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Abstract

:

In the realm of advanced anode materials for lithium-ion batteries, this study explores the electrochemical performance of a high-entropy oxide (HEO) with a unique spinel structure. The equiatomic composition of CrMnFeCoCu was synthesized and subjected to a comprehensive materials characterization process, including X-ray diffraction and microscopy techniques. The multicomponent alloy exhibited a multiphase structure, comprising two face-centered cubic (FCC) phases and an oxide phase. Upon oxidation, the material transformed into a spinel oxide with a minor presence of CuO. The resulting high-entropy oxide demonstrated excellent electrochemical behavior when utilized as an anode material. Cyclic voltammetry revealed distinctive reduction peaks attributed to cation reduction and solid electrolyte interphase (SEI) layer formation, while subsequent cycles showcased high reversibility. Electrochemical impedance spectroscopy indicated a decrease in charge transfer resistance during cycling, emphasizing the remarkable electrochemical performance. Galvanostatic charge/discharge tests displayed characteristic voltage profiles, with an initial irreversible capacity attributed to SEI layer formation. The HEO exhibited promising rate capability, surpassing commercial graphite at higher current densities. The battery achieved 80% (275 mAh g−1) of its initial stable capacity at a current density of 500 mA g−1 by the 312th cycle. Post-mortem analysis revealed structural amorphization during cycling, contributing to the observed electrochemical behavior. This research highlights the potential of HEOs as advanced anode materials for lithium-ion batteries, combining unique structural features with favorable electrochemical properties.
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1. Introduction


Our planet is confronted with pressing environmental concerns, including climate change, deforestation, and ozone depletion. Internal combustion engine vehicles are a significant source of carbon dioxide emissions, which contribute to these issues. Electrifying vehicles and harnessing renewable energy sources are crucial steps in addressing the environmental crisis. Energy storage systems play an essential role in optimizing the utilization of renewable energy sources, with advanced batteries and grid-scale storage facilities facilitating the efficient storage and distribution of renewable energy. While lithium-ion batteries reign as the leading technology for electric vehicles and other energy storage applications, they encounter challenges, such as the growing demand for extended-range vehicles and the necessity for increased energy density and efficiency. However, graphite, the most common anode material in lithium-ion batteries, has a relatively low capacity (372 mAh g−1) and poor high-current performance [1]. Alternative anode materials are being investigated to overcome these limitations. Silicon and tin alloys have high theoretical capacities, but they undergo chemical reactions with lithium during charge–discharge cycles, which can lead to structural changes and capacity degradation [2]. Conversion materials, such as transition metal oxides, are being evaluated for use in the fourth generation of lithium-ion batteries due to their high specific capacity (700–1000 mAh g−1) [3,4,5]. However, they face similar challenges to alloying materials, such as large volume changes during charging and discharging, which can lead to capacity fading.



High entropy materials diverge from conventional materials due to their unique composition and structure, leading to remarkable functional properties [6,7,8,9,10]. These materials, encompassing multiple essential elements, exhibit distinctive characteristics such as dielectric, optical, magnetic, and electrochemical properties. In the domain of lithium-ion batteries [11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29], high-entropy oxides (HEOs) have demonstrated promise as both anode and cathode materials. Their appeal stems from their ability to deliver high capacities and extended cycle life. The exceptional electrochemical properties stem from the “cocktail effect” arising from diverse atomic sizes and high entropy. In lithium-ion batteries, high-entropy oxides augment electrodes by elevating energy storage capacity and stability throughout charge and discharge cycles. The disorder in their atomic structure, attributable to diverse elements, facilitates efficient lithium-ion diffusion and storage. By harnessing these qualities, HEOs possess the potential to revolutionize energy storage, satisfying the demand for higher energy density, faster charging, and enhanced sustainability.



