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Abstract

:

A composite electrode of carbon nanotube CNT@Mn3O4 nanocable was successfully synthesized via direct electrophoretic deposition onto a copper foil, followed by calcination. By uniformly depositing Mn3O4 nanoparticles on CNTs, a nanocable structure of CNT@Mn3O4 can be formed, where the CNT acts as a “highway” for electrons and ions to facilitate fast transportation. Moreover, capacitive energy storage processes play a crucial role in lithium (Li) storage, especially during high scan rates. The significant contribution of capacitance is highly advantageous for the rapid transfer of Li+ ions, which ultimately results in an improved reversible capacity and prolonged cycle stability of the battery. A high specific capacity of 1367 mAh g−1 was maintained over 300 charge–discharge cycles at a current density of 1 A g−1, indicating excellent capacity retention and an extended cycle life. Furthermore, the synthesis process was facile and cost-effective, obviating the need for complex procedures such as mixing and pasting. Additionally, no binder was required, thereby enhancing battery quality efficiency.
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1. Introduction


As the world confronts environmental challenges stemming from fossil fuel combustion, it is imperative that governments and scientists expeditiously explore and cultivate green renewable energy sources. Solar and wind energy are two examples of such sources; however, their intermittent nature and instability pose a threat to the security of power systems when used in large quantities. Hence, it is crucial we expand highly efficient energy conversion and energy storage systems for power produced by sustainable sources like solar, wind, and tidal energy to ensure a sustainable and secure energy future [1].



Rechargeable batteries, particularly lithium-ion batteries (LIBs), have made significant strides in the energy storage sector and renewable power technology in recent years. LIBs possess high energy density, a prolonged cycle life, and eco-friendliness, rendering them a promising option for clean energy storage systems in portable electronics, electric vehicles (EVs), and wind/solar power devices [2,3]. The speedy progress of portable consumer electronics and electric vehicles has created a critical requirement for next-generation LIBs with even higher energy density. Currently, carbonaceous materials, particularly graphite, are widely utilized as low-cost anode materials in commercial lithium-ion batteries due to their low working potential and lengthy longevity [1]. However, the graphite material currently available on the market has already reached its theoretical capacity of 372 mAh g−1 and is approaching its limit [2]. Hence, the quest for high-energy-density anode materials in LIBs is becoming increasingly pressing.



Transition-metal oxide compounds, such as MxOy (where M represents Ni, Mn, Co, Fe, and other elements), possess high theoretical energy density and have been identified as promising anode materials for lithium-ion batteries [3,4,5]. Mn3O4 is considered a highly attractive anode material option for LIBs due to its abundant and eco-friendly nature, as well as its significant theoretical capacity of 936 mAh g−1 [6]. Since the first report on Mn3O4 as a host for electrochemical Li insertion by Goodenough’s team, Mn3O4 has drawn considerable focus as a qualified candidate for anode in LIBs. Nonetheless, Mn3O4 experiences significant expansion in volume during lithiation and delithiation processes, resulting in suboptimal cycle stability [7]. Furthermore, the low electron conductivity of Mn3O4 (10−7 to 10−8 S cm−1) impedes its application as an anode for LIBs, resulting in an inadequate rate capability [8,9].



