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Abstract

:

Manganese-based bimetallic oxides show a high theoretical specific capacity, making them a potential next-generation lithium-ion battery anode material. However, as with metal oxide anode materials, aggregation, volume expansion, and poor conductivity are the main obstacles. In this manuscript, flexible CoMn2O4/graphene/carbon nanotube films were successfully prepared through a facile filtration strategy and a subsequent thermal treatment process. When used as anodes for lithium batteries, these films can be pressed onto nickel foam without other conductive additives and binders, which simplifies the manufacturing process. When used as an anode in the lithium-ion battery, CoMn2O4/GR/CNT film exhibits a high discharge capacity of 881 mAh g−1 after 55 cycles. This value is ~2 times higher than the discharge capacity of CoMn2O4. The three-dimensional GR/CNT carrier effectively dispersed CoMn2O4, preventing its aggregation and alleviating the problem of volume expansion.
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1. Introduction


The development and progress of society have made people heavily dependent on fossil fuels. However, this dependence has led to energy depletion and serious environmental pollution problems. Exploring various devices for efficient energy storage and conversion is crucial to enable the effective use of energy. In recent years, lithium-ion batteries (LIBs) have received extensive attention due to their large capacity, high power density, and good cycle stability. LIBs have emerged as critical power sources for a wide range of applications, including portable electronics and electric vehicles [1]. As demand for these devices continues to grow, it is crucial to improve their energy density, rapid charge capability, power density, as well as their durability [2,3,4]. Research on lithium-ion batteries has focused on developing electrode materials with higher capacity, greater safety, and lighter weight. Unfortunately, the current anode materials, such as graphite and carbon-based electrode materials, are unable to meet these requirements due to their poor rate capability and low theoretical capacity [5,6]. To overcome this technological bottleneck, high-performance anode materials are required.



Numerous micro-/nano-structured metal oxides have garnered significant attention as potential anode materials due to their high energy density. In recent decades, transition metal oxides (TMOs) have gained significant attention due to their structural diversity and unique electron transport properties that result from the properties of the outer d electrons. They offer promising applications in various fields such as spintronics and thermoelectrics [7,8,9]. As research continues, complex transition metal oxides, with a general formula of XxY3-xO4 (X, Y = Fe, Co, Ni, Zn, Mn, etc.), have emerged as superior alternatives. Binary transition metal oxides typically adopt a spinel structure. By incorporating additional transition metals, more active sites can be introduced and the crystal structure and valence state of any metal element can be optimized. The synergistic effect of the two metal oxides during charging and discharging, along with the attractive interactions between different cations, can facilitate a greater number of redox reactions. Consequently, binary transition metal oxides exhibit higher reversible storage capacity and enhanced electronic conductivity compared with single metal oxides [10]. This excellent electrochemical activity positions them with great potential for energy storage and conversion applications [11]. Among various transition metal oxide materials, manganese-based oxides have garnered considerable attention due to their lower operating voltage and higher energy density. For instance, Yu et al. employed a simple solvothermal and thermal treatment process to grow hierarchical CoM3−xO4 arrays/nanostructures on stainless steel substrates [12]. By adjusting the volume ratio of solvent, CoMn2O4 nanowires and MnCo2O4 nanosheets were synthesized. The layered structure of these materials facilitates contact between the electroactive surface and the electrolyte, resulting in excellent electrochemical properties and cycling stability. In particular, the CoMn2O4 material, with its combination of cobalt’s high oxidation potential and manganese’s high capacity and excellent electron transport properties, exhibits great promise as an anode material for lithium-ion batteries [13]. However, their commercial application is hindered by inferior cycling stability and poor rapid charge capability, which are possibly due to sluggish electronic/ionic diffusion and unsatisfactory structural stability.



