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Abstract

:

LiNixCoyMnzO2 (LNCM)-layered materials are considered the most promising cathode for high-energy lithium ion batteries, but suffer from poor rate capability and short lifecycle. In addition, the LiNi1/3Co1/3Mn1/3O2 (NCM 111) is considered one of the most widely used LNCM cathodes because of its high energy density and good safety. Herein, a kind of NCM 111 with semi-closed structure was designed by controlling the amount of urea, which possesses high rate capability and long lifespan, exhibiting 140.9 mAh·g−1 at 0.85 A·g−1 and 114.3 mAh·g−1 at 1.70 A·g−1, respectively. The semi-closed structure is conducive to the infiltration of electrolytes and fast lithium ion-transfer inside the electrode material, thus improving the rate performance of the battery. Our work may provide an effective strategy for designing layered-cathode materials with high rate capability.
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1. Introduction


Driven by the demands of increasing power density, achieving long cycle life and guaranteed safety for the next-generation lithium-ion battery in practical application, extensive research has been focus on the high performance cathodes materials [1,2,3,4,5]. Since the layered LiNixCoyMnzO2 (x + y + z = 1, LNCM) cathodes materials was put forward by J.R. Dahn, it was regarded as the most promising cathode because of the large theoretical capacity of 273 mAh·g−1 to 285 mAh·g−1, the high-voltage platform of 3.6 V and a considerable compacted density with greater than 2.6 g cm−3 [6,7,8,9]. And the Li-ion battery can be served as a power source for vehicle application or energy storage, which will improve the environment and accelerate development of the new energy resources [10].



Therefore, the LNCM has achieved much attention for further improving electrochemical performance [11,12,13]. Its intrinsic thermodynamic property can be controlled by adjusting transition metal element ratio that the nickel, manganese and cobalt ion (Ni2+, Ni3+, Mn4+, Co3+) are both occupied on the transition metal sites [14,15,16]. As found in previous research, the manganese element can enhance thermo-safety but has no electrochemical activity; the cobalt element can stabilize the layered structure and the nickel element mainly contributes to the specific capacity [17,18,19]. In order to obtain higher energy density, LNCMs with high nickel content, such as NCM 523, NCM 622, NCM 811, were studied [20,21,22]. Nevertheless, the increase of nickel content may sacrifice the structural stability, cycle and safety performance of LNCM. For example, LiNi0.8Co0.1Mn0.1O2 (NCM 811) cathode has a high nickel content, which can obtain a practical discharge capacity of 200 mAh·g−1. But the unstable structure and strong side reactions with electrolyte easily results in a poor cycle performance and a hidden danger for NCM 811 [15,23]. As manganese is much cheaper than cobalt, the Li-rich manganese-based cathode materials of xLi2MnO3·(1-x)LiMO2 with high energy density were proposed. However, it is still limited by a high-voltage platform for activation in first charging process, voltage fade and irreversible oxygen release [19,24]. Thus, it is necessary to develop LNCM which possesses a suitable element ratio to deliver excellent performances including safety, cycle-life, energy density in lithium ion batteries.



For now, LiNi1/3Co1/3Mn1/3O2 (NCM 111) possesses a high energy density, a good safety performance and a long cycle life, which is served as one of the most widely used cathode materials in electric vehicles and hybrid electric vehicles now. However, the performance of NCM 111 still can be improved to meet the demand of high power-density and rate capability for power battery through regulating its structure and morphology. And the research of zero-dimensional hollow microspheres, one-dimensional nanofibers, two-dimensional nanosheets and so on, is flourishing in recent years [25]. For example, Peng et al. synthesized three types of self-assembled NCM 111 nanosheet cathodes with different surface structures and packing degrees via hydrothermal reaction followed by a stepwise calcination process. Zheng et al. reported self-assembled NCM 111 nanosheets by a combined co-precipitation with hydrothermal method, which exhibited a discharge capacity of 155 mAh·g−1 after 1000 cycles at 0.17 A·g−1 [26,27,28,29]. In general, shortening the diffusion path of Li+ through controlling the morphology of materials is an effective way to improve electrochemical performance for layered NCM cathodes [30].



