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Abstract

:

A mesoporous MnOx network (MMN) structure and MMN/C composites were prepared and evaluated as anodes for high-energy and high-rate lithium-ion batteries (LIB) in comparison to typical manganese oxide nanoparticle (MnNP) and graphite anodes, not only in a half-cell but also in a full-cell configuration (assembled with an NCM523, LiNi0.5Co0.2Mn0.3O2, cathode). With the mesoporous features of the MMN, the MMN/C exhibited a high capacity (approximately 720 mAh g−1 at 100 mA g−1) and an excellent cycling stability at low electrode resistance compared to the MnNP/C composite. The MMN/C composite also showed much greater rate responses than the graphite anode. Owing to the inherent high discharge (de-lithiation) voltage of the MMN/C than graphite as anodes, however, the MMN‖NCM523 full cell showed approximately 87.4% of the specific energy density of the Gr‖NCM523 at 0.2 C. At high current density above 0.2 C, the MMN‖NCM523 cell delivered much higher energy than the Gr‖NCM523 mainly due to the excellent rate capability of the MMN/C anode. Therefore, we have demonstrated that the stabilized and high-capacity MMN/C composite can be successfully employed as anodes in LIB cells for high-rate applications.
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1. Introduction


The market volume of lithium-ion batteries (LIBs) is expected to be greater than that of memory semiconductors in the near future owing to their increasing demand in various electrified vehicles and energy storage systems (ESSs) of various scales [1,2,3,4]. Despite the bright future of LIBs, the energy and power density has to be much improved, and costs along the whole battery value chain need to fall to achieve mass market penetration in the future [5]. To increase the energy density of LIBs, high-capacity cathode materials offering high capacity (approximately 200–250 mAh g−1) at high working voltage have been introduced and are expected to be incorporated in commercial cells in the near future [6,7]. Even higher capacity cathode materials such as sulfur (1680 mAh g−1) and Li2S (1210 mAh g−1) are extensively studied in various Li-S battery systems [8,9]. On the contrary, low-capacity graphitic carbon (372 mAh g−1) has been used as the state-of-the-art anode material for almost the last three decades of LIB commercialization in the market. To assemble full battery cells with higher-capacity cathode materials, graphite anodes should be thicker to meet the required capacity ratio (N/P ratio) in the cell. On the thick graphite anodes with sluggish lithium intercalation kinetics, the Li plating is highly likely at high current across the separator owing to the slow Li+ transfer in the electrolyte and increased impedance in the solid phase [10,11], leading to a high possibility of cell short and explosion after long-term use. Therefore, anode materials offering high capacity are urgently demanded. Fast lithium storage kinetics of anode materials are also an important factor for the fast charging capability of LIBs.



Silicon has long been studied as a high-capacity anode material (3570 mA h g−1 for Li15Si4) to replace graphitic carbon anodes for more than the last two decades. Due to many issues associated with its large volume changes (up to 300%), however, its use as a high-capacity anode alone is limited, and only a small amount (~5 wt% mostly as SiOx) has been added to graphite anodes to date to increase cell energy density in some commercial cells [5]. Transition metal oxides (TMOs, such as FeOx and MnOx, etc.) have attracted a great attention because they can store a large amount of lithium by the electrochemical “conversion reaction” shown in equation (1) below [12,13]. Depending on the oxidation number of transition metal in TMOs, they can deliver much higher specific capacity (750–1200 mAh g−1) and have greater gravimetric density than graphite [14,15,16]. The forward reaction (lithiation (charging)), in equation (1), is thermodynamically favored with high negative Gibbs free energy changes, whereas its reverse reaction (de-lithiation (discharging)) requires greater external electromotive force (emf) than the equilibrium potential [12]. Manganese oxides (MnOx) have lower equilibrium potential in the forward reaction and smaller voltage hysteresis between forward and reverse reactions than other TMOs [15,17].


