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Abstract

:

In this work, carbon submicron fiber composites loaded with a cobalt-ferric alloy and cobalt-ferric binary metal compounds were prepared by electrospinning and high temperature annealing using cobalt-ferric acetone and ferric acetone as precursors and polyacrylonitrile as a carbon source. The phase transformation mechanism of the carbon submicron fiber-supported Co-Fe bimetallic compound during high temperature annealing was investigated. The electrochemical properties of the carbon submicron fiber-supported Co-Fe alloy and Co-Fe oxide self-supported electrode materials were investigated. The results show that at 138 °C, the heterogeneous submicron fibers of cobalt acetylacetonate and acetylacetone iron began to decompose and at 200 °C, CoFe2O4 was generated in the fiber. As the annealing temperature increases further, some metal compounds in the carbon fiber are reduced to CoFe2O4 alloy, and two phases of CoFe2O4 and CoFe-Fe-alloy exist in the fiber. After 200 cycles, the specific capacity of CF-P500 is 500 mAh g−1. The specific capacity of the composite carbon submicron fiber electrode material can be significantly improved by the introduction of CoFe2O4. When the binary metal oxides are used as electrode materials for lithium-ion batteries, alloy dealloying and conversion reactions can occur at the same time in the reverse process of lithium intercalation, the two reactions form a synergistic effect, and the cobalt-iron alloy in the material increases the electrical conductivity. Therefore, the carbon submicron fiber loaded with CoFe2O4/CoFe has an excellent electrochemical performance.
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1. Introduction


In the research of materials in the field of energy storage, the synergistic effect between different metal components of alloys and binary metal compounds can significantly improve the electrical conductivity and electrochemical activity of materials, which is more favored than single metals and their compounds. The theoretical specific capacity of binary metal oxides is higher than that of single metal oxides, the reaction process is highly complementary, and the binary metal oxides have obvious advantages over single metal oxides; thus, the research potential is huge [1,2,3,4,5,6,7,8]. The general formula of binary metal oxide molecules is AxB3−xO4, where A and B are usually two of Fe, Co, Ni, Zn or other elements. The commonly reported binary metal oxides are ferrates (e.g., CoFe2O4 [9] and NiFe2O4 [10]), cobaltates (e.g., NiCo2O4 [11] and ZnCo2O4 [12]) and manganate (e.g., CoMn2O4 [13] and NiMn2O4 [14]). When these oxides are used as electrode materials for lithium ion batteries, alloying/dealloying and conversion reactions can occur simultaneously in the reverse process of lithium insertion/demineralization, and the two reactions form a synergistic effect, resulting in a better lithium storage capacity [15,16,17,18].



As electrode materials, although binary metal oxides have excellent lithium storage capacity, they also have the disadvantage of a poor cycling stability caused by volume expansion and crushing [19]. In order to further improve the conductivity and stability of binary metal oxides, research on their composites with carbon materials has attracted wide attention. Xie et al. [20] used a CoFe2O4 composite MXene thin film to prepare high-performance flexible materials for flexible supercapacitors, showing good cyclic performance. Wu et al. [21] used polyaniline as a precursor to synthesize iron/cobalt compound-/carbon-based composite materials at high annealing temperatures as a catalyst for fuel cells. Some metal compounds easily form an alloy phase with other metals at high temperatures. For example, cobalt compounds easily form alloys with chromium, tungsten, iron, nickel and so on at high temperature reduction states. Ji et al. [22] prepared cobalt-iron/biomass porous carbon (CoFe/BPC) composite materials using Chinese fir as a raw material by an in situ reduction process, which have excellent electromagnetic wave absorption performance due to their graphitization, porous structure, strong magnetism and multi-component effect.



Although remarkable progress has been made in the electrochemical research of binary metal oxide/carbon submicron fiber composites, the study of the phase transition mechanism in the preparation process is still insufficient. Elucidating the phase transition process can provide new ideas for the preparation of different bimetallic compound-doped carbon matrix composites, which has important practical value.



