplementary Information S1.2.
RESULTS AND DISCUSSION
Morphology Characterization
As shown in SEM photographs, the original products (P-0; Figures 1A,B) without PEG-400 exhibit uniform spheres (∼1.2 μm) with a relatively smooth surface. The surface of spheres turns rough and the size is slightly reduced (∼1 μm) (P-10; Figures 1C,D), when the volume of PEG-400 reaches 10 ml. When the volume of PEG-400 reaches 20 ml, the shape of the products turns into amethyst-like sub-microspheres (∼300 nm) with porous structure (P-20, Figures 1E,F). The reason is that when the nanoparticles are mixed in the solution (EtOH-PEG), the probability of collision between the particles is reduced, which makes it difficult for the particles to connect together and presents a better dispersion state. Due to different solvents, the modification and structural orientation of nanoparticles are different, resulting in different shapes and sizes of products. Moreover, the element mapping confirms that Fe, O, and F elements uniformly exist in the entire crystal, thus concluding that these elements co-precipitate in any particle, instead of gradually separating in different particles. However, the particle size of FeF3·0.33H2O sub-microspheres (P-30; Supplementary Figures S1A,B) does not further decrease when the volume of PEG-400 reaches to 30 ml, which is related to chain entanglement and particle agglomeration caused by longer molecular chains of PEG-400 and excessive viscosity in the solvent (Niu and Li, 2014).
[image: Figure 1]FIGURE 1 | SEM photographs of FeF3·0.33H2O: (A,B) P-0, (C,D) P-10, (E,F) P-20, and the corresponding mapping images.
The shape and size changes of FeF3·0.33H2O sub-microspheres are further studied with TEM and HRTEM. As displayed in Figures 2G,H, P-20 is indeed different from P-0 (Figures 2A,B) and P-10 (Figures 2D,E), which is connected with the center of amethyst-like sub-microspheres with porous structure. The shell thickness of the prepared FeF3·0.33H2O sub-microspheres largely depends on the Ostwald ripening time of nanomaterials (discussed later). In the HRTEM images (Figures 2C,F,I), the lattice fringes at distances (0.37 and 0.32 nm) match the (0 0 2) and (2 2 0) planes of the standard FeF3·0.33H2O (PDF # 76-1,262), respectively. In addition, the corresponding SAED (inset of Figures 2C,F,I) also verifies the above viewpoint. The above phenomenon shows that the amethyst-like porous FeF3·0.33H2O sub-microspheres (∼300 nm) can be successfully synthesized by adjusting the volume ratio of PEG-400.
[image: Figure 2]FIGURE 2 | TEM, HRTEM, and SAED characterizations of FeF3·0.33H2O: (A–C) P-0, (D–F) P-10, and (G–I) P-20.
Structure Characterization and Analysis
The XRD patterns of FeF3·0.33H2O products are presented in Figure 3A. The diffraction peaks of products perfectly match the standard FeF3·0.33H2O (PDF # 76-1,262) at 2θ = 13.8°, 23.6°, and 27.8°. Furthermore, the diffraction peaks of products gradually weaken along with the increase of the volume of PEG-400, which is caused by the residual organic matters on the surface of the products (Bai et al., 2017). As shown in Figure 3B and Supplementary Figure S2, the weight loss of products is usually ascribed to the removal of surface water of products and the volatilization of PEG-400 (Tang et al., 2018). It can be seen that the ideal temperature for preparing FeF3·0.33H2O sub-microspheres (P-20) is 300°C. As expected, the crystal structure of products changes completely after 400°C and the main component is transformed into FeF3, which can be explained by Eq. 1 and the appearance of FeF2 also means that Eq. 2 is happening. When the temperature reaches at 500°C, the main component of products is still FeF3, and few FeF2 is detected. Hence, all products are heated for 3 h under argon atmosphere without changing the structure of the products.
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[image: Figure 3]FIGURE 3 | (A) XRD patterns of FeF3·0.33H2O. (B) XRD patterns of FeF3·0.33H2O (P-20) at various temperatures. XPS spectra of FeF3·0.33H2O (P-20): (C) the full-spectrum, (D) Fe2p, (E) F1s, and (F) O1s. (G) The variations of particle and crystallite size of FeF3·0.33H2O under different PEG volumes. (H) Nitrogen sorption isotherms of FeF3·0.33H2O (P-20); inset: the corresponding pore diameter distribution curves. (I) The variations of BET surface area and pore size of FeF3·0.33H2O under different PEG volumes.