It has been previously reported that urea can be used as a precipitator in hydrothermal treatment to construct samples of different morphologies [31,32,33,34]. In this work, three-dimensional agglomerated structures from unclosed to blocking sphere-shaped microstructure for NCM 111 were designed by controlling the contents of urea to get excellent electrochemical performance.




2. Experimental


2.1. Synthesis of LiNi1/3Co1/3Mn1/3O2


LiNi1/3Co1/3Mn1/3O2 was prepared via hydrothermal method with urea-assisted treatment followed by a heating process. First, MnCl2·4H2O, NiCl2·6H2O, CoCl2·6H2O and x g urea (x = 0 g, 0.1 g, 0.5 g, 1.0 g, molar ratio of Mn:Ni:Co:urea = 1:1:1:0, 1.2, 6, 12) were dissolved in 50 mL mixed solvent (    V   H 2  O    :    V  E t O H     = 1:1), then treated with ultrasound for about 30 min to form pink solution A. Simultaneously, 5 mmol of NH4HCO3 was dissolved in 50 mL mixed solution (    V   H 2  O    :    V  E t O H     = 1:1) to form solution B. Then, solution B was slowly dropped into solution A to form solution C which was moved into a 150 mL Teflon autoclave followed by a heat treatment at 180 °C for 12 h. The product was filtered and washed three times with distilled water and ethanol. After drying at 80 °C for 12 h, the black brown precursor was obtained. Then the black brown precursor was fully mixed with a stoichiometric amount of LiOH·H2O (5% excess). Finally, the mixture was pre-calcined for 5 h at 450 °C in muffle furnace and calcined for 12 h after heating to 850 °C, to obtain the experimental product LNCM-1 (LNCM-0, LNCM-1, LNCM-2, LNCM-3 corresponding to the LiNi1/3Co1/3Mn1/3O2 sample obtained when urea content was 0, 0.1, 0.5 and 1.0g in the experiment).




2.2. Structural Characterization


The crystallinity and phase purity of as-prepared samples were measured by X-ray diffraction (XRD, Rigaku Smart Lab 3 KW with Cu Ka radiation, λ = 1.5406 Å). Spectra were collected in the 2θ range from 10° to 80° with the scan rate of 10° min−1. The morphology and microstructure were characterized by scanning electron microscopy (SEM) (Hitachi JSM-7800F) with energy-dispersive X-ray spectroscopy (EDX) analysis and transmission electron microscopy (TEM) (JEM-1400, 200 KV). The oxidation states of Ni, Co, Mn in as-prepared samples were identified by X-ray photoelectron spectroscopy (XPS) (Thermo Scientific ESCALAB 250Xi) using 200 W Al Kα radiation. All XPS spectra of samples were corrected using the C1s line at 284.8 eV, pass energy: 160 eV, scan width: 40 eV, vacuum level: 10−9 Pa, the number of scans: 1–3.




2.3. Electrochemical Measurements


The electrochemical tests of samples were performed by assembling CR2016 coin cell. The CR2016 coin cell was fabricated by using lithium metal foil as a anode, the as-prepared electrode as a cathode, a Celgard 2400 separator and 1M LiPF6 mixture with ethylene carbonate (EC)/ethyl methyl carbonate (EMC)/dimethyl carbonate (DMC) (EC:EMC:DMC = 1:1:1 in volume) as electrolyte solution. The as-prepared electrode was prepared by slurry coating, the slurry consists of 80 wt% active materials, 10 wt% carbon black and a certain volume of N-methyl-2-pyrrolidone solvent (include 10 wt% polyvinylidene fluoride). Then the slurry was coated on an aluminum foil current collector, finally dried at 120 °C for 12 h in a vacuum. The charge–discharge properties were tested on a LAND testing system (LAND CT-2001A, Wuhan, China) between 2.5 V and 4.5 V (vs. Li+/Li) at different current densities after the assembled coin cells standing for 24 h. Cyclic voltammetry (CV) tests were measured between 2.5 V and 4.5 V (vs. Li+/Li) with positive initial scan polarity at 0.1 mV s−1. Electrochemical impedance spectroscopy (EIS) were carried out on CHI760D (Shanghai, China) electrochemical workstation in the frequency range of 0.1 Hz to 100 kHz with 5 mV amplitude for the new assembled cell after standing for 24 h. All of the electrochemical performances were tested at room temperature.