In this work, carbon submicron fiber composites loaded with cobalt-ferric alloys and cobalt-ferric binary metal compounds were prepared by electrospinning and high temperature annealing using cobalt-ferric acetone and ferric acetone as precursors and polyacrylonitrile as the carbon source. The phase transformation mechanism of carbon submicron fiber supported Co-Fe bimetallic compounds during high temperature annealing was investigated. The electrochemical properties of carbon submicron fiber supported Co-Fe alloys and Co-Fe oxide self-supported electrode materials were investigated.




2. Experimental


2.1. Preparation of Carbon Submicron Fiber Films Loaded with Cobalt-Ferric Alloy and Cobalt-Ferric Oxide


An amount of 1.426 g polyacrylonitrile (PAN), 0.67 g iron acethylacetone C15H24FeO6 (Fe(acac)3) and 0.34 g cobalt acethylacetone C15H21CoO6 (Co(acac)2) (molar ratio Fe:Co = 2:1) were added to 10 mL of dimethylformamide (DMF), the PAN content was 12 wt.%. A mixed spinning solution was obtained by stirring at room temperature for 2 h with the content of 8.5 wt.%. An appropriate amount of the solution was extracted with a 5 mL syringe and fixed on the propulsion pump. At the temperature of 26 °C, humidity of 36 ± 2.5% and static electric field voltage of 20 kV, silk spraying was performed at the speed of 0.36 mL/h to form a film. The film was placed in a drying oven at 30 °C for 2 h, and a heterogeneous submicron fiber film loaded with cobalt acetyl acetone/iron was obtained, labeled as CF-P 25. The sample CF-P 25 was heated to 230 °C in an air atmosphere and kept at a constant temperature for 2 h to preheat and stabilize. Then, the sample was obtained by natural lowering to room temperature and labeled as CF-P 230. The pre-heated stabilized samples were moved into a tube furnace and heated to 400 °C, 500 °C, 600 °C, 700 °C and 800 °C, respectively, at a heating rate of 2 °C/min under the protection of argon gas. After constant temperature heating for 2 h, the samples of the carbon submicron fiber films loaded with a cobalt-ferro alloy and its compounds were obtained at different annealing temperatures. They were named CF-P 400, CF-P 500, CF-P 600, CF-P 700 and CF-P 800.




2.2. Preparation of Lithium-Ion Batteries


The electrolyte was 1 M LiPF6 (1:1 volume ratio of carbonate/dimethyl carbonate), and lithium metal sheet was used as the counter electrode. A CR2025 button battery was assembled in a glove compartment filled with high purity argon (moisture and oxygen concentration less than 0.1 ppm). CF-P 500 and CF-P 600 could be directly used as self-supporting anode materials for lithium-ion batteries without adding additional binders or conductive additives such as carbon black.




2.3. Method


In order to study the phase transitions of compounds in the heterogeneous fibers during annealing, firstly, CF-P 400, CF-P 500, CF-P 600, CF-P 700 and CF-P 800 were characterized by SEM and XRD. The optimum annealing temperature was found and the mechanism of phase transformation was further studied by means of TGA and TEM. Finally, in the material characterization section, an electrochemical workstation was used for analysis using a two-electrode setup. Cyclic voltammetry (CV) curves and electrochemical impedance spectroscopy (EIS) curves were measured.



The models of instruments used in the experiment were SEM: JEOL JSM-6390LV; XRD: BRUKER D8 Advance; TEM: JEOL JEM2100F; TGA: NETZSCH TG 209; and electrochemical workstation: Parstat MC.



The Analysis and Testing Center of Qingdao University provided technical support for these experiments.