To address these issues, many strategies have been attempted. One useful method is to build different nanostructures from transition metal oxides using various strategies such as hierarchical mesoporous microspheres [14], hollow nanospheres [15], yolk–shell microspheres [16], hollow nanofibers [17], and bubble-like structures [18]. Hu et al. prepared hierarchical mesoporous CoMn2O4 microspheres using a facile solvothermal carbon templating method [14]. This material exhibited excellent cycling stability and high discharge capacity due to its unique hierarchical structure, which enhances electrolyte diffusion, shortens the Li+ ion diffusion length, and accommodates volume-change-induced strain during cycling. Zhou et al. reported the synthesis of double-shell CoMn2O4 hollow microcubes using a co-precipitation and thermal annealing method [19]. The unique structure allowed the synthesized CoMn2O4 material to have a reversible capacity of 830 mA h g−1 at a current density of 200 Ag−1. A discharge capacity of 406 mA h g−1 was still maintained after 50 cycles at 800 mA g−1, demonstrating excellent cycling performance. Another important strategy is to combine TMOs with conductive carbon materials, especially graphene [20], nitrogen-doped graphene [21], and carbon hollow spheres [22]. The introduction of carbon materials not only provides high electrical conductivity but also serves as a support material to alleviate the volume expansion of the metal oxide for energy application. Cai et al. have synthesized a composite material consisting of CoMn2O4 nanoparticles anchored on reduced graphene oxide (rGO) sheets [23]. The rGO can prevent the aggregation of CoMn2O4 nanoparticles, which could otherwise reduce the active surface area of the cathode material and limit its performance. Furthermore, the flexible and porous structure of rGO can help to build a suitable flexible carbon matrix [24], allowing the material to accommodate the volume change that occurs during the charging and discharging of the battery, while also improving the electrical conductivity of the cathode material. This is important for maintaining the stability and performance of the battery over repeated charge–discharge cycles. To explore high-performance transition metal oxide electrodes, the rational design of the material’s structure is essential. In the preparation of electrodes, the nature of the binder directly affects the electrochemical properties of transition metal oxides. Conventional electrodes are used by mixing electroactive materials with an insulating polymer binder and coating them on the collector. The ratio and distribution of the binder directly impact performance. Compositing transition metals with conductive materials avoids the use of binders. With this structure, the weight is reduced while exposing more active sites and the electrode can directly contact the electrolyte better, exhibiting satisfactory lithium storage performance [25,26].



In this manuscript, the CoMn2O4 nanoflower particles are synthesized by hydrothermal method. Then one-dimensional carbon nanotube (CNT) and two-dimensional graphene (GR) are used to build a three-dimensional network structure of GR/CNT to support the CoMn2O4 nanoflower particles. The CoMn2O4/GR/CNT composite film not only has the potential to improve the overall conductivity of the material but also effectively alleviate volume expansion and aggregation problems.




2. Experimental Section


2.1. Preparation of CoMn2O4


A total of 0.33 g of polyvinylpyrrolidone, 1.5 mmol of Co(CH3COO)2, and 3 mmol of Mn(CH3COO)2 were sequentially added into a mixed solution consisting of 90 mL of ethylene glycol and 1.5 mL of deionized water. After moderate stirring, the resulting homogeneous solution was transferred into two 50 mL hydrothermal autoclaves, heated to 180 °C, and maintained for 12 h [27]. Upon cooling to room temperature naturally, the product was obtained by washing with ethanol through centrifugation and drying in a vacuum at 60 °C for 12 h. Finally, the dried powder was heated from room temperature to 500 °C at a rate of 1 °C/min under ambient atmosphere and calcined at this temperature for 4 h. The obtained black powder is referred to as CoMn2O4.