3. Results and Discussion


The crystallinity and phase purity of as-prepared LiNi1/3Co1/3Mn1/3O2 were identified by XRD patterns (Figure 1). For all four kinds of LNCM structures, the patterns match well with previously reported pure single phase of LiNi1/3Co1/3Mn1/3O2 that can be indexed as a layered hexagonal α-NaFeO2 structure (space group: R-3m) without any impurity phase [28,35]. Furthermore, it indicates the amount of urea has no apparent influence on the structure of LiNi1/3Co1/3Mn1/3O2. The diffraction peaks are narrow and sharp indicate the as-prepared LiNi1/3Co1/3Mn1/3O2 possesses high crystallinity. Besides, the distinct separation between (006/102) and (108/110) diffraction peaks suggests highly ordered hexagonal layered structure of materials. The degree of cation mixing in crystal lattice are measured by intensity ratio (003) and (104) peaks (I003/I104). And the calculated value of LNCM-0, LNCM-1, LNCM-2, LNCM-3 are 1.24, 1.38, 1.40, 1.30 respectively. When the value of I003/I104 is larger than 1.2, it indicates a low cation mixing with lithium ions at the 3a site, transition-metal ions (Ni, Co and Mn) at the 3b site and oxygen ions at the 6c site, but also the presence of Ni2+ ions migrating into the Li layers [28,36].



The morphology and microstructure of all LiNi1/3Co1/3Mn1/3O2 were presented in Figure 2a–d. LNCM-0 is made of very small nanoparticles stacked together in the shape of a bowl. LNCM-1 is also formed by the accumulation of very small nanoparticles and part of the upper end of the agglomerated structure is not closed, forming a semi-closed structure, which to some extent shorten diffusion distance of lithium ions and is beneficial to the penetration of electrolyte in its interior while minimize side reactions. With the continuous increase of urea content, some particles of LNCM -2 agglomerate into irregular spheres, with a diameter of about 3–4 μm. When the content of urea further increased, the degree of particle agglomeration further increased and the diameter of LNCM-3 increased to 4–5 μm. Clearly, aggregation and sizes of NCM 111 increase with the addition of urea. The structures of NCM 111 aggregation change from completely open bowl-liked (LNCM-0) to enclosed sphere-shaped (LNCM-3). This is because urea decomposes at 160 °C to produce ammonia gas and carbon dioxide, which may increase the pressure in the Teflon autoclave and the ionic strength of the solution will increase after the gas dissolved in water, making the precursor of NCM 111 more cohesive.



The EDX scanning images of Ni, Co and Mn on the surfaces of LNCM-0, LNCM-1, LNCM-2 and LNCM-3 are shown in Figure 2. From the results of element scanning, it can be seen that Ni, Co and Mn are evenly distributed on the surfaces of LNCM-0, LNCM-1, LNCM-2 and LNCM-3 samples and there is no local accumulation, indicating that the transition metal elements on the surfaces of LNCM-0, LNCM-1, LNCM-2 and LNCM-3 are uniformly distributed. At the same time, it also shows that the amount of urea will not affect the distribution of transition metal elements on the surface of NCM 111, but only affect the degree of mutual agglomeration between particles.