To address the challenges mentioned above, researchers have adopted two widely used strategies, namely the creation and production of nanocomposite materials containing a conductive matrix. The structural stability of nanoscale active materials is bolstered by the reduced mechanical stress within particles and smaller variations in volume, as has been demonstrated [5]. Additionally, the nanoscale electrode–electrolyte interface provides an increased contact area, thereby enhancing kinetic properties and reducing the Li+ ion transfer pathway [3]. On the other hand, the use of conductive matrix materials including porous carbon, CNT, graphene, or conducting polymer can significantly improve electron conductivity and cushion large volume fluctuation, leading to improved rate performance and cycle stability [4]. Anchoring ultrafine Mn3O4 nanoparticles on a highly conductive carbon matrix can be an effective way to achieve an outstanding specific capacity, exceptional rate capability, and extended cycle life. Several studies have aimed to develop nanocomposites incorporating Mn3O4 nanoparticles, including the ultrasound-assisted in situ growth of Mn3O4 nanoplates anchored on rGO [6]. After 40 cycles of charging and discharging at 0.1 A g−1, the specific capacity demonstrated was 1400 mAh g−1. Several studies have reported on the development of Mn3O4-based nanocomposites with an improved specific capacity. For instance, Varghese et al. designed a Mn3O4-rGO nanocomposite via hydrothermal synthesis, which exhibited a reversible capacity of 474 mAh g−1 when subjected to 100 mA g−1 cycling [10]. A mesoporous Mn3O4/C nanocomposite was directly synthesized via thermolysis by Peng et al., demonstrating a high capacity of 1032 mAh g−1 when cycled at 200 mA g−1 [11]. Gangaraju reported a graphene–carbon nanotube (CNT)-Mn3O4 composite developed using a microwave technique; cycling the material at 1 A g−1 for 300 cycles resulted in a high capacity of 1337 mAh g−1 [12]. However, some carbon-based nanocomposites display weak interaction between Mn3O4 nanoparticles and the conductive carbon matrix, resulting in capacity degradation during long charge–discharge tests.



Since Taberna’s initial report on the use of nanostructured current collectors in high-power electrochemical energy storage, scientists have been exploring the application of three-dimensional nanoporous electrodes to tackle issues such as pulverization and capacity degradation [13]. In this study, a three-dimensional (3D) nanoporous hybrid electrode was synthesized by the researchers using a simple electrochemical method. The 3D nanoporous electrode is composed of a CNT@Mn3O4 core–sheath nanocable structure, where Mn3O4 nanoparticles are uniformly anchored onto an interconnected matrix of carbon nanotubes. The 3D nanoporous electrode exhibits a remarkable performance as an LIB anode, being characterized by a high specific capacity, exceptional rate capability, and extended cycle stability. After undergoing 300 cycles of charge and discharge at a rate of 1 A g−1, the electrode maintained an impressive specific capacity of 1367 mAh g−1. Electrochemical kinetic analysis indicated that the significant contribution of pseudocapacitance had a positive impact on its superior lithium storage performance.




2. Experimental Details


2.1. Synthesis of CNT@Mn3O4 Hybrid Electrode


The reagents utilized in the experiments were of exceptional purity, adhering to specifications for analytical grade. The carbon nanotubes (CNTs) were obtained from Chengdu Organic Chemical Company in Chengdu, China. They had an outer diameter of approximately 50 nm and a length ranging from 0.5 to 2 μm. After undergoing refluxing in concentrated nitric acid for 6 h, the CNTs were ready for use.



A facile electrochemical synthesis strategy, which combines electrophoretic deposition with electrochemical deposition, was used to deposit a three-dimensional nanoporous CNT@Mn3O4 hybrid electrode on a commercial copper foil. The deposition suspension was prepared by ultrasonically dispersing 13 mg of pretreated CNTs and 120 mg Mn(NO3)2 (50% aqueous solution, AR) in 100 mL of absolute ethanol. A rectangular copper foil measuring 30 mm by 40 mm was utilized as the cathode, while a rectangular platinum foil of the same size served as the anode. The copper cathode and platinum anode were positioned parallel to each other with a 10 mm gap between them in the mixture. The deposition process was conducted for a duration of 300 s under a constant voltage of 50 volts. In this deposition process, the electrophoretic deposition of CNT and cathodic deposition of Mn2+ ions occurred synchronously, resulting in the one-step formation of a hybrid electrode. A diagram of the specific synthesis steps can be found in Figure S1 of the Supplementary Information. After deposition, the as-obtained hybrid electrode was initially rinsed with ethanol to eliminate residual Mn(NO3)2. Subsequently, the CNT@Mn3O4 hybrid electrode was obtained via calcination in a N2 environment at 300 °C for 3 h. Photos of the as-prepared CNT@Mn3O4 sample deposited on copper foil can be found in Figure S2 of the Supplementary Information.




2.2. Material Characterization


The structure was examined using a field-emission scanning electron microscope (SEM, JSM-7001F) and transmission electron microscopy (TEM, JEOL 2010F). The crystallographic arrangement of CNT@Mn3O4 was identified using X-ray diffraction (XRD, Rigaku D/Max-2400). The nitrogen adsorption–desorption test at 77 K (BELSORP-Mini II) was employed to characterize the pore size distribution and specific surface area [14].