MxOy + 2y (Li+) + 2y (e−) ↔ x (M) + y (Li2O)



(1)







However, it has been difficult to extract the theoretical capacity of MnOx with stable cycling performance as anodes owing to its low electronic conductivity (~10−7 to ~10−8 S cm−1), large volume changes, and diffusion-induced stresses arising from drastic structural changes during the conversion reaction (1) [18,19,20,21]. Recent studies have shown that the theoretical capacity of MnOx could be obtained with its nano-sized dimension and incorporation with conducting substrates such as carbon [15,22,23]. Previous results indicate that porous and nanostructured MnOx is favored and its carbon composite is desirable to obtain high capacity and long cycle life [17,24,25,26,27,28]. In this study, therefore, we prepared a mesoporous MnOx network (MMN) structure composed of nano-sized primary particles by a solution combustion synthesis. The electrochemical properties of MMN/C composites as anodes were assessed in comparison to those of a typical MnOx nanoparticle (MnNP)/C composite and graphite. In addition to the electrochemical tests in half-cell formats, we investigated the practical electrochemical responses of MMN/C composites as anodes in a full LIB cell assembled with a commercial NCM523 (LiNi0.5Co0.2Mn0.3O2) cathode.




2. Materials and Methods


2.1. Synthesis of MMN and MnNPs


The MMN was prepared by a solution combustion synthesis [29] with glycine (98%, Sigma-Aldrich, St. Louis, MO, USA) as an organic template, and manganese nitrate hydrate (Mn(NO3)2⋅xH2O, x = 4–6, 98%, Sigma-Aldrich, St. Louis, MO, USA) as a MnOx precursor (Figure 1). The manganese oxide nanoparticles (MnNPs) were also prepared under the same conditions as the MMN preparation without using an organic template. In a typical synthesis, glycine (1.75 g) and manganese nitrate (1.25 g) were dissolved in deionized (DI) water (10 mL) under sonication. The pink solution in a container was pyrolyzed in a muffle furnace preheated at 400 °C in air for 16 min [29]. The recovered amorphous organo-Mn composite was ground and further calcined by heating up to 355 °C at a ramping rate of 5 °C/min in a muffle furnace for 2 h. During the calcination, organic residue was completely removed to yield the MMN structure. The MnNPs were also obtained by following the same heat treatment processes above for the MMN preparation.




2.2. Preparation of MMN/C and MnNP/C Composites


The MMN/C and MnNP/C composites were prepared by resorcinol–formaldehyde carbon gel coating as a carbon precursor followed by a carbonization process (Figure 1). In a typical preparation, MMN (0.2 g) was dispersed in DI water (18.5 mL) in a vial through sonication. To this dispersion, we added resorcinol (0.08 g), formaldehyde (0.12 g), and 0.5 wt% NH4OH solution (0.002 mL) as a gelation catalyst. The mixture was stirred at room temperature for 30 min, and then subjected to gelation at 80 °C for more than 5 h. The dried composite gel was heated to 700 °C at a ramping rate of 5 °C/min and held at 700 °C for 2 h in a tube furnace under Ar flow to obtain the MMN/C1 composite. MMN/C2 was prepared by following the same procedure as described above for the MMN/C1 but using a smaller amount of resorcinol (0.056 g) and formaldehyde (0.084 g) than for the MMN/C1. The MnNP/C2 composite was obtained by following the same process as for the MMN/C2 composite.




2.3. Material Characterization


The powder X-ray diffraction (XRD) patterns of the samples were obtained using a Rigaku model Miniflex 600 X-ray diffractometer (40 kV, 15 mA, Cu-Kα radiation, λ = 1.5418 Å). The MnOx phase change with synthesis conditions and a carbon coating process was investigated by XRD. The morphology and structure of MnOx and its carbon composite were investigated with transmission electron microscopy (TEM) (JEOL JEM-2010 operated at 200.0 kV, JEOL Ltd., Tokyo, Japan). The electrode thickness changes with the charge and discharge process were measured by scanning electron microscopy (SEM) (JEOL JSM-35CF operated at 10.0 kV, JEOL Ltd., Tokyo, Japan) of electrode cross sections. Brunauer–Emmett–Teller (BET) surface area, pore size, and Barrett−Joyner−Halenda (BJH) pore size distributions of samples were obtained by nitrogen adsorption–desorption isotherms at liquid N2 temperature using a Micromeritics ASAP 2000. The carbon contents in the composites were determined by the weight loss due to carbon oxidation in a thermogravimetric analysis (TGA) run at 800 °C in air flow.