3. Results and Discussion


Submicron Fiber Structure and Annealing Phase Transformation Mechanism of Loaded Binary Metal Compounds


The heterogeneous submicron fibers loaded with cobalt-iron binary metals and their compounds were characterized by scanning electron microscopy (SEM). Figure 1a,c,e,g and Figure 2a,c,e are low-magnification and high-magnification SEM images of the heterogeneous submicron fiber CF-P 25-800, respectively. In the low magnification image, the fiber diameter is uniform, the surface is smooth, there are no nodules or beading phenomenon, no adhesion between the cross fibers and the fiber diameter decreases gradually with the increase in annealing temperature. Figure 1b,d,f,h and Figure 2b,d,f are SEM images of a single fiber. It can be observed from Figure 1b that there is a small concave-convex morphology on the fiber surface. Figure 1d shows the surface topography of a single fiber of CF-P 230 after preheating and stabilizing at 230 °C in air. As can be seen from the figure, after preheating and stabilizing, the concave-convex condition of the fiber surface was significantly enhanced, indicating that the material in the heterogeneous submicron fiber at this temperature has thermal dynamic motion. Figure 1f,h shows the surface topography of single fibers in CF-P 400 and CF-P 500 annealed at 400 °C and 500 °C. It can be seen that the fiber surface not only has concavity, but also has begun to form a strip morphology. Figure 2b shows the surface topography of a single fiber in the sample CF-P 600 annealed at 600 °C. The banded morphology of the fiber surface in the figure is more obvious than that of the fiber surface in CF-P 500.



When the annealing temperature was 700 °C, the strip on the fiber surface was more obvious and depressions were formed by the shedding of surface materials, as shown in Figure 2d. This indicates that at the annealing temperature of 700 °C, carbon submicron fibers form on the substances attached to the surface. Figure 2f shows the surface morphology of a single fiber in sample CF-P 800 at an annealing temperature of 800 °C, which is similar to that of CF-P 700. The fiber surface not only presents obvious banding, but also has more obvious depression formed by material shedding. A similar phenomenon was observed on the surface of heterogeneous carbon submicron fibers loaded with cobalt and its compounds and on the surface of carbon fibers loaded with iron compounds. It was shown that the compounds move from the interior of carbon fibers to the surface with the increase in annealing temperature during the preparation of these compounds. Using this phenomenon, the composition of heterogeneous carbon submicron fibers can be designed by controlling the annealing process.



In order to investigate the phase changes of compounds in heterogeneous fibers during annealing, the heterogeneous submicron fibers loaded with binary metals and their compounds at different annealing temperatures were characterized by XRD. Figure 3 shows the XRD patterns of the samples CF-400, CF-500, CF-600, CF-700 and CF-800. For the sample annealed at 400 °C, there is a weak diffraction peak at 44.9°. When the temperature rises to 500 °C, the diffraction peak at 44.9° is significantly enhanced and a diffraction peak begins to appear at 65.3°. The two diffraction peaks correspond to (110) and (200) crystal plane diffraction peaks of cubic phase cobalt-ferro alloy CoFe (JCPDS no.: 44-1433), respectively. With the increase in annealing temperature, the diffraction peak of the cobalt-ferro alloy becomes more sharp, indicating that cobalt-ferro oxide is reduced to cobalt-ferro alloy by the carbon in the carbon fiber with the increase in annealing temperature. In the XRD patterns of CF-P 600, CF-P 700 and CF-P 800, only the characteristic diffraction peaks of cubic phase cobalt-ferro alloys exist. The above results show that cobalt and iron oxides are formed in the fibers under 400 °C. With the increase in annealing temperature, some cobalt-iron oxides are reduced to cobalt-iron alloys by carbon. When the annealing temperature rises above 600 °C, cobalt iron oxide is reduced to cobalt iron alloy by the carbon in the carbon fiber.



In order to further determine the specific phase transition characteristics of cobalt-iron compounds in heterogeneous fibers with the increase in annealing temperature, transmission electron microscopy was used to characterize the microstructure of CF-P 500 and CF-P 600, as shown in Figure 4. It can be seen from the low magnification morphologic image of the fiber that small particles are distributed on the surface of the fiber (Figure 4a,c). The HRTEM images of samples CF-P 500 and CF-P 600 were measured, and it was found that in the HRTEM images of sample CF-P 500 annealed at 500 °C, as shown in Figure 4b, in the nanocrystalline grains marked by the green dotted line, the spacing between two crystal surfaces was 2.53 Å. An angle of 129o corresponds to the cubic crystal phase CoFe2O4 (311) surface and (3) face. The red arrows in Figure 3 indicate the diffraction peak characteristic of CoFe2O4. The yellow dotted line marks a grain spacing of 2.04 Å, corresponding to the cubic phase of CoFe (110) and (1, 1) in CF-P 500 CoFe2O4. Cobalt and iron in the two phases are coexistent. The HRTEM CF-P 600 is shown in Figure 4d, with an interplanar spacing of 2.02 Å, two crystal angle of 90o corresponding to the CoFe (110) surface and (1, 1), respectively. A large number of HRTEM analyses showed that only a CoFe2O4 phase was found in the sample CF-P 600, which is consistent with the XRD results, indicating that CoFe2O4 has been completely reduced to the CoFe-Fe alloy at the annealing temperature of 600 °C.