Considering the analysis of crystallographic parameters, the (0 0 2) crystallographic plane is chosen to calculate the influence of dislocation and lattice strain caused by different PEG content on the shape and size of FeF3·0.33H2O products. According to the Bragg equation (λ = 2dsinθ), the lattice parameters (the value of d, crystal plane distance (h k l)) were calculated. The lattice constants, a, b, and c, were derived from the lattice geometry (Parra and Haque, 2014) as follows:
[image: image]
The average crystallite size of FeF3·0.33H2O particles was obtained by the Scherrer formula:
[image: image]
where D is the average size of the crystal grains, k is the shape factor (for CuKα1 radiation, λ = 1.5406 Å), θ is the scattering angle, and β (0 0 2) is the half-peak width, which is equal to FWHM in radians. Choose (0 0 2) plane to calculate the crystallite size of products (other planes can also use this method). Compared with the d value of the standard FeF3·0.33H2O (PDF # 72-1262), the interplanar spacing d value of prepared samples (P-10, P-20, and P-30) is lower, which indicated that these prepared products have a compressive strain. The broadening of diffraction peaks is caused by crystal distortion and defects, which is called the lattice strain. These parameters can be calculated as follows:
[image: image]
As shown in Table 1, the effect of dislocation and lattice strain for the shape and size of FeF3·0.33H2O products are analyzed by XRD data. It can be seen that as the volume of PEG-400 increases from 0 to 20 ml, the crystallite size of products decreases from 50 to 10 nm with the increase from 3 to 15 in lattice strain (corresponding to P-0, P-10, and P-20), indicating that the proper content of PEG-400 can control the crystallite size by changing the internal strain of products, and then affect the actual particle size. In addition, the strain of P-30 does not continue to increase, which also confirms the view that the actual size of P-30 nanoparticles has not been further reduced.
TABLE 1 | Crystallographic parameter of FeF3·0.33H2O products with PEG-400 content ranging from 0 to 30 ml were analyzed from the X-ray diffraction patterns.
[image: Table 1]The composition and valence state of FeF3·0.33H2O sub-microspheres are verified by XPS. The XPS spectrum in Figure 3C exhibits that P-20 contains Fe, F, and O elements. As shown in Figure 3D, the electron binding energies at 713.3 and 726.8 eV correspond to the 2p3/2 and 2p1/2 orbitals of Fe (III), respectively, and a satellite peaks at 722.8 eV (Jiang et al., 2015; Graat and Somers, 1996). In Figure 3E, the binding energy of F1s peaks at about 684.2 eV, which corresponds well to the Fe-F bonding (Li et al., 2013). In addition, as shown in Figure 3F, the O1s peaks drive from the water molecules in the tunnel and the hydroxyl groups in the hydrated water of the product involved in the formation of crystal structure, which are located at 530.8 and 532.4 eV, respectively. Generally speaking, the reduction of the particle size in the system will increase the specific surface area of the nanomaterials, and the dispersion will be better. The variations of crystallite and particle size of all FeF3·0.33H2O sub-microspheres under different PEG volumes are shown in Figure 3G. It can be seen that FeF3·0.33H2O (P-20) exhibits the smallest crystallite size (∼10 nm) and particle size (∼300 nm), which corresponds well to the above point of view. The variations of specific surface area and pore size of all FeF3·0.33H2O sub-microspheres under different PEG volumes (Figure 3I) can be obtained from the BET data in Figure 3H (P-20) and Supplementary Figures S3A–C (P-0, P-10, and P-30). The pore size can be calculated with the desorption isotherm (inset of Figure 3H and Supplementary Figures S3A–C), and the textural properties of all FeF3·0.33H2O sub-microspheres are presented in Supplementary Table S1. It is obvious that P-20 possesses the highest specific surface area (20.3 m2 g−1) and pore size (15.3 nm), which can facilitate intimate contact between the electrolyte solution and cathode materials, and effectively adapt to the volume changes caused by cathode materials during the cycle, thereby improving the cycle stability and rate property of FeF3·0.33H2O sub-microspheres (Wang et al., 2016).