Among the most extensively investigated HEOs for anode in lithium-ion batteries (LIBs) is a mixed-metal oxide, (MgCoNiCuZn)O with a rock–salt structure. It boasts a theoretical capacity of 700–1000 mAh g−1, two–three times greater than commercial LIB anode materials [11,12,13]. In this composition, Mg2+ acts as a stabilizing element due to its inactivity within the potential range of 0–3 V vs. Li/Li+. This inactivity contributes to stabilizing the crystal structure, inhibiting active nanograin agglomeration, and enhancing cyclic stability [11,12,13]. However, the incorporation of inactive Mg in high-entropy oxides generally decrease the attainable capacity, as confirmed in [21,30]. Another promising HEO anode material is (CrMnFeCoNi)3O4, which possesses a spinel structure [15,16,17,18]. During galvanostatic cycling [17], it exhibits a remarkable discharge capacity of 1235 mAh g−1 at a current density of 100 mA g−1, accompanied by a Coulombic efficiency that exceeds 99%. Additionally, a remarkable 500 mAh g−1 capacity at 2000 mA g−1 was achieved during rate capability testing. Nguyen et al. [22] synthesized a Co-free high-entropy oxide (CrMnFeNiCu)3O4 with outstanding rate capability and stability that exceeds 99% of CE. Chen et al. [19] prepared (MgTiFeCuZn)3O4 high-entropy oxides via a simple solid-state method, achieving a high specific capacity of 279 mAh g−1 at 2000 mA g−1 for 800 cycles. The stabilization effect in spinel-structured high-entropy oxides can be achieved by incorporating Ti and/or Al into the HEOs’ crystal structure, as demonstrated in [26,28].



The most widely studied high-entropy oxide with spinel structure in lithium-ion batteries is (CrMnFeCoNi)3O4 [15,16,17,18,31,32], but a plenty of derivatives of this HEO have been employed in lithium-ion batteries, such as (CrMnFeNiZn)3O4 [21], (CrMnFeCoZn)3O4 [33], (CrMnFeNiMg)3O4 [21], (CrMnFeCoMg)3O4 [30], and (CrMnFeNiCu)3O4 [22,34,35], showcasing the remarkable adjustability/tunability of LIB properties through HEO composition. However, to the best of our knowledge, no study has yet explored the application of (CrMnFeCoCu)3O4 high-entropy oxide in lithium-ion batteries. Consequently, we synthesized (CrMnFeCoCu)3O4 high-entropy oxide by oxidizing the multicomponent pre-alloy powder particles at elevated temperatures. The prepared high-entropy oxide was utilized in lithium-ion half cells and compared to a traditional graphite electrode. The microstructure and phase evaluation of the alloy, oxide, and electrodes, including post-mortem analysis, was examined using scanning electron microscopy and X-ray diffraction, respectively.




2. Materials and Methods


2.1. Materials Synthesis


The multicomponent pre-alloy of CrMnFeCoCu in equiatomic composition was synthesized by arc melting of pure elements of Cr, Mn, Fe, Co, and Cu (>99.9%, Thermo Fisher, Kandel, Germany) in an argon atmosphere. The samples were remelted five times in a water-cooled copper mold using a Bühler Compact Arc Melter MAM-1 (Edmund Bühler GmbH, Bodelshausen, Germany). After each melting, the samples were turned over to ensure homogeneous composition throughout the entire volume. The samples were then milled in a vibration mill at a frequency of 30 Hz for 1 h and sieved to a size of less than 40 µm. The resulting powder particles of the alloy were oxidized in a tube furnace (LAC L HR, LAC, Židlochovice, Czech Republic) under an oxygen atmosphere at 1000 °C for a duration of 6 h. The oxidized powder was rapidly quenched on a steel plate. Further refinement was carried out through milling in a planetary ball mill (Retsch PM 100, Retsch GmbH, Haan, Germany) using tungsten carbide balls with a diameter of 10 mm. The milling process occurred at a rotational speed of 500 rpm for 30 min in isopropanol. Finally, the milled powder was dried at 70 °C and used for material characterization and utilization in electrochemical cells.