In order to clarify the annealing reaction mechanism of cobalt acetylacetone and iron acetylacetone supported by heterogeneous submicron fibers, thermogravimetry (TG) curves of cobalt acetylacetone (blue line C) and iron acetylacetone (red line F) heated to 900 °C in air were analyzed and compared with the mixed annealing curve of cobalt acetylacetone and iron acetylacetone, shown in Figure 5. As shown in Figure 6, the thermogravimetric curve F shows that iron acetylacetone begins to decompose at 176 °C. In the temperature range from 176 °C to 376 °C (point a–d), the weight loss of iron acetylacetone is mainly due to the reduction of -CH3 and -CH on the acac ligand and the formation of oxides. After point d, there is no obvious weight loss in the curve, indicating that iron acetylacetone is finally converted into the stable product Fe2O3 after heating in the air. The TG curve C of cobalt acetylacetone shows that the decomposition of cobalt acetylacetone begins at 71 °C and oxidation begins to form a stable oxide at 223–370 °C (point c–d). In the temperature range from 71 °C to 370 °C (point a–d), the weight loss of cobalt acetylacetone is mainly due to the loss of -CH3 and -CH and the formation of Co3O4 due to thermal decomposition. After point d, there is no significant weight loss in the curve, indicating that cobalt acetyl acetone is eventually converted to a stable product after heating in air. The product of cobalt acetylacetone annealed at 600 °C in air was characterized by XRD, and the final product was Co3O4, as shown in Figure 7.



Figure 6 shows the TG curves of PAN fiber membrane (P), C15H21CoO6 (Co(acac)2), C15H24FeO6 (Fe(acac)3) mixed powder (CF) (molar ratio Fe:Co = 2:1) and C15H21CoO6 (Co(acac)2)/C15H24FeO6 (Fe(acac)3)/PAN heterogeneous submicron fiber membrane (CF-P) (molar ratio Fe:Co = 2:1). The curve CF is obtained by heating a mixed pharmaceutical powder of cobalt acetone and iron acetone from 25 °C to 900 °C at a temperature rate of 10 °C/min in air. TG curves P and CF-P are the curves obtained when the temperature rises from 25 °C to 230 °C for 2 h at a temperature rate of 10 °C/min in an air atmosphere, and then rises to 900 °C at a temperature rate of 10 °C/min in an N2 atmosphere.



The TG curve CF-P begins to decline slowly at 138 °C (point A) and at 200 °C there is rapid weight loss, which is due to the thermal decomposition of cobalt acetylacetone and iron acetylacetone and the formation of CoFe2O4 [24]. As the annealing temperature increases further, the cobalt-iron compound is reduced by carbon to form a small portion of cobalt-iron alloy due to the inert gas protection and carbon fiber coating state. When the temperature is 586 °C (point B), a small inflection point of weight loss appears, which is caused by CoFe2O4 being reduced to cobalt-ferro alloy at this temperature, which is consistent with the XRD pattern in Figure 3. Subsequently, in the range of 600–800 °C, all CoFe2O4 in the heterogeneous carbon submicron fibers was reduced to cobalt-ferro alloy, while only single-phase cobalt-ferro alloy was loaded in the carbon submicron fibers.