2.3. Electrochemical Characterization


The CNT@Mn3O4 was utilized as the active electrode and machined into a circular shape with a 14 mm diameter by means of a cutting machine. Subsequently, a CR2016-type coin cell was fabricated in a vacuum glove box (MB-10-G, MBRAUN) featuring a H2O and O2 content below 1 ppm. The electrolyte utilized in the experiment was a 1 M LiPF6 solution dissolved in a 1:1 (v/v) blend of ethylene carbonate (EC) and dimethyl carbonate (DMC). The cell was composed of a Celgard 2300 membrane separator, with lithium foil serving as both the reference and counter electrodes.



The coin cell was subjected to galvanostatic charge–discharge (GCD) tests using a Neware battery test system. The experiments were conducted across a range of current densities spanning from 0.1 to 10 A g−1 and under a voltage range of 0.01 to 3 V (vs. Li/Li+) in order to obtain comprehensive data. Furthermore, cyclic voltammetry (CV) experiments were performed using an electrochemical workstation (CHI660E) with a fixed voltage range of 0.01 to 3 V (vs. Li/Li+). Electrochemical impedance spectroscopy (EIS) tests were conducted using a voltage amplitude of 10 mV and a frequency range spanning 105 to 0.01 Hz. The loading of active material in the electrode film we prepared was determined to be 0.358 mg.





3. Results and Discussion


3.1. Microstructural Studies


The morphology was examined via SEM and TEM analysis, as depicted in Figure 1. As shown in Figure 1a, the CNTs were coated with Mn3O4 particles, resulting in a CNT@Mn3O4 nanocable with a rough surface and a consistent diameter of approximately 110 nm. The TEM images presented in Figure 1b,c demonstrate the anchoring of Mn3O4 nanocrystals onto the sidewall of the CNTs. As depicted in Figure 1d, the observed lattice spacings of 2.78 Å and 3.36 Å correspond to the interplanar spacing of the (103) plane of Mn3O4 (PDF card number 24-734) [15] and the (002) plane of CNTs (PDF card number 26-1079) [5], respectively. The Mn3O4 coating sheath layer had a thickness of approximately 13 nm. This nanocable structure facilitates the transport of electrons.



The XRD spectrum of the nanocable in Figure 2 reveals that Mn3O4 (PDF24-734) was the predominant crystalline phase, as evidenced by most of the observed diffraction peaks. Additionally, the diffraction peak at 2θ = 26.4° can be attributed to the (002) crystallographic plane of the hexagonal carbon structure in CNTs (PDF26-1079). The relatively broad peaks observed at the (211), (103), and (101) planes of Mn3O4 suggest that the sheath was composed of nanoparticles. Applying Scherrer’s formula, D = n·λ/(β·cos θ), we calculated a mean crystal size of ~20 nm for Mn3O4 [16].



The N2 sorption isotherm depicted in Figure 3a exhibits a type IV isotherm with a hysteresis loop, indicating the presence of mesopores [15,17]. The CNT@Mn3O4 material demonstrated a remarkable specific surface area of 75.477 m2 g−1, a total pore volume of 0.1805 cm3 g−1, and an average pore size of 11.711 nm. The pore size distribution curve exhibited two distinct peaks: one at approximately 2 nm indicating the presence of micropores and another broader peak above 10 nm corresponding to mesopores. The high surface area and the hierarchical pore distribution facilitate rapid migration of lithium ions, shorten solid diffusion length, and buffer volume expansion during ion insertion into the active material. Consequently, this material can provide improved power performance as an LIB anode.