2.2. Materials Characterization


X-ray diffraction (XRD) was utilized for assessing the phase purity of the prepared materials. A Huber G670-360 Guinier Imaging Plate Camera (Huber Diffraktionstechnik GmbH & Co. KG, Rimsting, Germany) equipped with a Mo anode X-ray tube source was employed. Diffractograms were captured in the 0–100° scattering angle range at ambient temperature. Mo Kα1 radiation (λ = 0.70926 Å) was selected using a focusing Ge 220 Johannson monochromator (Huber Diffraktionstechnik GmbH & Co. KG, Rimsting, Germany). For measurements in asymmetric transmission geometry, the powder samples were mounted on a 6.0 µm thick mylar thin film. To enhance powder averaging, an in-plane oscillating motion of the sample was applied. Each measurement was conducted with an exposure of 1 h. The powder diffraction patterns were analyzed and refined using GSAS-II software (Argonne National Laboratory, Lemont, IL, USA) (Version V5556) [36,37]. The microstructure of the bulk alloy was evaluated using Jeol JSM 7000 F Scanning electron microscopy (SEM) (JEOL, Tokyo, Japan) equipped with energy-dispersive spectroscopy (EDS) Oxford Inca X-sight model 7557 (Oxford Instruments, High Wycombe, UK). Scanning electron microscopy was conducted with a Tescan VEGA 3 LME instrument (TESCAN, Brno, Czech Republic) equipped with energy-dispersive X-ray spectroscopy (Bruker, Billerica, MA, USA) to analyze the morphology, size distribution, and chemical composition of the prepared powder materials and electrodes before and after cycling. Post-mortem XRD on the electrodes was utilized to investigate phase transformation during the cycling process using a Philips X’Pert Pro diffractometer (Philips, Amsterdam, The Netherlands) operating in Bragg–Brentano (reflection) mode at 40 kV and 50 mA, employing Cu Kα radiation (λ= 1.5418 Å).




2.3. Electrochemical Measurements


Electrochemical measurements were performed using CR2032 coin cells. The prepared high-entropy oxide (70 wt.%) was blended with Super P carbon black (20 wt.%) and polyvinylidene fluoride (PVDF) (10 wt.%) dissolved in N-methyl pyrrolidone (NMP). Mixing was performed in a planetary centrifugal mixer (Thinky ARE-250, Tokyo, Japan) to form a slurry for 20 min, including a degassing step. The slurry was coated onto a copper foil using a Compact Tape Casting Coater (MTI MSK-AFA-III, MTI, Richmond, VA, USA), resulting in a wet film height of 120 µm. The coated foil was dried at 120 °C under vacuum overnight. Electrodes with a diameter of 13 mm were cut from the prepared coated foil using EL-Cut (EL-CELL, Hamburg, Germany) with a material loading of approximately 1.64 mg cm−2. The half cells were assembled in an argon-filled glovebox (Jacomex GP Campus) (Jacomex, Dagneux, France) maintained at a controlled atmosphere (O2 < 1 ppm, H2O < 1 ppm). Li discs (13 mm in diameter) served as counter electrodes, the HEO electrode as the working electrode, Whatman GF/A was employed as the separator, and 1 M LiPF6 dissolved in ethyl carbonate (EC) and diethyl carbonate (DEC) in a 50/50 volume ratio was used as the electrolyte. Cyclic voltammetry at a sweep rate of 0.1 mV s−1 in a potential range of 0.01 to 3 V and electrochemical impedance spectroscopy (EIS) in a frequency range of 1 MHz to 100 mHz were conducted using a potentiostat/galvanostat (BioLogic SP-150, Biologic, Seyssinet-Pariset, France). Galvanostatic charge–discharge tests at various current densities in a potential range of 0.01 to 3 V were performed using a Landt Battery Cycler (CT3002AU, Landt Instrument, New York, NY, USA).