2.2. Fabrication of CoMn2O4/GR/CNT Composite Film


The preparation of graphene oxide (GO) was achieved using an improved Hummers method [28] through a three-step process: low-temperature oxidation, high-temperature oxidation, and hydrolysis. Firstly, 1 g of graphite powder provided by the China National Pharmaceutical Group Co. was added to a mixture of 92 mL of concentrated sulfuric acid (95–98%) and 24 mL of nitric acid (65%) in a 500 mL flask placed in an ice bath. The suspended solution was vigorously stirred at 0 °C for 1h, constituting the low-temperature oxidation process. Next, to further enhance the oxidation degree of the graphite, the mixture was heated to 80 °C for 30 min, representing the high-temperature oxidation step. Following that, 92 mL of deionized water was slowly added and the suspension was stirred at 80 °C for an additional 30 min, concluding the hydrolysis process. Afterward, to reduce the remaining permanganate, 5 mL of H2O2 (30%) was added to the solution. Upon completion of the reaction, the resulting mixture was washed with a 5% solution of HCl and water until no sulfate was detected with BaCl2. Finally, the GO powders were dried at 80 °C for 24 h, completing the post-treatment steps of drying and washing. The GO (20 mg) and the carbon nanotube (CNT) (10 mg) provided by Zhongke Times Nanomaterials Co., Ltd. were dispersed in 10 mL of deionized water by ultrasonication. The resulting suspension was stirred continuously for 12 h on a magnetic stirrer after adding 20 mg of the as-prepared CoMn2O4. The suspension was then transferred to a vacuum filtration apparatus (1000 mL) and continuously filtered for 4 h. The resulting thin film was transferred to a petri dish and briefly soaked in acetone solution. The synthesized thin film was then quickly peeled off from the microporous membrane using forceps. Finally, the peeled thin film was calcined at 220 °C for 2 h and the resulting CoMn2O4/GR/CNT composite film was synthesized.




2.3. Characterization


The surface composition of the samples was analyzed by X-ray diffraction (XRD) patterns using a Bruker D8 ADVANCE X-ray diffractometer equipped with a Cu-Kα radiation source and scanning ranges of 2–10° and 10–70°. The scanning electron microscopy (SEM) images were obtained using an FEI Quanta 400 ESEM-FEG instrument with an accelerating voltage of 20–40 kV.




2.4. Electrochemical Measurements


Foam nickel was used as the current collector, and the prepared thin film material was cut into appropriate sizes and pressed into electrode plates using a powder press machine at 20 MPa. The loading amount of the active substance on each electrode plate was approximately 2 mg cm−2. The electrode plates were used as the working electrode, lithium foil as the counter and reference electrode, and polypropylene porous membrane (Celgard2400) as the separator. The electrolyte was 1 M LiPF6/ethylene carbonate–dimethyl carbonate–methyl carbonate (EC-DMC-EMC) with a volume ratio of 1:1:1. The energy storage characteristics of the battery materials, such as specific capacity, rate performance, cycle life, and Coulomb efficiency, were mainly evaluated through charge and discharge cycle tests. The battery testing system used in this manuscript was produced by Wuhan LAND Electronic Technology Co., Ltd. The test conditions were a constant temperature of 30 °C, a voltage range of 0–3.0 V, and a current density of 50–1600 mA/g to complete the charge and discharge cycle tests. Cyclic voltammetry (CV) was performed using the CS310 electrochemical workstation produced by Wuhan KEJIA Technology Co., Ltd, Wuhan, China. The CV test conditions were a voltage range of 0–3.0 V and a scan rate of 0.2 mV/s.





3. Results and Discussion


Figure 1 illustrates the fabrication process of the CoMn2O4/GR/CNT composite film. In a typical experiment, CoMn2O4 nanoflower particles were initially synthesized using a hydrothermal method. This process involved the controlled reaction between specific precursor materials under suitable temperature and pressure conditions, resulting in the formation of the CoMn2O4 nanoflowers. Next, two-dimensional graphite oxide (GO) and one-dimensional carbon nanotube (CNT) were dispersed in deionized water and mixed with the CoMn2O4 nanoflowers. The mixture was stirred for 12 h to ensure a homogeneous distribution of the nanomaterials and promote the interaction between the components. The resulting suspension, containing the CoMn2O4 nanoflowers, GO, and CNT, was then subjected to vacuum filtration. This process involved filtering the suspension through a porous membrane, resulting in the formation of a thin brown film on the membrane surface. Subsequently, the film was calcined at 220 °C for 2 h to remove any residual oxygen group and promote the formation of strong interfacial bonds between the components. The calcination process led to the formation of the final black product, which represents the CoMn2O4/GR/CNT composite film. The integration of the CoMn2O4 nanoflower particles within the three-dimensional network structure of GR and CNT provides several advantages. Firstly, the GR/CNT network offers a large surface area, allowing for enhanced interaction and efficient utilization of the active materials. Secondly, the presence of CNT and GR improves the overall electrical conductivity of the composite, facilitating rapid charge and ion transport within the electrode material.