3.2. Electrochemical Studies


The electrochemical behavior was initially evaluated via cyclic voltammetry (CV). Figure 4 illustrates the CV profile of the CNT@Mn3O4 electrode, depicting the current variation as a function of applied potential within the voltage range of 0.01 to 3.0 V vs. Li/Li+ at a scan rate of 10 mV s−1. A broad cathodic peak at ~1.3 V was observed in the first stage due to the reduction of Mn3+ to Mn2+ [18,19]. The cathodic peaks observed at 0.02 V during the first scan were attributed to the process of inserting Li+ into the CNT framework. The reduction characteristic observed at 0.4 V corresponds to the reduction of Mn(III) to Mn(0). Regarding the anodic branch, the broad peaks observed at 1.3 V are associated with Mn(II) oxidation to Mn(III), while the other peak corresponds to metallic Mn oxidation to Mn(II). In subsequent cycles, a solid–solid interface formation caused the broad reduction peak at ~1.3 V to shift towards 1.4 V. The voltage of the 0.4 V peaks underwent a downward shift to 0.3 V, which is a characteristic feature of manganese oxide electrodes and indicates structural rearrangements associated with lithium insertion during the initial cycle [20,21]. The absence of any noticeable variation between the second and subsequent cycles, coupled with the excellent cycling stability observed, is indicative of the material’s high reversibility for lithium storage [10,22]. This underscores its electrochemical reaction mechanism.



Initial discharge cycle:




	
Mn3O4 + Li+ + e− → LiMn3O4 (1.5–0.5V vs. Li/Li+);



	
Mn3O4 + Li+ + e− → Li2O + 3MnO (1.5–0.5V vs. Li/Li+);



	
MnO + 2Li+ + 2e− → Li2O + Mn (0.5–0.0 V vs. Li/Li+).








Initial charge cycle:




	
Li2O + Mn → MnO + 2Li+ + 2e− (0.5–3.0 V vs. Li/Li+).








Another criterion for assessing the performance of electrode materials is their rate capability under various applied currents. As depicted in Figure 5a, the component exhibited a high capacity of 869 mAh g−1 at a current density of 0.1 A g−1 and maintained a relatively impressive capacity of 309 mAh g−1 even when the current density was increased to 10 A g−1, which is highly comparable to previously reported values [23,24,25]. Upon returning to a current-specific mass of 0.1 A g−1, the ingredient demonstrated exceptional reversibility with a capacity retention of 900 mAh g−1, indicating its superior rate performance and cycle stability.



Figure 5b shows the galvanostatic charge–discharge (GCD) plots at different electric current densities. A slight variation in the polarization voltage of the electrode material was observed with an increase in current density, indicating that the electrode material has high electron and ion conductivity. The high conductivity is attributed to the unique nanocable structure, whereby CNTs provide rapid electron transport and the 3D nanoporous morphology facilitates efficient ion transportation [26,27]. Simultaneously, it served as a structural support to mitigate the volume expansion and exhibited capacitive behavior in the form of linear platforms with negative slopes ranging from 0 to 0.5 V, which may be attributed to lithium storage at the interface [14].



The stable voltage plateau observed at 0.5 V is attributed to the Faradaic involvement of the Li+ insertion mechanism. As current density increases, this platform becomes slightly shorter and eventually disappears at current densities greater than 5 A g−1. The sluggish reaction kinetics of the Mn3O4 sheath are primarily responsible for this phenomenon [28]. Encouragingly, no significant capacity reduction was observed below 0.5 V due to the capacitive nature of interfacial lithium storage. As is well known, capacitive behavior is characterized by a high rate capability, which can be attributed to the interfacial lithium storage mechanism described above.



Simultaneously, the discharge platform of capacitor performance prevails, aligning with the high current charge and discharge characteristics of capacitor energy storage. This capacitance contribution greatly facilitates rapid transmission of Li+, resulting in exceptional reversible capacity and long-cycle stability [9]. This observation offers further insight into the outstanding high rate performance of these materials.