3. Results and Discussion


3.1. Material Characterization


To analyze the phase composition of the synthetized multicomponent alloy, an XRD experiment was conducted on the powder sample (Figure 1a). The alloy exhibited a multiphase structure, with two face-centered cubic (FCC) phases belonging into the space group of Fm−3m with lattice parameters of a = 3.641 Å (Fm−3m_1) and a = 3.710 Å (Fm−3m_2) in a ratio of 2:1. SEM micrographs of the bulk HEA using back-scattered electrons and EDS analysis indicate that the bright regions were mainly composed of Cu (70.61 at.%) and Mn (24.07 at.%) (Figure 1c,d, Table 1), while the dark regions consisted of nearly equiatomic Cr, Fe, and Co, with a small amount of Mn and low Cu content (Figure 1c,d, Table 1). Considering the lattice parameter of Cu (3.614 Å), we assume that the bright phase (rich in Cu) corresponds to phase 1 (3.641 Å), and the dark phase to phase 2 (3.710 Å). However, an additional phase was also observed, which we were not able to identify (Figure 1a,c,d). EDS analysis revealed that this phase was composed primarily of O, Cr, and Mn, suggesting the presence of an oxide phase. In a previous study by Otto et al. [38], the microstructure of a high-entropy alloy with the same composition was analyzed. However, the alloy in that study was annealed for 3 days at 1123 K, resulting in the formation of two FCC phases, one of which was enriched in Cu and Mn, as in our case. In other studies [38,39], the tertiary phase was assumed to be a sigma phase. However, the sigma phase is an intermetallic compound, unlike the additional phase we observed. As our primary focus was on the high-entropy oxide material, we did not conduct further investigation of this phase. The SEM analysis revealed that the milled particles exhibited deformed shapes, ranging in size from a few hundred nanometers to approximately 40 μm (Figure 1b). EDS analysis confirmed that the constituent elements were homogeneously distributed across the analyzed area, with no evidence of segregation (Figure 1b). However, in some regions, the iron concentration was slightly elevated due to contamination from the milling process. Although this minor contamination is negligible, it is worth noting. The chemical composition of the prepared alloy was nearly equiatomic (Table 2). The configurational entropy ΔS of the prepared multicomponent alloy was calculated separately for each phase, excluding the oxide phase (Table 1). According to [40,41], this multicomponent alloy does not belong to entropy-stabilized alloys due to its high formation enthalpy [42].



During the oxidation of the prepared alloy, a phase transformation occurred, as revealed by XRD analysis of the sintered powder material (Figure 1e). The prepared material belonged to the spinel oxide group, crystallizing in the Fd−3m space group with a lattice parameter of 8.358 Å. However, a small amount of a secondary phase (0.9 wt.%) was observed, exhibiting a monoclinic structure with C2/c space group and lattice parameters of a = 4.688 Å, b = 3.494 Å, c = 5.070 Å, and β = 100.954°. These parameters suggest that the secondary phase is based on CuO. In contrast to other studies [43], which report a single-phase spinel structure for this composition, the authors employed a hydrothermal synthesis route followed by calcination at a low temperature of 700 °C. According to other works [29,38,44], copper can segregate at high temperatures (above 1212 K, 939 °C) and form CuO separately from other oxides during slow cooling processes. Liu et al. [45] observed similar CuO segregation when preparing HEO with a similar composition of CrFeCoNiCu. However, the amount of CuO in their study was 21.5%. This indicates that Mn may have a stronger stabilizing effect on the spinel structure than Ni, even though the HEO precursor in [45] was calcinated at 700 °C. Nevertheless, the small amount of CuO observed in our work can be considered negligible. SEM analysis revealed that the size distribution of the prepared high-entropy oxide ranged from a few hundred nanometers to approximately 21 μm (Figure 1f). The average particle size was around 2.31 μm (Figure 1g). The chemical composition of the prepared HEO was found to be in good agreement with the theoretical value of Me3O4 (Table 2). Based on the analyzed chemical composition, suggesting that all elements occupy both Wyckoff sites for the cations, the calculated configurational entropy of the prepared HEO is approximately 1.99 R, classifying it as a high-entropy material according to [40,41]. These results suggest successful synthesis of the high-entropy oxide, providing a basis for further electrochemical investigation.




3.2. Electrochemical Performance


3.2.1. Cyclic Voltammetry


The electrochemical performance of the prepared high-entropy oxide (CrMnFeCoCu)3O4 was investigated in half cells with metallic lithium as the counter electrode and a typical electrolyte 1 M LiPF6 in EC/DEC (50/50 v/v). Cyclic voltammetry (CV) was conducted in the potential range of 0.01 V to 3 V vs. Li/Li+ at a sweep rate of 0.1 mV s−1, as illustrated in Figure 2a. In the first cycle, a sharp reduction peak at 0.5 V is observed attributed to the reduction in cations similar to other compositions [17,22,27,29,46]. Another reduction at 0.25 V is associated with the formation of the solid electrolyte interphase (SEI) layer due to electrolyte degradation [15,16,17,20,29]. It is noteworthy that the particle size, controlled by the preparation method and parameters, influences the shape of the CV curve, as discussed in previous studies [22]. During the subsequent anodic process, a broad oxidation peak is observed in the potential range of 1.2 and 2.2 V indicative of the oxidation of the metallic phases [15,27,29,30,46]. In the subsequent cycles, the two reduction peaks shifted to higher potentials of 0.47 and 0.90 V, respectively, a common observation in high-entropy oxides (HEOs) [15,16,17,29]. This shift indicates a large irreversible reaction in the first cycle. However, in subsequent cycles, the CV curves exhibited similar shapes, and with increasing cycle numbers, they tend to overlap, demonstrating high cycle stability and reversibility. This suggests promising electrochemical performance for the (CrMnFeCoCu)3O4 high-entropy oxide in lithium-ion batteries.