To analyze the structure of the CoMn2O4/GR/CNT film and evaluate the impact of the incorporation of GR/CNT on CoMn2O4, SEM characterization was conducted. Figure 2a,b present SEM images of the carbon nanotube (CNT) and graphene (GR). The SEM image of the CNT (Figure 2a) reveals a distinctive tubular structure with a curved morphology. The CNT exhibit a range of orientations, intertwining and interconnecting with each other. Moreover, in Figure 2b, the graphene displays a layered two-dimensional arrangement, demonstrating a stacked structure. The graphene layers are stacked on top of each other, creating a layered configuration with well-defined boundaries between the individual graphene sheets. Figure 2c,d show SEM images of pure CoMn2O4 and CoMn2O4/GR/CNT composite films at different magnifications. It can be observed from Figure 2c,d that without the introduction of GR/CNT, CoMn2O4 aggregates severely. From the high-magnification SEM image in Figure 2c, it can be seen that the prepared CoMn2O4 is composed of porous nanosheets, forming nanoflowers that have diameters of about 300 nm. Figure 2e,f show SEM images of CoMn2O4/GR/CNT composite films. The material with a sheet-like structure is graphene, whereas the material with a curved and fluffy structure is the carbon nanotube (CNT). The graphene sheets formed a three-dimensional framework that supported the CoMn2O4 particles, whereas the long and curved carbon nanotube filled the gaps between the graphene sheets and between CoMn2O4 particles and graphene sheets, facilitating connectivity between the CoMn2O4 and graphene. It can be seen that after vacuum filtration and heat treatment, the shape of CoMn2O4 nanoflowers did not change, and they were uniformly embedded in the GR/CNT composite film. The existence of the 3D structure of GR/CNT effectively mitigated the phenomenon of CoMn2O4 nanoflower particle aggregation compared with Figure 2e. The CNT in the film can effectively compensate for the defect of poor conductivity in the GR layer.



To determine the phase composition of the as-prepared materials, X-ray diffraction (XRD) analysis were carried out on the as-synthesized GR, CoMn2O4 microflowers, and the CoMn2O4/GR/CNT composite film. Figure 3a shows the low-angle X-ray diffraction (XRD) patterns of the as-prepared materials within the range of 2–10°. Upon analysis of the XRD patterns, it was observed that the GR exhibits a relatively featureless pattern in this low-angle range, with no distinct peaks observed. This indicates the amorphous nature or very fine crystalline structure of the graphene. In contrast, the CoMn2O4 nanoflower particles exhibit a characteristic peak at approximately 2.46°, suggesting the presence of a crystalline phase in the material. Interestingly, in the XRD pattern of the CoMn2O4/GR/CNT composite film, a peak is observed at the same position as the CoMn2O4 nanoflower particles. However, this peak appears to be slightly broadened compared with the pure CoMn2O4, indicating a potential modification in the crystalline structure or an influence from the presence of GR and CNT. From the wide-angle XRD diffractogram of GR in Figure 3b, it is evident that a diffraction peak is observed around 25°, which corresponds to the (002) crystal plane of graphene. This peak signifies that GR possesses an amorphous structure with no prominent crystalline peaks observed within the low-angle range of 2–10°. The pure CoMn2O4 nanoflowers (represented by the green line) showed diffraction peaks at 2θ = 18.2°, 29.3°, 31.2°, 32.9°, 36.4°, 4.8°, 59.0°, and 60.7°, corresponding to the (111), (202), (220), (113), (311), (400), (511), and (404) crystal faces, respectively, consistent with the PDF card (JCPDS 23-1237), with no other impurity peaks appearing, indicating the high purity of CoMn2O4. The brown line in Figure 3 represents the CoMn2O4/GR/CNT film. In the CoMn2O4/GR/CNT composites, some of the XRD peaks have become broader and less distinct. This could be attributed to the introduction of graphene and carbon nanotube that could have caused some lattice distortion and reduced the crystallinity of the CoMn2O4 nanoparticles. However, the main diffraction peaks of CoMn2O4 were still identifiable, indicating that the introduction of GR/CNT did not significantly affect the crystal structure of CoMn2O4.