Molecular Analysis Through Simulation
To further analyze the inhibition behavior of steric hindrance reaction of PEG-400 on the molecular scale, the mean square displacement (MSD) analysis in the EtOH solution and EtOH-PEG (n = 5) mixed solution (modeled as Figure 4A) is shown in Figure 4B (inset: the diffusion of 100 μL ink in the EtOH (40 ml) solution and EtOH (20 ml)-PEG (20 ml) mixed solution after 10 s). Combined with the diffusibility of molecules and F− in the EtOH solution and EtOH-PEG mixed solution (Figure 4C), the self-diffusion coefficient of molecules in the EtOH-PEG mixed solution is greatly reduced than that of EtOH solution alone. It is interesting to note that the diffusion coefficient of F− in the EtOH-PEG mixed solution is almost five times lower than that of the EtOH solution, which means that F− is much difficult to diffuse in the mixed solution. In addition, the diffusion of 100 μL ink in the EtOH solution and EtOH-PEG mixed solution after 10 s also verifies the above point of view. The steric hindrance reaction of the long chain of PEG-400 to the reaction becomes larger, and the effective molecular/ion collisions will be reduced, making it difficult for F− to combine with Fe3+ to form coordination bonds, thus affecting the formation of FeF3·0.33H2O sub-microspheres.
[image: Figure 4]FIGURE 4 | (A) The calculated models for EtOH (40 ml) and EtOH (20 ml)-PEG (20 ml) (n = 5). (B) The MSD analysis of molecules and F− in the EtOH solution and EtOH-PEG mixed solution (I and III represent the mean square displacement (MSD) of F− in the EtOH solution and EtOH-PEG mixed solution, II and IV represent the mean square displacement (MSD) of molecules in the EtOH solution and EtOH-PEG mixed solution); inset: the diffusion of 100 μL ink in the EtOH (40 ml) solution and EtOH (20 ml)-PEG (20 ml) mixed solution after 10 s. (C) The corresponding diffusion coefficient of molecules and F− in the EtOH solution and EtOH-PEG mixed solution. (D) The bond energy between Fe and O atoms in different position (inset: the upper part of the picture is the electron density difference map, in which the blue area is the position where the electron density has been enriched relative to the debris, and the yellow area is the position where the density has been exhausted).
Furthermore, Figure 4D shows the bond energy between iron and oxygen atoms in EtOH and PEG. As indicated, the bond energy of Fe−O2 is stable than that of Fe-O1, which makes it easier for iron atoms to combine with oxygen atoms in the EtOH-PEG mixed solution. Meanwhile, this makes it more difficult for fluorine atoms to replace oxygen atoms to combine with Fe3+ to form FeF63− complex, which partly hinders the nucleation and growth of FeF3·0.33H2O nanospheres from the perspective of steric hindrance. The great difference for the bond energy is mainly due to the effect of neighbor atoms, where oxygen atoms are connected in the form of C-O-H in EtOH while in the PEG solution, oxygen atoms are connected in the form of C-O-C in PEG. This will result in different electron density distribution and electronegativity.
Steric Hindrance and Formation Mechanism
The reason for the formation of amethyst-like FeF3·0.33H2O sub-microspheres (P-20) with porous structure is explained in Figure 5A. According to the route (I) of Figure 5A, the high valence state Fe3+ coordinates with the oxygen atoms in the ethanol molecule without PEG-400. With the addition of the strong electronegative F−, they will combine with Fe3+ to form a coordination bond by substituting the oxygen atoms in the steric position, resulting in the complex anion FeF63- (based on Eq. 6), which is the growth primitive. Then, these complexes grow into FeF3·0.33H2O sub-microspheres under the simultaneous combination of water molecules (based on Eq. 7) (Burbano et al., 2015). The FeF3·0.33H2O nanospheres (P-0; Figures 1A,B) grow uniformly in morphology owing to the lack of the potential barrier caused by the electrostatic interaction of surfactants. Compared with the route (I) of Figure 5A, due to the stronger bond energy of iron and oxygen atoms (Fe-O2 of Figure 4D) in the EtOH-PEG mixed solution, the reaction direction mainly proceeds according to the route (Ⅱ) of Figure 5A. PEG-400 exhibits the high viscosity and the low-speed fluidity, which is equivalent to the steric hindrance during the growth process of FeF3·0.33H2O sub-microspheres (Li et al., 2003). The steric hindrance reaction limits the nucleation process and crystal growth of FeF3·0.33H2O by slowing down thermal motions to reduce the number of effective collisions between molecules and ions (Fe3+/F−), resulting in uneven shapes and reduced sizes of sub-microspheres (P-20; Figures 1E,F). Furthermore, the larger bond energy of iron and oxygen atoms (Fe-O2 of Figure 4D) in the mixed solution makes it more difficult for fluorine atoms to replace oxygen atoms to coordinate with Fe3+ and form FeF63- complex, which also hinders the nucleation and growth of FeF3·0.33H2O nanospheres. Thus, adding an appropriate volume of PEG-400 can effectively hinder the overgrowth of FeF3·0.33H2O sub-microspheres, thereby obtaining the ideal shape and size (Figures 1E,F).