2.4. Electrochemical Measurements


The electrochemical responses of the anodes were measured using CR-2032 coin cells with Li foil as the counter electrodes. The working electrode (27–31 μm thick) was prepared by casting a paste consisting of active material (AM) (MMN, MnNP, MMN/C1, MMN/C2, MnNP/C2, or graphite), carbon black (CB) (conductive additive, Super P Li, TIMCAL Ltd., Bodio, Switzerland), and binder (5 wt% polyvinyl alcohol (PVA) dissolved in DMSO) on Cu foil. The corresponding mass ratio in the paste was 5:4:1 for the AM of the bare MMN or MnNPs, while it was 8:1:1 for the AM of carbon composites or graphite. The mass loadings of active materials were 1.56–1.77 mg/cm2 for graphite, MMN, and MnNPs, while they were 1.92–2.34 for MMN/C1, MMN/C2, and MnNP/C2. For the cathode, a paste consisting of AM (NCM523, a powder sourced from a commercial supplier) (85 wt%), CB (7.5 wt%), and binder (7.5 wt%) (5 wt% polyvinylidene fluoride (PVDF) dissolved in n-methyl-2-pyrrolidone (NMP)) was casted on Al foil. A polypropylene membrane (Celgard 2400) was used as the separator. The electrolyte for the anodes was 1.0 M LiPF6 dissolved in an ethylene carbonate/ethyl methyl carbonate/diethyl carbonate (EC/EMC/DEC) mixture (3:4:3 v/v/v) (PANAX ETECH Ltd., Gongju, Korea). The electrolyte for the cathode was 1.0 M LiPF6 dissolved in ethylene carbonate/dimethyl carbonate (EC/DMC) mixture (3:7 v/v) (PANAX ETECH Ltd., Gongju, Korea). Then, 5 vol% of fluoroethylene carbonate (FEC) was added to the electrolytes to study its effect on the cycling performances of manganese oxide-based anodes. The anode and cathode cells were cycled with the cut-off voltage range of 0.01–3.0 V and 2.6–4.3 V vs. Li/Li+, respectively, on a galvanostat/potentiostat system (WonATech, Korea). The electrochemical impedance spectroscopy (EIS) measurements were obtained using a ZIVE SP2 (WonATech Co., Ltd., Seoul, Korea) analyzer in a frequency range of 100 kHz to 0.01 Hz at an AC amplitude of 10 mV.



Full LIB cells were assembled with the NCM523 cathode (13.6–14.2 mg/cm2) as the working electrode, and graphite (4.9 mg/cm2) and MMN/C2 (3.0 mg/cm2) as the counter electrodes in a CR2032 cell. In order to suppress the rather large first cycle irreversible capacity loss of the anode (MMN/C2) and to match the proper N/P ratio, the full cell was assembled at its charged state by prelithiating the anode down to 0.02 V vs. Li/Li+ at 100 mA g−1 and delithiating the cathode up to 4.3 V vs. Li/Li+ at 0.2 C (1C = 160 mAh g−1) in separate half-cell formats. The electrolyte for the full cell was 1.0 M LiPF6 dissolved in ethylene carbonate/dimethyl carbonate (EC/DMC) mixture (3:7 v/v) (PANAX ETECH Ltd., Gongju, Korea) containing 5.0 vol% of FEC.





3. Results and Discussion


3.1. Properties of Materials


Figure 2 presents the XRD patterns of MnNPs, MMN, and MMN/C composite. The MnNPs prepared without using glycine as the organic template have mixed phases of Mn2O3 (Mn3+) and MnO2 (Mn4+). The MMN contains MnOx species with a lower oxidation state, such as Mn3O4 (Mn(2–3)+) and Mn2O3 (Mn3+) phases, than those in MnNPs owing to the reduction nature of the pyrolysis system with glycine as the organic template [30]. In the MMN/C2 composite, pure MnO phase was formed by further reduction of Mn3O4 and Mn2O3 to MnO (Mn2+) during the carbonization of resorcinol–formaldehyde gel under inert Ar flow. The grain sizes of MnOx particles in MnNPs, MMN, and MMN/C2 were determined to be approximately 10, 12, and 15 nm, respectively, by the Scherrer formula (D = 0.89λ/(β cosθ) [31].