In order to further study the morphological characteristics of LNCM-0, LNCM-1, LNCM-2 and LNCM-3, nitrogen adsorption–desorption isotherms were utilized to analyze the pore size distribution and specific surface area of all samples. As shown in Figure 3, the pore size distribution of LNCM-0, LNCM-1, LNCM-2 and LNCM-3 center on 4.520, 1.543, 1.543 and 1.475 nm, respectively and the specific surface area of LNCM-0, LNCM-1, LNCM-2, LNCM-3 is 2.0 m2 g−1, 1.2 m2 g−1, 0.9 m2 g−1, 0.6 m2 g−1 respectively. The specific surface area of LNCM-0 with the smallest amount of urea is the largest, followed by LNCM-1 and LNCM-3 with the largest amount of urea is the smallest. The Brunauer–Emmett–Teller (BET) surface area analysis also shows that with the increase of the amount of urea additive in the solvent thermal reaction process, the particles can be agglomerated more closely, resulting in the continuous decrease of the specific surface area of the prepared materials.



To study the oxidation states of Ni, Co and Mn in samples, LNCM-1 was characterized by X-ray photoelectron spectroscopy (XPS) measurement. As shown in Figure 4a, LNCM-1 is mainly composed of lithium, nickel, cobalt, manganese and oxygen, without other impurity elements. From the Ni2p spectra in Figure 4b, the binding energy values of Ni2p3/2 and Ni2p1/2 were at approximately 854.7 and 872.4 eV, with a difference of 17.6 eV and three satellite peaks, indicating that the valence of Ni is +2 in LNCM-1. Simultaneously, as can be found from the XPS spectra of Mn2p in Figure 4c, the binding energy displayed by the two main peaks of Mn2p3/2 and Mn2p1/2 are about 642.2 and 654.0 eV, with a difference of 11.8 eV, indicating that the valence of Mn is +4 in LNCM-1. Similarly, according to the XPS spectra of Co2p in Figure 4d, the binding energy values of Co2p3/2 and Co2p1/2 are about 780 and 795.1 eV, with the difference of 14.9 eV, indicating that the oxidation state of Co is +3 in LNCM-1. The XPS results are similar to those of reported layered LiNi1/3Co1/3Mn1/3O2 [37,38,39]. Therefore, Ni, Co and Mn exist in LNCM-1 as Ni2+, Co3+ and Mn4+ respectively, which is consistent with the oxidation states of each element in the ideal target product LiNi1/3Co1/3Mn1/3O2.



In Figure 5, CV curves of as-prepared LiNi1/3Co1/3Mn1/3O2 cathodes in the voltage range of 2.5~4.5 V only have one pair of major redox couple and they were appeared in the potential range of 3.55−3.85 V, which correspond to Ni2+/Ni4+ and Co3+/Co4+ [28,40,41]. Additionally, no reduction peak arises below the potential 3.5 V, which indicated no Mn3+ exists in as-prepared LiNi1/3Co1/3Mn1/3O2 samples. From the comparison of CV test results of different samples, it can be seen that LNCM-1 has the highest peak current and the smallest peak voltage interval, indicating that LNCM-1 has the highest electrochemical activity and the best reversible capacity of lithium ions insertion/extraction. And according to CV curves (Figure 6a,c,e,g) of LNCM-0, LNCM-1, LNCM-2, LNCM-3 at various scan rates, with the increase of scanning rate, peak current (Ip) increases continuously and peak voltage difference (ΔV) increases gradually. Because as the scan speed increases, the invertibility of lithium ions insertion/extraction decreases that brings about the decrease of current efficiency. When the sweep speed increased to 1 mV s−1, no other redox peak appeared in the voltage range of 2.5 ~ 4.5 V, indicating that NCM 111 in the electrode was stable.



Figure 6b,d,f,h shows the relationship between Ip and V1/2 of LNCM-0, LNCM-1, LNCM-2 and LNCM-3 cathode materials. The diffusion coefficient of lithium ions (DLi) can be calculated by Randles–Sevcik equation [42].