3.2.2. Electrochemical Impedance Spectroscopy


Electrochemical Impedance Spectroscopy (EIS) measurements were conducted on the prepared high-entropy oxide (HEO) electrode at a stable open circuit potential at the same state of charge (1.7 V) during different cycle numbers. Nyquist plots with equivalent circuit fitting were constructed to assess the evolution of its electrochemical behavior.



The same equivalent circuit (Figure 2f) was employed for all measurements at different cycle numbers to analyze the formation of the SEI layer during the cycling process, as was performed in [30]. A similar version of the equivalent circuit described in [15,23,29,47,48,49] was used to fit the EIS spectra. Rs, Rct, RSEI, and RD represent the solution resistance, charge transfer resistance, SEI layer resistance, and diffusion resistance, respectively, while Qct, QSEI, and QD are interfacial constant phase elements for charge transfer, SEI layer, and Li-ion diffusion, respectively [15,16,29]. A Warburg element (s) was used for better describing the diffusion inside the cell.



The Nyquist plot of the electrode after the 1st discharge/charge cycle (Figure 2b) exhibited two semicircles at high and medium frequencies, representing the SEI layer impedance and charge transfer resistance, respectively. Li-ion diffusion in the electrode materials was represented with a sloping line in the low-frequency region.



After five discharge/charge cycles, the Nyquist plot (Figure 2c) of the electrode showed a similar shape with two semicircles and a sloping line. However, the first semicircle representing the SEI layer impedance had a larger diameter, indicating higher impedance (Table 3). This higher SEI layer impedance can be attributed to the initial formation of the SEI layer during the first cycles of the electrode. Conversely, the charge transfer resistance decreased during cycling, as shown in Figure 2e and Table 3. After 10 discharge–charge cycles, the shape of the Nyquist plot (Figure 2d) remained comparable to that observed after five cycles. However, the charge transfer resistance was higher and the SEI resistance was lower after 10 cycles. This observation aligns with the findings of [15], where the authors also reported an increase in SEI layer impedance in the first cycles and consequently its decrease due to the stabilization of the SEI layer.




3.2.3. Galvanostatic Cyclic Test


Figure 3a presents the voltage profile of the prepared HEO during galvanostatic charge/discharge at 100 mA g−1. In the first discharge, a characteristic voltage profile for transition metal oxides is observed, featuring a plateau at an average potential of 0.5 V [15,16,17], consistent with the CV data, suggesting SEI layer formation due to electrolyte decomposition. The first charge profile displays a slope instead of a plateau in the 1.2 to 2 V range, aligning with the CV data. The dQ/dV plot (Figure 3b) reveals two main reactions during the initial discharge, mirroring the CV data. The discharge- and charge-specific capacities were 1140 and 650 mAh g−1, respectively, resulting in a low Coulombic efficiency of 58%, attributed to electrolyte decomposition and irreversible phase transformations, particularly amorphization [11,15,17,20,46]. In subsequent cycles, the voltage profiles maintained similar shapes, indicating remarkable reversibility and cycling stability. However, a slight decrease in specific capacity is observed until the 30th cycle (Figure 3c), reaching 512 mAh g−1, a typical behavior for conversion materials. After this point, the capacity began to increase, possibly due to activation processes, structural rearrangements [15,16,26,30,33], or pulverization; particle size reduction can occur due to volume changes during the cycling process, leading to the formation of new surfaces that enhance overall capacity [50]. The dQ/dV plot reveals additional reactions starting at 0.28 V from the 30th cycle attributed to electrolyte degradation [15,16,17,20,29]. After 100 cycles, the initial charge capacity was completely restored to 676 mAh g−1.