Figure 3 shows the TEM images of MnNPs and the MMN at different magnifications. As shown in Figure 3a,b, the MnNPs prepared without glycine show that separate MnOx nanoparticles of 10–15 nm in diameter are physically aggregated. On the contrary, the TEM images of the MMN in Figure 3c,d reveals that primary MnOx nanoparticles of 10–15 nm in diameter are fused to construct a MnOx network with wide open porous structures. The porous structure of the MMN was further investigated by nitrogen adsorption–desorption measurement. The isotherms in Figure 4a corresponded to a type Ⅳ isotherm, where adsorption increases markedly at high P/P0 due to pore condensation and an adsorption/desorption hysteresis loop is observed, for both MnNPs and the MMN, indicating the existence of mesopores. However, the amount of nitrogen adsorbed was much larger on the MMN than that on MnNPs. As compared in Figure 4b, the MMN has a much larger mesopore volume than MnNPs, which was determined by the BJH method on the desorption branch. As shown in the inset of Figure 4b, the BET surface area (S.A.), total pore volume (Vp), and average pore diameter (Dp) of the MMN were 28.6 m2⋅g−1, 0.20 cc⋅g−1, and 26.1 nm, respectively, which are much greater than those of MnNPs (13.0 m2⋅g−1, 0.06 cc⋅g−1, and 13.9 nm, respectively), indicating a mesoporous nature of the MMN.



The TEM images of MMN/C1 and MMN/C2 composites are shown in Figure S1 (see the Supplementary Materials Section), indicating that all the MnO particles in the composites are conformally covered by carbon layers. The carbon contents in the MMN/C1 and MMN/C2 composites were determined by a TGA run in air flow. In the TGA profiles, weight loss due to desorption of adsorbed water (at <150 °C) and weight gains due to oxidation of MnO (at >280 °C and >430 °C) (see Figure S2) were observed [32]. Hence, the carbon contents in the MMN/C1 and MMN/C2 composites were best estimated to be 15.2 and 11.1 wt%, respectively, by the weight changes between 160 °C and 425 °C, as indicated in the TGA profiles in Figure S2.




3.2. Electrochemical Properties in a Half-Cell Configuration


To compare the electrochemical responses of bare MnNPs and the MMN first, electrodes were prepared with pastes consisting of AM:CB:binder = 5:4:1 weight ratio, in which carbon black was used in excess because the electrical conductivity of MnOx is very low. The specific capacity in Figure 5a is based on the weight of AM (MnNPs or MMN) only. As compared in Figure 5a, the MMN delivered much higher reversible capacity, which is close to its theoretical one (756 mAh g−1 as MnO + 2Li+ + 2e− ↔ Mn + Li2O), than the MnNPs, suggesting the beneficial effect of the mesoporous structure of the MMN. The lithium transport is fast, and most MnOx is wetted with electrolyte and accessible to lithium in the MMN over MnNPs. MnNPs delivered only approximately 74% of the capacity of the MMN at 100 mA g−1. During the extended cycling at 200 mA g−1, MnNPs lost most of their capacity after 100 cycles. On the contrary, the MMN maintained rather high reversible capacity of 692–740 mAh g−1 at 200 mA g−1. However, there is abrupt capacity fading of the MMN after the 60th cycle on, suggesting the cycling stability of the MMN has to be much improved to be used as a high-capacity anode. For this purpose, carbon coating was applied to prepare MMN/C1 and MMN/C2 composites. The electrodes were prepared with a typical paste formulation of AM:CB:binder = 8:1:1 weight ratio. Figure 5b shows the cycling performances of MMN/C1 and MMN/C2, in which the specific capacity is based on the total weight of MMN/C composite. The MMN/C2 delivered reversible capacities of 593–660 mAh g−1 at 100 mA g−1, and 520–535 mAh g−1 at 200 mA g−1, which were higher than those of MMN/C1 with a higher carbon content. With carbon coating, the MMN/C composites exhibited slightly extended cycle life up to 75–80 cycles compared to the simple physical mixture of the MMN and CB in Figure 5a. However, the capacity fading appeared again after approximately 80 cycles at 200 mA g−1 for both MMN/C1 and MMN/C2 composites.