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[image: Figure 5]FIGURE 5 | (A) The two reaction routes with different proportions of solvents; inset: the unit cell of FeF3 0.33H2O along the [100] direction. (B) XRD patterns of FeF3·0.33H2O (P-20) based on different growth times. SEM photographs of FeF3·0.33H2O (P-20) under different growth times (C) T-1, (D) T-2, (E) T-4, (F) T-12, and TEM photographs (G,H) T-12.
To explore the formation process of the amethyst-like FeF3·0.33H2O sub-microspheres (P-20), the shape and particle size of P-20 products are analyzed under different growth times. Figure 5B shows the XRD patterns of P-20 collected at different growth times at 150°C. As the growth time increases from 1 to 4 h, the diffraction peak of P-20 becomes stronger and the width becomes narrower, indicating that the crystallinity of products becomes stronger. As the growth time increases to 12 h, the characteristic peaks of P-20 hardly change. In addition, the SEM images of P-20 obtained under different growth times are shown in Figures 5C–F. The FeF3·0.33H2O spheres obtained after growth time of 1 h show a relatively smooth surface due to the relatively short growth time (Figure 5C). At the same time, the existence of cracked spheres indicates the continuous aggregation process of the growing FeF3·0.33H2O monomers (Figure 5D). With the growth time further increases from 4 to 12 h, the growth of nanoparticles is slow and the shape of spheres hardly change significantly (Figures 5E,F), thus forming the amethyst-like sub-microspheres with porous structure (T-12, Figures 5G,H), which also corresponds to the SEM and TEM images of FeF3·0.33H2O (P-20, Figures 1E,F and Figure 2 G, H). As demonstrated in the above growth process, the FeF63- complex forms stable FeF3·0.33H2O nucleus in the mixed solvent of ethanol and polyethylene glycol. Then, the growing FeF3·0.33H2O monomers transform into sub-microspheres by the aggregation process, making the outer shell of sub-microspheres continue to grow at the cost of the dissolution of the inner nucleus, which can be attributed to the rapid and thorough Ostwald ripening process at high temperature and crystal growth theory (Liu et al., 2018; Liu et al., 2020). Besides, this article also systematically studied the influence of HF concentration on FeF3·0.33H2O sub-microspheres, which is explained in detail in Supplementary Figure S4.
Sodium Storage Property of the Prepared Electrodes
The rate capability (Figure 6A) and the voltage curves for FeF3·0.33H2O cathodes from 0.1 to 2.0 C (1 C = 237 mAh g−1) between 1.0 and 4.0 V are shown in Figure 6B (P-20) and Supplementary Figures S5A–C (P-0, P-10, and P-30). As the current density increases, P-20 electrode exhibits the smallest capacity loss among all electrodes and shows the excellent rate capacities of 345 and 95 mAh g−1 at 0.1 and 2.0 C, respectively. In addition, P-0, P-10, P-20, and P-30 electrodes exhibit the capacities of 130, 162, 328, and 190 mAh g−1 after 60 cycles, with the retention rates of about 88.9, 92.3, 95.3, and 73.1%, respectively. Such excellent rate property of P-20 electrode is largely due to the unique porous structure and smaller size, which can shorten the transmission distance between ions and promote the rapid insertion/extraction process of Na+.