The rate capability test (Figure 3e) demonstrated the electrochemical performance of the prepared HEOs at higher current densities. As current densities increased, specific capacities decreased due to diffusion limitations and polarization [25,51]. Specific capacities were observed at 578, 442, 339, 254, and 168 mAh g−1 for current densities of 100, 200, 500, 1000, and 2000 mA g−1, respectively. Decreasing the current density back to the initial value of 100 mA g−1 resulted in a regeneration of the specific capacity to 542 mAh g−1. This capacity recovery, observed only in certain HEOs [11,19,21,23,30,46], is indicative of the material’s unique electrochemical behavior. Subsequent cycles displayed a similar trend of capacity increase as observed in the cyclic stability test, with higher capacities of 772 mAh g−1 obtained compared to the initial cycles at the same current density. This phenomenon, observed in only a few HEOs [11,23,32,33], can be attributed to the high oxygen vacancy content in the structure. Compared to commercial graphite (Figure 3f, Table 4), the capacity ratio of HEO/graphite capacities increased with higher current densities, indicating that HEO is more efficient than graphite at higher current densities due to its superior rate capability. The HEO electrode exhibits 2 to 3 times higher specific capacities than graphite.



In cyclic stability testing (Figure 3d) at a current density of 500 mA g−1, which included a 30-cycle formation process at 100 mA g−1 to activate the electrode, the HEO electrode exhibited moderate cyclic stability and specific capacity over 1000 cycles compared to other high-entropy oxides [16,19,22,23]. After 200 cycles, the capacity began to fade, likely due to electrode pulverization. A proportion of 80% (275 mAh g−1) of the initial stable capacity (344 mAh g−1) at 500 mA g−1 was achieved in the 312th cycle. Although a capacity retention of 80% in 300 cycles is commonly observed in HEOs, as summarized in [52], the final capacity after 1000 cycles at 500 mA g−1 decreased to 150 mAh g−1, which is lower than in other high-entropy oxides. This behavior can be attributed to the fact that the average particle size of our HEO was higher than that in other studies, where nanoparticles were used. However, the moderate cyclic stability of the HEO can be attributed to its high entropy and amorphous structure, mitigating volume changes during cycling [15,20], compared to binary transitional metal oxides, even when using nanoparticles, such as in the case of Co3O4 [53].



Finally, we would like to state that, while the reversibilities of our materials rank among the top for traditional conversion materials, they cannot match the performance of state-of-the-art intercalation materials like NCM, LCO, or LFP. The mechanisms of intercalation and conversion differ significantly, each offering advantages and disadvantages. Improving reversibility, particularly in conversion materials, remains a critical goal driving our research efforts.





3.3. Post-Mortem Analysis


The post-mortem analysis revealed structural changes in the active material after 10 cycles. XRD analysis (Figure 4) showed phase transformation during the cycling process, where characteristic peaks of the HEO disappeared, and a new, unidentified small peak emerged at 3.12 Å−1. This suggests amorphization of the HEO structure, contributing to its observed electrochemical performance that was discussed earlier. SEM analysis of the electrode surface before (Figure 5a,b) and after cycling (Figure 5d,e) revealed the formation of new surfaces, possibly arising from cracks induced by volume changes during cycling, causing particles to pulverize and create new active sites. However, cracks on the electrode surface may impede electrical contact, leading to capacity decline. The elemental distribution remained uniform, with no segregation observed (Figure 5c,f).





4. Conclusions


This study focused on the preparation of a high-entropy oxide of (CrMnFeCoCu)3O4 by arc melting a multicomponent alloy followed by high-temperature oxidation in an oxygen atmosphere. The resulting material exhibited a spinel oxide structure as the primary phase, accompanied by a minor amount of a secondary phase with a monoclinic structure.



The prepared high-entropy oxide (CrMnFeCoCu)3O4 was used in a half-cell lithium-ion battery configuration as an active electrode material and its performance was compared to commercial graphite. The results showed that the HEO/graphite capacity ratio increased with increasing current densities. This indicates that HEO exhibits higher efficiency than graphite at higher current densities, due to its superior ability to accommodate lithium ions during charge and discharge cycles. The tested half-cell showed moderate cyclic stability and maintained intermediate specific capacity over 1000 cycles.



The fresh electrode surface exhibited a uniform morphology, but post-mortem analysis revealed that the material experienced significant amorphization during the cycling process. However, the electrode surface remained compact even after 10 cycles, although cracks emerged on the surface of the powder particles. These cracks suggest the formation of new active surface areas, which may contribute to the observed capacity increase.