Inspired by the positive results of electrolyte additives, such as fluoroethylene carbonate (FEC) and vinlylene carbonate (VC), which facilitate the formation of a stable solid electrolyte interphase (SEI) layer to improve the cycle life of silicon accompanying large volume changes [33,34], a similar positive effect would be expected with MnOx accompanying drastic structural changes in the conversion reaction (1) above. Hence, a small amount of FEC was added into the electrolyte to improve the cycle life of MMN/C composites. As shown in Figure 5c, both MMN/C1 and MMN/C2 exhibited much improved stable cycling performances. The coulombic efficiency (CE) in the first cycle was 68.8%, increased to 97.0% in the second cycle, and further increased to >99.5% after twelve cycles on. Interestingly, the MnNP/C2 also showed stable cycling performance with FEC. However, the MnNP/C2 delivered much lower capacity (523–530 mAh g−1 at 100 mA g−1) than the MMN/C2 (700–740 mAh g−1 at 100 mA g−1) with approximately the same carbon content in the composites. For all the composites, the capacities gradually increased with cycle number, which is ascribed to the formation of high oxidation state products or gel-like polymeric films due to electrolyte degradation [26,35,36,37]. The EIS data were measured on the fresh MnNP/C2 and MMN/C2 electrodes to obtain the Nyquist plots in Figure 5d. The EIS data were fitted with the equivalent circuit in Figure S3a. The charge transfer resistances (Rct) calculated from the semicircles were 245 and 105 Ω for the MnNP/C2 and MMN/C2, respectively. From the linear Warburg region, the lithium diffusion coefficients (DLi) were estimated to be 3.07 × 10−16 and 1.83 × 10−15 cm2 s−1 for the MnNP/C2 and MMN/C2, respectively, with the DLi being approximately six times higher in MMN/C2 than in MnNP/C2 (see Figure S3 for details). After the first cycle, two distinct semicircles at high- and medium-frequency regions appeared due to the SEI (RSEI) and charge transfer (Rct) resistances, respectively, as shown in the Nyquist plot in Figure S4. The RSEI and Rct values for the MMN/C2 were estimated to be 4.0 and 8.0 Ω, whereas they were 2.5 and 12.5 Ω for the MnNP/C2, respectively. After the initial cycle, the Rct values were reduced significantly compared to those of pristine ones in Figure 5d due to electrochemical activation of electrodes. The electrode cross sections were observed after the first charge for MnNP/C2 and MMN/C2. As shown in Figure S5, the cross section of the MnNP/C2 electrode increased in thickness by as much as 29–53% with highly roughened and swollen morphology after the first charge. On the contrary, the cross section of the MMN/C2 electrode increased in thickness by only approximately 2% with a rather smooth surface morphology. Hence, the porous nature of the MMN enabled the MMN/C2 to outperform the MnNP/C2 with much lower volume expansion and resistance, and faster lithium diffusion rate. However, FEC’s effect on the enhanced cycling stability of MMN/C and MnNP/C deserves further study with sophisticated analyses [38].