The cycling performance of the CNT@Mn3O4 electrode was assessed by carrying out galvanostatic charge–discharge (GCD) experiments at a current density of 1 A g−1. As depicted in Figure 6a, the coulombic efficiency exhibited a sharp rise to approximately 98% and remained stable throughout subsequent cycles, which can be attributed to the enhanced reversibility of CNT@Mn3O4. From cycles 2 to 60, the specific capacity of the battery decreased from 768 to 511 mAh g−1, but then consistently increased and reached 1389 mAh g−1 in the later cycles. It is not uncommon for previous studies to report an increase in capacity [29,30]. The primary potential factors contributing to this phenomenon were as follows. (1) Electrochemical grinding is caused by repeated volume expansion and the lithiation–delithiation process can result in contraction of the electroactive material. This leads to an increase in contact area between the active site and the electrolyte. (2) Lithium storage at the two-phase interface between metal and Li2O can be achieved [13]. (3) The reversible formation and dissolution of the solid electrolyte interphase (SEI) layer enables lithium storage [31]. (4) The CNT substrate served as a scaffold to mitigate the volume fluctuations that occur during charge and discharge cycles, ensuring capacity stability [32,33,34]. (5) The robust architecture of the hybrid nanomembranes [35]. The TEM images of the CNT@Mn3O4 materials after different cycles in Figure 6b–d provide evidence to support these conclusions. In particular, Figure 6b,c demonstrate that Mn3O4 nanoparticles are uniformly distributed on the CNT scaffold, resulting in a highly porous three-dimensional structure. As the lithiation–delithiation cycle progressed, as shown in Figure 6d, the active material underwent increased porosity and loosening, thereby enhancing the number of active sites associated with electrochemical reactions and resulting in an optimal lithium storage capacity for the composite.



The CV splines of CNT@Mn3O4 were tested at a scan rate of 10 mV s−1 after different cycles. At the 60th cycle, the capacity reduced its minimum and then began to increase. After 60 iterations, the format of the CV document remained consistent with the output preceding the loop. After 200 and 300 cycles, the reduction peak at 0.02 V and oxidation peak at 2.1 V were significantly intensified, which can be attributed to the reaction progression and increased electrochemical grinding effect on the lithium storage interface, resulting in an increase in capacity. For more comprehensive information, please refer to the relevant figures and explanations provided in Figure 6. Furthermore, it should be noted that the length of the discharge–charge platform depicted in Figure 7b increases proportionally with the number of cycles, thus providing additional evidence to support this conclusion.



The electrochemical performance of the CNT@Mn3O4 nanocable material for lithium-ion storage was evaluated using a GCD approach. Figure 7b illustrates the discharge–charge profiles of the CNT@Mn3O4 nanocable material at a current density of 1 A g−1 within the voltage range of 0.01 to 3 V (vs. Li/Li+) over multiple cycles. During the initial cycle, the CNT@Mn3O4 nanocable material exhibited a discharge capacity of 814 mAh g−1 and a charge capacity of 1307 mAh g−1. The primary irreversible capacity loss occurred during the formation of a solid electrolyte interphase (SEI) layer, which arose from the decomposition of the electrolyte. In the sixtieth cycle, the coulombic efficiency of the specimen increased to 98%; however, its capacity reached a nadir due to inadequate wettability at the interface between electrolyte and active material. As charging and discharging proceeded, capacity gradually recovered. After three hundred revolutions, a charging capacity of 1386 mAh g−1 and a discharging capacity of 1367 mAh g−1 were achieved due to the secondary activation and electrochemical reaction, resulting in an impressive coulombic efficiency of approximately 98.6% [30,36]. The performances exhibited superior characteristics compared to those previously reported [4,31,33,37]. The charge and discharge voltage plateaus were observed at approximately 0.4 V, 1.3 V, and 2.1 V, respectively. These findings are consistent with the results obtained from the CV curves depicted in Figure 7a.



To further investigate the factors contributing to the superior efficacy of CNT@Mn3O4 as an electrode material for LIBs, cyclic voltammetry (CV) measurements were conducted with scan rates ranging from 0.2 to 1.2 mV s−1 to analyze the kinetics of the electrode. The position of the redox peak in the CV curve remained consistent across different scanning rates, indicating a stable electrochemical performance. The high electrochemical reversibility indicates the potential of electrode materials to store energy through both Faraday and non-Faraday process [28,38], which can be qualitatively examined using CV measurements obtained at various scan rates [39]:


i = avb








where a and b represent Ka. The slope of the log (i) to log (v) curve can be utilized for calculating the b value, which characterizes the charge storage dynamics during the charge–discharge process. A b value of 0.5 indicates a Faraday process controlled by diffusion [9], whereas a b value of 1 signifies that the electrode is governed by capacitance behavior [40,41]. As depicted in Figure 8b, the b value of the cathodic peak at 0.4 V for the CNT @ Mn3O4 electrode was determined to be 0.65, while that of the anodic peak was calculated as 0.8. This equation suggests that the electrochemical reaction is primarily influenced by the interplay between the diffusion mechanism and the capacitive response. Furthermore, the current output at a specific potential can be separated into two components. One is diffusion-controlled partial current (k1ν1/2), as illustrated by the following equation [42]:


i (V) = k1ν1/2 + k2ν











Both k1 and k2 are variables that can be calculated based on the slope of the i(V)/ν1/2 and ν1/2 curves, respectively. The parameter k2 serves as a discriminant for capacitive current (k2ν) from the total current. Figure 8c illustrates that the CNT@Mn3O4 electrode contributes to a capacitance of 73.4% at a scanning speed of 1 mVs−1. Figure 8d summarizes the capacitance contributions at different scan rates, which were found to be 46.0%, 58.0%, 67.3%, 70.6%, 73%, and 77% at scan rates of 0.2, 0.4, 0.6, 0.8, 1, and 1.2 mVs−1, respectively. The graph depicted in Figure 8e illustrates that the CNT@Mn3O4 electrode’s capacitance contribution reached a remarkable 89% after undergoing 300 cycles at a scan rate of 1 mV s−1, indicating the predominant role played by the energy storage process in its capacity contribution [43,44]. There are two primary factors contributing to this observation. Firstly, the CNT@Mn3O4 electrode material exhibits a remarkably high specific surface area of 75.477 m2 g−1 based on BET testing, which enhances surface adsorption and provides Faraday capacitance. Secondly, during cycling, Mn3O4 generates nanoscale LiO2 and M, which create numerous interfaces. These interfaces provide capacitive interfacial lithium storage and significantly contribute to the overall capacitance of the electrode [14]. The analysis of electrochemical kinetic test data suggests that capacitive energy storage processes play a crucial role in lithium (li) storage, particularly at high scan rates. The significant contribution of capacitance is highly advantageous for the quick transfer of Li+ ions, ultimately resulting in improved reversible capacity and prolonged cycle stability of the battery [14].



The behavior of capacitive electrodes was analyzed using EIS. The Nyquist plots of CNT@Mn3O4 exhibited a partial semicircle and a straight sloping line, as depicted in Figure 9. The size of the semicircle in the diagram indicates the Faradic charge transfer resistance (Rct), which reflects the electrode’s surface area and conductivity [31]. Alternatively, the diffusion of ions was correlated with the straight sloping line. In the high-frequency region, the intercept associated with electrolyte resistance (Rele) in the Nyquist plot increased over cycles, indicating enhanced lithium-ion penetration into the active component surface area during cycling. Moreover, the slope of the sloping line became steeper with cycling, indicating that CNT@Mn3O4 exhibited enhanced electrolyte ion diffusion during the redox reaction [31].



The graded porous network structure of CNT@Mn3O4 facilitates the effective infiltration of the electrolyte into the pores of the electrode material, thereby mitigating polarization and augmenting its specific capacity. A lower Rct value was observed as a result of the graded porous network structure. However, after 300 cycles, there was a substantial increase in Rct, which was attributed to volume fluctuations in the electrode material, dissolution and aggregation of Mn3O4 nanoparticles, and transformation of the spinel Mn3O4 [45,46].



To gain a more comprehensive understanding of the electrochemical mechanism, the electrode’s EIS was examined both before and after cycling. As depicted in Figure 9 by the purple line, the EIS prior to cycling displays an intersection point on the real axis at high frequency that represents electrolyte resistance—primarily caused by electrolyte and other battery components—which is ohmic in nature. The decay in the low-frequency range is indicative of the charge transfer resistance and the permanent phase element at the interface between the electrode and electrolyte. CPEct is associated with the electric double-layer capacitor, while W1 characterizes diffusion-related phenomena in the system, including the salts and lithium-ion diffusion into the active material [32,47]. The linear region at the low-frequency range depicts this phenomenon. After the 200 cycles, the EIS exhibited three distinct segments, each featuring an equivalent series resistance (Rs) in the high-frequency region. This parameter is closely related to the ohmic portion of electrode impedance and encompasses contributions from electron transport.