According to the above analysis, the phase transformation mechanism of heterogeneous submicron fibers loaded with cobalt acetylacetone and iron acetylacetone during the annealing process with the increase in temperature of the compound decomposition reaction is shown in Figure 8. The heterogeneous submicron fibers of cobalt acetylacetonate and acetylacetone iron start to break down at ~138 °C. When the temperature reaches 200 °C, the binary metal oxide CoFe2O4 is formed [25]. With the increase in annealing temperature to 230 °C, under the protection of inert gas, the binary metal compound is reduced by a small fraction of carbon in the carbon fiber to cobalt-ferroalloy, and then CoFe2O4 and cobalt-ferroalloy coexist in the heterogeneous carbon submicron fiber. When the temperature reaches 586 °C, CoFe2O4 is rapid reduced to cobalt alloy. Therefore, under 600 °C, 700 °C and 800 °C in the preparation of heterogeneous carbon submicron fiber samples, only cobalt alloy single crystal fibers are loaded.



Carbon submicron fiber self-supporting membrane samples CF-P 500 and CF-P 700 loaded with CoFe2O4/CoFe alloy were prepared and used as the negative electrodes of lithium-ion batteries, and their electrochemical properties were tested. Figure 9a shows the voltammetry curves of the first six cycles of CF-P 500. As can be seen from the figure, the cyclic voltammetry (CV) curve has an obvious redox peak. During the first cathode scan, there is a reduction peak at 0.42 V due to the formation of the SEI film, which gradually disappears in subsequent turns. The reduction peak at 1.32 V is due to the reduction of CoFe2O4 to cobalt and iron. During the first anode scan, the peak at 1.35 V is associated with the oxidation of cobalt and iron to CoO and Fe2O3 [26]. In the subsequent scanning process, the CV curves almost overlap, which indicates that the sample CF-P 500 has good reversibility during the charging and discharging process. The corresponding reversible reaction is as follows [27,28,29]:


CoFe2O4 + 8Li + 8e−↔Co + 2Fe + 4Li2O



(1)







Figure 9b shows the voltammetry curve of the first six cycles of the sample CF-P700. During the first cycle of cathodic scanning, a significant reduction peak appeared at 0.47 V due to the decomposition of the electrolyte to form the SEI film. After the second cycle, the reduction peak disappeared. In the subsequent scanning process, the shape of the CV curve was similar to that of the negative carbon electrode, indicating that the cobalt-ferro alloy did not have oxidation–reduction properties. As can be seen from the figure, the CV curves from the second to the sixth laps almost coincide, indicating that the redox reaction has good reversibility [30,31,32].



Figure 9c shows the cyclic performance of CF-P 500 and CF-P 700. As can be seen from the figure, when the current density is 500 mA g−1, both CF-P 500 and CF-P 700 have a good cyclic stability. After 200 cycles, the specific capacity of CF-P 500 is 500 mAhg−1, significantly larger than the specific capacity of CF-P 700. It shows that the specific capacity of the composite carbon submicron fiber electrode material can be significantly improved by the introduction of CoFe2O4. Figure 9d shows the AC impedance spectra of CF-P 500 and CF-P 700. It can be seen from the Figure 10 that the semicircle radius of the impedance curve of CF-P 700 is significantly smaller than that of CF-P 500. After fitting, the RCTS of CF-P 500 and CF-P 700 are 185 Ω and 162 Ω, respectively. The smaller impedance of the CF-P 700 electrode is due to the high amount of cobalt-ferro alloy in the electrode.



By comparing the cyclic properties of C-P 600 and CF-P 500 in Figure 9c and Figure 10c, it can be found that the specific capacity of CF-P500 is higher than that of C-P600, indicating that the electrochemical performance of composite carbon nanomaterials loaded with binary cobalt iron oxide is better than that of mono-metal cobalt oxide. As electrode materials of lithium-ion batteries, binary metal oxides can be used for alloy/dealloying and conversion reactions at the same time in the process of lithium intercalation. The two reactions form a synergistic effect and have a better lithium storage capacity.