Figure 5e displays the charge and discharge voltage profiles of the MMN/C2 in the first two cycles. In the first charge (lithiation) process, a voltage plateau is clearly observed from 1.5–0.8 V vs. Li/Li+ due to FEC decomposition forming an SEI layer on the anode surface [33,34]. A voltage plateau is followed from 0.8–0.25 V vs. Li/Li+ due to the ethyl- and methyl-carbonate decomposition, in accordance with the first charge process of the MMN electrode without FEC in the electrolyte (Figure S6). A long voltage plateau below 0.25 V vs. Li/Li+ is ascribed to the electrochemical conversion reaction, i.e., lithiation of MnOx (Mn3+ and Mn2+) to Mn0 and Li2O, giving the first charge capacity of 1107 mAh g−1 at 100 mA g−1. The first discharge capacity was approximately 763 mAh g−1, giving the first CE of 68.9%. In the second cycle on, the charge voltage increased from 0.25–0.02 to 0.7–0.02 V vs. Li/Li+ due to electrode polarization owing to an abrupt phase transition between polycrystalline MnOx and Mn/Li2O nano-domains [39,40]. The CE increased to 97.0% in the second cycle, and further increased to >99.0% after the 12th cycle on at 200 mA g−1. Figure 5f shows the rate responses of MMN/C2 with FEC (5%) in the electrolyte. The first rate test was conducted by changing the current density (100–2000 mA g−1) for charging and discharging at the same time (filled diamond). The capacities were approximately 735, 659, 501, 382, and 280 mAh g−1 at the current densities of 100, 200, 500, 1000, and 2000 mA g−1, respectively. The MMN/C2 showed a step-wise decrease in capacity with a current increase from 100 to 2000 mA g−1, while the capacity was fully recovered in the decreasing mode of the test, indicating highly reversible electrochemical behavior of the MMN/C2. The other test was conducted by changing the current density for discharging (de-lithiation) only (filled circle) at a fixed charging current density at 100 mA g−1. Even at a high current of 2000 mA g−1, the MMN/C2 still exhibited a high discharge capacity of 557 mAh g−1, indicating its high power capability. For comparison, the same rate tests were conducted with a graphite anode. As shown in Figure S7a, graphite showed very poor capacity retention at a current density above 500 mA g−1, and it lost most of its capacity at ≥1000 mA g−1, when both charging and discharging currents were varied at the same time (filled diamond). Even when charging at a fixed low current density of 100 mA g−1, the discharge capacity of graphite was not much different (filled circle), indicating a very poor rate capability of graphite. Hence, the MMN/C2 with a mesoporous nature and working via electrochemical conversion reaction (1) shows much faster charging/discharging kinetics than graphite working via lithium intercalation/de-intercalation in/out of the d-space between graphene layers. Despite the stabilized cycling performance at high capacity, and the high-rate capability of the MMN/C2 composite, the first CE has to be much improved to a level comparable to that of graphite for its practical application.




3.3. Electrochemical Properties in a Full-Cell Configuration


Figure 6 displays the electrochemical responses of a full cell of MMN‖NCM523, assembled in a charged state with a pre-lithiated MMN/C2 anode coupled with a commercial NCM523 cathode pre-delithiated as described in the experimental methods. For comparison, a graphite (Gr)‖NCM523 full cell was also assembled in a discharged state without any pre-treatment and tested. Figure 6a,b show typical reversible charge and discharge voltage profiles of Gr‖NCM523 and MMN‖NCM523 full cells at 0.2 C, respectively. The average charge and discharge voltages of the Gr‖NCM523 cell were 3.8 and 3.6 V, whereas those of the MMN‖NCM523 cell were 3.3 and 2.6 V, respectively. Since the discharge voltage of MMN/C2 (approximately 1.2 V vs. Li/Li+), shown in Figure 5e, was much higher than that of graphite (approximately 0.15 V vs. Li/Li+), shown in Figure S7b, in the half-cell test, the MMN‖NCM523 cell exhibited much lower discharge voltage than the Gr‖NCM523 cell by approximately 1.0 V. Similarly, the average charge voltage of the MMN‖NCM523 cell was lower than that of the Gr‖NCM523 cell by approximately 0.5 V. The two full cells exhibited about the same cycling performance at 0.2 C, as compared in Figure 6c. The MMN‖NCM523 cell cycled with FEC in the electrolyte also showed better capacity retention than that without FEC in a prolonged cycling test (Figure S8).