[image: Figure 6]FIGURE 6 | (A) Rate properties of all electrodes between 0.1 and 2 C. (B) The initial charge/discharge profiles of P-20 electrode between 0.1 and 2 C. (C) Cycling properties of all electrodes and the Coulombic efficiency of P-20 electrode at 0.1 C between 1.0 and 4.0 V. (D) Nyquist plots of all electrodes before cycling, inset: the equivalent circuit model. (E) Nyquist plots of all electrodes after 100 cycles.
As shown in Figure 6C, the cycle property of all FeF3·0.33H2O electrodes is tested at 0.1 C between 1.0 and 4.0 V. Since the solid electrolyte phase (SEI) is irreversibly formed in the first cycle of NIBs, all electrodes exhibit a large capacity decay during this period (Li et al., 2012). In the subsequent cycles, P-20 electrode can keep a steady battery capacity, which remains at 195 mAh g−1 after 100 cycles. Notably, according to previous reports on the iron fluoride cathode materials, the cycle property of FeF3·0.33H2O (P-20) sub-microspheres with porous structure is significantly better than other shapes and sizes of FeF3·0.33H2O materials (Supplementary Table S2). The corresponding voltage profiles of all FeF3·0.33H2O electrodes (P-0, P-10, P-20, and P-30) are presented in Supplementary Figures S6A–D. As the number of cycles increases, the voltage gradually decreases steadily, which indicates that all electrodes have undergone severe electrochemical polarization. The higher discharge voltage and lower charging voltage of P-20 indicate that its polarization is the smallest. Therefore, P-20 electrode exhibits the best cycle stability compared with the other three kinds of FeF3·0.33H2O electrodes. Besides, this article also systematically compared the battery performance with anhydrous ferric fluoride, which is explained in detail in Supplementary Figures S8, 9.
As shown in Supplementary Figures S7A–D, the CV analysis of all FeF3·0.33H2O electrodes is performed at 0.2 mV s−1 in the third cycle. Obviously, the shapes of all electrode curves are basically similar, and P-20 exhibits the largest capacity. During the cathodic process, there is a wide reduction peak between 1.8 and 2.6 V, which is the result of the insertion of Na+ into FeF3·0.33H2O crystal structure. During the anodic process, there are two continuous oxidation peaks, which are attributed to the extraction process of Na+.
The EIS tests and the equivalent circuit (inset of Figure 6D) of all FeF3·0.33H2O electrodes (P-0, P-10, P-20, and P-30) at 0.1 C before cycling and after 100 cycles are shown in Figures 6D,E, respectively. The values of Rct of all FeF3·0.33H2O electrodes are summarized in Supplementary Table S3. The Rct values for P-0, P-10, P-20, and P-30 before cycling are 253.1, 140.6, 65.7, and 87.1 Ω and increase to 462.8, 416.0, 213.9, and 305.8 Ω after 100 cycles, respectively. The result shows that the Rct value of P-20 electrode exhibits the smallest increase, indicating that its electrochemical polarization is the smallest. It may be related to the porous structure and smaller size of P-20 sub-microspheres, which can promote the rapid overall permeation of electrolytes, resulting in ideal cycle and rate property (Wang et al., 2017; Xiong et al., 2018).
CONCLUSION
The amethyst-like FeF3·0.33H2O sub-microspheres with porous structure are prepared via the steric hindrance interaction. PEG-400 can be used to precise control the shape and size of FeF3·0.33H2O sub-microspheres. The main reason is that the steric hindrance reaction of PEG-400 makes it difficult for F− to form coordination bonds with Fe3+, which hinders the nucleation and growth of FeF3·0.33H2O nanospheres to some extent. The electrochemical result shows that P-20 electrode possess the outstanding cycle and rate property (a remaining capacity of 328 mAh g−1 and up to 95.3% retention rate when the current density backs to 0.1 C after 60 cycles). The admirable electrochemical performances of P-20 sub-microspheres are mainly attributed to the unique porous structure and smaller particle size, which is beneficial to increase the surface area of cathode materials and reduce the diffusion distance of Na ions. Therefore, this study may lay the foundation for the formation and synthesis of NIB-free cathode materials.
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