This research offers valuable insights into the potential of high-entropy oxide (CrMnFeCoCu)3O4 as a promising alternative to graphite in lithium-ion batteries, demonstrating capacity retention over extended cycling periods while maintaining initial discharge capacities.
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Figure 1. (a) XRD phase analysis of the alloy powder; (b) EDS mapping of the alloy powder; (c,d) microstructure of the bulk alloy; (e) Rietveld refined XRD pattern of HEO powder, Rwp = 9.3%; (f) EDS mapping of HEO powder; (g) size distribution of HEO powder. 
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Figure 2. (a) CV curves at 0.1 mV s−1 in a potential range of 0.01–3 V vs. Li/Li+, Nyquist plots of (CrMnFeCoCu)3O4 electrode and the corresponding equivalent circuit (b) after 1 cycle, (c) after 5 cycles, and (d) after 10 cycles; (e) Nyquist plots at different cycle number; (f) equivalent circuit fitting. 
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Figure 3. (a) Charge/discharge voltage profiles of HEO at 100 mA g−1; (b) differential capacity plots of HEO at 100 mA g−1; (c) cyclic stability test of HEO at 100 mA g−1; (d) cyclic stability test of HEO at 500 mA g−1; (e) rate capability test of HEO; (f) rate capability test of graphite. 
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Figure 4. XRD of the electrodes before and after 10 cycles. 
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Figure 5. SEM micrographs of HEO electrodes (a,b) before and (d,e) after 10 cycles at 100 mA g−1; EDS mapping of HEO electrodes (c) before and (f) after 10 cycles at 100 mA g−1. 
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Table 1. EDS analysis of multicomponent alloy bulk sample.
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	Phases
	O (at.%)
	Cr (at.%)
	Mn (at.%)
	Fe (at.%)
	Co (at.%)
	Cu (at.%)
	ΔS





	Bright phase (B)
	-
	1.22
	24.07
	1.52
	2.59
	70.61
	0.81 R



	Dark phase (D)
	-
	24.16
	16.19
	27.77
	27.46
	4.43
	1.49 R



	Dark phase in dark phase (DD)
	-
	36.33
	14.78
	26.50
	20.34
	2.05
	1.41 R



	Oxide phase
	56.00
	26.94
	14.63
	0.18
	-
	2.26
	-










 





Table 2. EDS analysis of the alloy powder and HEO powder.
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	Material
	O (at.%)
	Cr (at.%)
	Mn (at.%)
	Fe (at.%)
	Co (at.%)
	Cu (at.%)





	Multicomponent alloy
	7.55
	18.60
	19.22
	19.54
	17.99
	17.10



	HEO
	60.82
	7.12
	7.13
	8.69
	8.28
	7.96










 





Table 3. Estimated values of the parameters and their standard error of EIS fitting.
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Parameters

	
After 1 Cycle

	
After 5 Cycles

	
After 10 Cycles




	
Estimated Value

	
Standard Error

	
Estimated Value

	
Standard Error

	
Estimated Value

	
Standard Error






	
RS (Ohm)

	
1.582

	
0.1199

	
2.099

	
0.08994

	
2.253

	
0.03945




	
QSEI      ( F   s     a  SEI    - 1    )  

	
83.09 × 10−6

	
3.176 × 10−6

	
18.65 × 10−6

	
4.579 × 10−6

	
0.7462 × 10−3

	
59.86 × 10−6




	
    a  SEI     

	
1

	
98.37 × 10−6

	
0.7396

	
0.02129

	
0.7475

	
0.01667




	
RSEI (Ohm)

	
3.335

	
0.08772

	
6.717

	
0.3391

	
4.121

	
0.1684




	
Qct      ( F   s     a  ct    - 1    )  

	
3.73 × 10−3

	
0.4309 × 10−3

	
0.8871 × 10−3

	
0.1049 × 10−3

	
31.73 × 10−6

	
3.855 × 10−6




	
    a  ct     

	
0.3659

	
0.01401

	
0.6616

	
0.02349

	
0.734

	
0.01097




	
Rct (Ohm)

	
7.371

	
0.2094

	
5.834

	
0.3368

	
6.488

	
0.1707




	
QD      ( F   s     a D   - 1    )  

	
2.698 × 10−3

	