Figure 6d displays the specific energy density of full cells estimated from the discharge process by equation (2) below as a function of the C-rate. At 0.2 C, the energy densities of Gr‖NCM523 and MMN‖NCM523 cells were calculated to be approximately 303 and 265 Wh kg−1, respectively. The MMN‖NCM523 cell exhibited approximately 72.2% of the discharge voltage of the Gr‖NCM523 cell. The MMN‖NCM523 cell, however, showed approximately 87.4% of the energy density of the Gr‖NCM523 cell at 0.2 C owing to the high capacity of the MMN/C2 anode (a smaller amount of electrode material is required) compared to that of graphite. At low current density (0.2 C), MMN/C2, offering a much higher capacity than graphite, could not deliver higher energy density than graphite in a full-cell configuration owing to its high discharge voltage in a half-cell format, leading to a decreased discharge voltage in a full cell. However, at high current density (>0.2 C), the energy densities of the two cells were reversed. For example, the MMN‖NCM523 cell delivered a higher energy level than the Gr‖NCM523 cell at 0.5 C. The difference became even greater at higher current density. At 1.0 C, the MMN‖NCM523 cell delivered 145 Wh kg−1, which was approximately three times greater than that of the Gr‖NCM523 cell (47 Wh kg−1). At 2.0 C, the Gr‖NCM523 cell was not working at all in accordance with the very poor rate responses of graphite (Figure S7a). The corresponding voltage capacity profiles at various C-rates are compared in Figure S9. Overall, we have demonstrated that the stabilized and high-capacity MMN/C composites, having a mesoporous structure composed of small primary particles of MnOx, can be employed as anodes for the replacement of graphite anodes in LIB cells for high-rate applications. The first cycle efficiency of MMN/C, however, has to be much improved for its practical application.


  E   =   I ·   ∫  0 t  V  ( t )  · d t    M  c a t h o d e   +  M  a n o d e      



(2)









4. Conclusions


The MMN with a mesoporous structure composed of small primary MnOx nanoparticles was prepared by solution combustion synthesis. The MMN and MMN/C composite delivered much higher capacity as anodes for LIBs than the typical MnNPs and MnNP/C, respectively, indicating the beneficial effect of the mesoporous features of the MMN. It was also found that the addition of FEC (5 wt%) in the electrolyte can improve the cycling stability of all the MnOx/C composites, possibly owing to the formation of stable SEI layers in the early stage, which will be a subject of future study. The MMN/C exhibited much greater rate responses than the state-of-the-art graphite anode in half-cell tests. The stabilized and high-capacity MMN/C (approximately 720 mAh g−1 at 100 mA g−1) anode was evaluated in a full-cell configuration of MMN‖NCM523. Owing to the inherent high discharge voltage of the MMN/C2 anode (approximately 1.2 V vs. Li/Li+), the MMN‖NCM523 exhibited only 87.4% of the energy density of the Gr‖NCM523 cell at a low current of 0.2 C. At a high current density above 0.2 C, however, the MMN‖NCM523 delivered much higher energy than the Gr‖NCM523 cell, suggesting that the MMN/C composite can be successfully employed as anodes for the replacement of graphite anodes in LIB cells for high-rate applications.
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Figure 1. Schematic illustration for the synthesis of MMN and MMN/C composite. 
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Figure 2. XRD patterns of manganese oxide nanoparticles (MnNPs), MMN, and MMN/C2 composite. 
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Figure 3. TEM images of (a) MnNPs, (b) MnNPs at high magnification, (c) MMN, and (d) MMN at high magnification. 
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Figure 4. (a) Nitrogen adsorption–desorption isotherms, and (b) Barrett−Joyner−Halenda (BJH) pore size distributions of MMN and MnNPs (inset shows the surface area (S.A.), total pore volume (Vp), and average pore diameter (Dp) of MMN and MnNPs). 
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Figure 5. Cycling performances of (a) MnNPs and MMN with electrode formulation of AM:carbon black (CB):binder = 5:4:1, (b) MMN/C1 and MMN/C2, and (c) MnNP/C2, MMN/C1, and MMN/C2 with FEC (5%) containing electrolyte, (d) Nyquist plots of MnNP/C2 and MMN/C2, (e) charge and discharge voltage profiles of MMN/C2 for the initial two cycles, and (f) rate responses of MMN/C2 with current density changes for both charging and discharging processes at the same time (filled diamond) or for discharging process only at fixed charging current (100 mA g−1) (filled circle). 
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Figure 6. Reversible charge and discharge voltage profiles of (a) Gr‖NCM523 and (b) MMN‖NCM523 full cells at 0.2C, (c) cycling performances of Gr‖NCM523 and MMN‖NCM523 full cells at 0.2C, and (d) specific energy density of Gr‖NCM523 and MMN‖NCM523 full cells as a function of C-rate. 
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