The cyclic voltammetry (CV) technique was used to study the electrochemical behavior of the CoMn2O4/GR/CNT composites. Figure 4a illustrates the cyclic voltammetry (CV) curves of the composite film electrode during the first three cycles. The CV curve of the initial cycle exhibits a distinct difference compared with the subsequent two cycles, particularly in the reduction curve. During the initial lithiation process, a broad reduction peak appears at 1.25 V, which is mainly attributed to the reduction of Co3+ to Co2+. The sharp peak at 0.4 V is attributed to the transformation of Co2+ and Mn2+ to metal Co and Mn. The two peaks at 1.65 V and 2.0 V in the delithiation process are attributed to the oxidation of metal Co and Mn to Co2+ and Mn2+. In the subsequent cycles, the peaks at 0.45/1.65 V and 1.1 V/2.0 V represent the repetitive reduction/oxidation of MnO and CoO, respectively [14]. Figure 4b shows the first three charge/discharge curves of the CoMn2O4/GR/CNT composite electrode at a current density of 100 mA g−1. It can be seen from the figure that the initial specific capacities of CoMn2O4/GR/CNT for charge and discharge are 1164/2148 mAh g−1, respectively. Due to the irreversible formation of SEI film during the first charge/discharge cycle, a part of Li+ is lost, resulting in a low coulombic efficiency of 54%.



A galvanostatic charge–discharge test was conducted to further evaluate the electrochemical performance of the CoMn2O4 and CoMn2O4/GR/CNT composite film electrodes. The cycling performance of CoMn2O4 and CoMn2O4/GR/CNT at a current density of 100 mA g−1 for the first 55 cycles is presented in Figure 5a. The initial discharge specific capacities of the CoMn2O4 and CoMn2O4/GR/CNT films were 1514 and 2148 mAh g−1, respectively. Although the difference in specific capacity between CoMn2O4 and CoMn2O4/GR/CNT films was not significant during the first few cycles, the discharge specific capacity of the CoMn2O4 electrode decreased rapidly with increasing cycle number. After 55 cycles, the discharge specific capacity of the CoMn2O4 electrode was only 457 mAh g−1, which was about half of that of the CoMn2O4/GR/CNT material (881 mAh g−1) under the same testing conditions. The discharge specific capacity of CoMn2O4GR/CNT composites decreases very slowly and reaches a stable plateau after about 15 cycles. The enhanced electrochemical performance can be attributed to the synergistic effect of the three-dimensional network structure of GR/CNT and the highly dispersed CoMn2O4 nanoflowers, which provides a large surface area and efficient electron and ion transport pathways. Furthermore, the introduction of GR/CNT effectively alleviates the volume expansion and agglomeration of CoMn2O4 during the charge–discharge process, maintaining the integrity and activity of CoMn2O4 during the stability test.



Figure 5b displays the rate performance curves of the CoMn2O4 and CoMn2O4/GR/CNT electrodes tested at current densities of 100, 200, 400, 800, and 1600 mA g−1. In the tested conditions with current densities of 100, 200, 400, 800, and 1600 mA g−1, the average discharge specific capacities of CoMn2O4 were found to be 1082, 800, 528, 296, and 161 mA g−11, respectively. However, when the current density was suddenly reduced to 100 mA g−1, the discharge specific capacity of the CoMn2O4 electrode could only recover to 616 mA g−1. In contrast, under the same testing conditions, the average discharge specific capacities of the CoMn2O4/GR/CNT composite films were 1155, 923, 796, 572, and 339 mA g−1, and when the current density was reduced to 100 mA g−1 again, the discharge specific capacity could be restored to the original level, reaching 1020 mA g−1. The rate performance of the unmodified CoMn2O4 material is not satisfactory and its capacity decay is relatively rapid, especially after experiencing high current density charge-discharge. Furthermore, at any given current density, the specific capacity of the CoMn2O4/GR/CNT electrode is higher than that of the CoMn2O4 electrode, indicating that the introduction of GR/CNT has led to the better rate performance of the CoMn2O4/GR/CNT electrode. This suggests that the introduction of GR/CNT can provide a conductive network and increase the electron transfer rate, which can effectively alleviate the polarization effect and improve the rate performance of the CoMn2O4/GR/CNT electrode.