4. Conclusions


Carbon submicron fiber composites loaded with binary metal oxide CoFe2O4/CoFe and a cobalt-iron alloy were prepared by electrospinning and high temperature annealing processes. The phase transformation mechanism of the binary metal compounds and alloys in heterogeneous carbon fibers was described. The electrochemical properties of carbon submicron fiber composites loaded with a cobalt-iron alloy and cobalt-iron oxide were studied. The results showed that at 138 °C, the heterogeneous submicron fibers of cobalt acetylacetonate and acetylacetone iron began to decompose and at ~200 °C, CoFe2O4 was generated in the fiber. As the annealing temperature was increased further, some metal compounds in the carbon fiber were reduced to the CoFe2O4 alloy, and two phases of CoFe2O4 and CoFe-Fe-alloy existed in the fiber. When the temperature reached 586 °C, CoFe2O4 was reduced to cobalt alloy, since at 600–800 °C, only the cobalt alloy phase existed in the heterogeneous carbon submicron fiber. Electrochemical performance studies showed that when the binary metal oxides were used as electrode materials for lithium-ion batteries, alloy dealloying and conversion reactions can occur at the same time in the reverse process of lithium intercalation, the two reactions form a synergistic effect, and the cobalt-iron alloy in the material increases the electrical conductivity. Therefore, the carbon submicron fiber loaded with CoFe2O4/CoFe has an excellent electrochemical performance.
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Figure 1. Low magnification and high magnification SEM images of heterogeneous submicron fibers loaded with binary metals and their compounds: ((a,b), 25 °C) CF-P25, ((c,d), 230 °C) CF-P 230, ((e,f), 400 °C) CF-P 400, ((g,h), 500 °C) CF-P 500 samples. 
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Figure 2. Low magnification and high magnification SEM images of heterogeneous submicron fibers loaded with binary metals and their compounds: ((a,b), 600 °C) CF-P 600, ((c,d), 700 °C) CF-P 700, ((e,f), 800 °C) CF-P 800. 
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Figure 3. XRD patterns of samples CF-400, CF-500, CF-600, CF-700 and CF-800. The area of the XRD peak indicates the crystal content; the larger the area, the higher the crystal phase content. A narrow peak indicates a large grain size, which can be calculated by Scherrer’s formula. The XRD pattern peak is high if the relative background strength is high, indicating a high crystal phase content, consistent with the area indicating the crystal phase content [23]. 
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Figure 4. (a,b) and (c,d) are TEM and HRTEM images of CF-P 500 and CF-P 600 samples, respectively. 
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Figure 5. Thermogravimetric curves of PAN fiber membrane (P), C15H21CoO6 (Co(acac)2), C15H24FeO6 (Fe(acac)3) mixed powder (CF) and C15H21CoO6 (Co(acac)2)/C15H24FeO6 (Fe(acac)3)/PAN heterogeneous submicron fiber membrane (CF-P). In Figure 6, a, b, c and d are the inflection points of the TG curves of C15H21CoO6 (Co(acac)2) and C15H24FeO6 (Fe(acac)3) powder mixtures. A and B are the inflection points of the TG curve of the C15H21CoO6 (Co(acac)2)/C15H24FeO6 (Fe(acac)3)/PAN heterogeneous submicron fiber membrane. 
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Figure 6. TGA curves of C15H24FeO6 (Fe(acac)3) powder (F) and C15H21CoO6 (Co(acac)2) powder (C) in air. 
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Figure 7. XRD patterns of C15H21CoO6 (Co(acac)2) and C15H24FeO6 (Fe(acac)3) powder mixture (molar ratio Fe:Co = 2:1) after annealing at 600 °C in air. 
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Figure 8. Phase transition of cobalt-Fe-based nanocrystals in carbon submicron fibers with heterogeneous structures. 
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Figure 9. Electrochemical properties of the samples CF-P 500 and CF-P 700: (a,b) cyclic voltammetry curves, (c) cyclic properties with a current density of 500 mA g−1 and (d) EIS spectra of the electrodes, illustrated with their equivalent circuit diagram. 
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Figure 10. Electrochemical properties of samples C-P 600 and C-P 700: (a,b) cyclic voltammetry curves, (c) cyclic properties with a current density of 500 mA g−1 and (d) EIS spectra and equivalent circuits of electrodes [33]. 
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