Several factors influence the behavior of an electrode, including its conductivity, the ionic conductivity of the electrolyte solution, and any electrical contact resistance associated with battery hardware, current collectors, or electrode materials. The arc in the mid-to high-frequency range represents the resistance (RSEI) and capacitance (CSEI) of the SEI layer, while the arc in the medium-frequency range corresponds to charge transfer resistance (Rct) and a constant phase element at the electrode–electrolyte interface. The constant phase element (CPE) is associated with double-layer capacitance, whereas linear decay observed in the low-frequency region can be attributed to W, which represents lithium-ion diffusion through an electrode [32].



Based on the blue lines in Figure 9, the semicircle radius of the electrode was significantly reduced after cyclic activation, indicating a smaller Rs due to the presence of CNT@Mn3O4 nanostructures during cycling. The accumulation of CNTs hindered the aggregation of Mn3O4, resulting in increased interlayer spacing and a higher number of electroactive sites. This facilitates charge transport and electrolyte infiltration, as evidenced by the steeper slope and shorter line lengths in the low-frequency region after 200 cycles. The lithium diffusion rate was accelerated, while the change in the diffusion path was minimized. These observations are consistent with those from TEM analysis shown in Figure 6, which indicate that the electrode became more porous and independent after cycling. Moreover, the nanostructures retained their original morphology, providing further evidence of their exceptional lithium storage performance.





4. Conclusions


In this study, the researchers employed the electrophoretic deposition technique to fabricate a CNT@Mn3O4 nanocable electrode material. This approach enabled direct deposition of active material onto commercially available copper foil, which can function as a current collector for LIBs. Moreover, the absence of a binder contributed to the enhanced quality and efficiency of the battery. The CNT@Mn3O4 material exhibited an impressive stable reversible capacity of 1335 mAh g−1 at a current density of 1 A g−1, demonstrating exceptional cycling stability and rate performance. The unique 3D nanoporous architecture of this material enables effective absorption of large volume fluctuations and enhances the speed of electron transfer and transport of lithium ions during charging and discharging processes. Incorporating a porous carbon coating can effectively protect the active material from pulverization, while also enhancing cycling stability and enabling faster charging/discharging rates through increased electrical conductivity. Therefore, the CNT@Mn3O4 composite material exhibits great potential as a superior anode material for high-performance lithium-ion batteries. This study offers a novel perspective on synthesizing high-performance electrode materials using simple and cost-effective methods. The results of this study are expected to advance the development of rechargeable lithium-ion batteries with high power and a long cycle life for energy storage applications.
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Figure 1. (a) SEM images of CNT; (b) SEM images of CNT@Mn3O4; (c,d) TEM images of CNT@Mn3O4 nanocable. 
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Figure 2. XRD patterns of CNT@Mn3O4 nanocable. 
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Figure 3. (a) N2 sorption isotherm diagram; (b) pore size distribution. 
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Figure 4. CV curves of the CNT@Mn3O4 nanocable at 10 mV s−1. 
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Figure 5. (a) Rate performance of the CNT@Mn3O4 nanocable; (b) charge–discharge curves of the CNT@Mn3O4 nanocable under varying current loads. 
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Figure 6. (a) The cycling stability of the CNT@Mn3O4 nanocable as anodes for LIBs at a current density of 1 A g−1; (b) TEM images of the CNT@Mn3O4 nanocable before cycling; (c) after 60 cycles; (d) after 300 cycles. 
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Figure 7. (a) CV splines of the CNT@Mn3O4 nanocable at 10 mV s−1 after different cycles; (b) charge–discharge curves of the CNT@Mn3O4 nanocable at a current density of 1 A g−1. 
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Figure 8. (a) CV curves with scan rates from 0.2 to 1.2 mV s−1; (b) log i vs. log v plots at oxidation and reduction state; (c) capacitive contribution at 1 mV s−1; (d) the capacitive capacity contribution at various scan rates; (e) capacitive contribution at 1 mV s−1 after 300 cycles. 
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Figure 9. EIS of the CNT@Mn3O4 nanocable after different cycles. 
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