The CoMn2O4/GR/CNT composite film has shown improved performance in lithium-ion batteries (LIBs); this is mainly attributed to its unique structure. As shown in Figure 6, the CoMn2O4 nanoparticles are embedded in the three-dimensional network structure of the GR/CNT matrix, forming a continuous and porous conductive network. The GR sheets and CNT can not only provide good electrical conductivity but also prevent the aggregation of CoMn2O4 nanoparticles during the charge–discharge process, which can effectively improve the structural stability of the electrode and enhance the rate performance. Moreover, the CoMn2O4 particles in the composite film are distributed uniformly on the surface of the graphene and carbon nanotube, which increases the electrode’s specific surface area and enhances the interaction between the electrode and electrolyte. This enhanced interaction can facilitate the diffusion of lithium ions and improve the electrode’s electrochemical performance. In addition, the composite film also shows improved rate capability due to the enhanced conductivity and the reduced diffusion length of lithium ions in the electrode material. The conductive network provided by the GR and CNT can facilitate the movement of Li+ ions and electrons in the electrode material, whereas the smaller diffusion length of lithium ions in the CoMn2O4 particles can improve the rate capability of the electrode.




4. Conclusions


In summary, the CoMn2O4/graphene/carbon nanotube composite film was successfully prepared via a facile vacuum filtrating method and demonstrated improved performance as an anode material for lithium-ion batteries. The CoMn2O4/GR/CNT composite film exhibited a high initial discharge capacity of 2148 mAh g−1 and superior cycle stability (881 mAh g−1 after 55 cycles) compared with the unmodified CoMn2O4 film. The composite film also demonstrated better rate performance, with a higher average discharge capacity at various current densities. The results suggest that the CoMn2O4/graphene/carbon nanotube composite film is a promising anode material candidate for high-performance lithium-ion batteries. The addition of graphene and carbon nanotube to the CoMn2O4 film improved its conductivity and provided structural support, which effectively reduced volume expansion and aggregation during the charge and discharge process, thus maintaining the integrity and activity of the CoMn2O4 material. This study highlights the importance of designing and developing advanced materials for energy storage applications and the potential of using graphene and carbon nanotube as effective additives to improve the performance of metal-oxide-based anode materials in lithium-ion batteries.



In addition, the current electrochemical characterizations in this study were at room temperature; the performance of electrode materials in lithium-ion batteries at high temperatures is a critical aspect to consider. It is widely recognized that high temperatures can accelerate undesired side reactions such as electrolyte decomposition, electrode degradation, and increased interfacial resistance. These factors can lead to reduced capacity, increased irreversible capacity loss, accelerated capacity fading, and decreased cycling stability of the battery. Moreover, the higher operating temperatures can also affect the structural integrity of the electrode material, leading to morphological changes, phase transformations, and altered lithium-ion diffusion pathways. These effects can further influence the overall performance and lifespan of the battery. In the future, the behavior of the materials at high temperatures should be carefully investigated and evaluated to ensure the reliability and safety of lithium-ion batteries in real-world applications.
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Figure 1. Schematic diagram of CoMn2O4 nanoflower particles/graphene/carbon nanotube composite film. 
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Figure 2. The SEM images of as-prepared (a,b) CNT and GR, (c,d) CoMn2O4 nanoflower particles, and (e,f) CoMn2O4/GR/CNT composite film. 
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Figure 3. (a) Low-angle and (b) wide-angle X-ray diffraction (XRD) patterns of as-prepared GR, CoMn2O4 nanoflower particles, and CoMn2O4/GR/CNT composite film. 
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Figure 4. Electrochemical performance of CoMn2O4/GR/CNT film for LIBs at room temperature (25 °C). (a) Cyclic voltammograms between 0.0 V and 3.0 V at a scan rate of 0.1 mV s−1 for the initial three cycles. (b) Charge–discharge voltage profiles at a current density of 0.1 A g−1 for the initial three cycles. 
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Figure 5. Electrochemical performance of CoMn2O4 and CoMn2O4/GR/CNT film for LIBs at room temperature (25 °C). (a) Cycling performance. (b) Rate capability at various current rates. 
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Figure 6. Schematic illustration of CoMn2O4/graphene/carbon nanotube composite film-based anode. 
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