Ip = 2.69 × 105n3/2ADLi1/2CV1/2



(1)







In the equation, Ip (A) is the peak current, n is the electrons transfer during per redox reaction, A (cm2) is the electrode effective area, DLi (cm2·s−1) is the diffusion coefficient of lithium ions, C (mol·cm−3) is the Li+ concentration inside the electrode, V (V·s−1) is the scan rate. After calculation, the DLi value of LNCM-0, LNCM-1, LNCM-2, LNCM-3 is 1.81 × 10−8, 2.77 × 10−8, 2.03 × 10−8, 1.79 × 10−8 cm2·s−1 respectively. The DLi value of LNCM-1 is the largest, while LNCM-3 is smallest, indicating that the diffusion rate of lithium ions was the fastest in the semi-closed LNCM-1 and the slowest in the spherical LNCM-3 positive electrode. As a faster diffusion rate of lithium ions makes a smaller polarization effect of the electrode due to the increase of current density lead to a better rate capability, it is not difficult infer semi-closed LiNi1/3Co1/3Mn1/3O2 has excellent rate capability.



Electrochemical impedance spectroscopy (EIS) was also tested to measure the electrochemical capability of LiNi1/3Co1/3Mn1/3O2 cathodes (Figure 7). EIS graph is composed of high and intermediate frequency semicircle and low frequency oblique line. The slope of the oblique line to a certain extent reflects the lithium ion diffusion ability inside material. The higher the slope, the stronger the diffusion capacity of lithium ions. It is easy to be found from EIS curves that lithium ions diffuse fastest in the semi-closed LNCM-1 among all samples. In fitting equivalent circuit, Re corresponds to the internal resistance of the cell, including the internal resistance of the material and other components of the battery; Rs corresponds to the resistance of surface electrochemical interface (SEI); Rct is the resistance of charge transfer, which refers to the resistance of electrons and lithium ions in the process of charge transfer at the conductive junction; Zw corresponds to the Warburg impedance, representing the diffusion of lithium ions in solid particles. After equivalent fitting calculation, the Rct for semi-closed LNCM-1 cathode is 73.6 Ω while other three LiNi1/3Co1/3Mn1/3O2 cathodes are about 130 Ω. Summing up EIS data in Figure 7, the semi-closed LNCM-1 has the best conductivity and highest electrochemical activity. Results of EIS test are consistent with the CV curve and charge–discharge test data.



The electrochemical measurement is a critical evidence for evaluating cathode materials. As shown in Figure 8a the initial discharge capacity of LNCM-0, LNCM-1, LNCM-2, LNCM-3 cathodes at 0.17 A·g−1 in the voltage range from 2.5 to 4.5 V is 159 mAh·g−1, 167 mAh·g−1, 153.7 mAh·g−1, 145 mAh·g−1, respectively. The charging platforms gradually increase with the addition of urea consumption and the operating voltage platform is 3.65 – 3.8 V. Among these samples, LNCM-1 displayed the highest discharge capacity of 167 mAh·g−1 with an initial coulombic efficiency of 87.9%. However, LNCM-3 had the lowest discharge capacity of 145 mAh·g−1 with an initial coulombic efficiency of 80.6% at 0.17 A·g−1. This result could be attributed to particles agglomerate more tightly with the increasing of urea added, resulting in the decrease of its specific surface area, which makes it difficult for the electrolyte to penetrate into the interior of structures and the diffusion distance of Li+ increases, so the discharge capacity of LNCM-3 decreases. As cycle performance at 0.34 A·g−1 shown in Figure 8b, LNCM-1 with an initial discharge capacity of 157.7 mAh·g−1 but 130 mAh·g−1 after 100 cycles. However, the discharge capacity of LNCM-0 decreases quickly but remains 34.82% of initial after 80 cycles. This may be because of the bowl-shaped morphology of LNCM-0 has more side reactions and damage of structure are much more serious. This result shows that the addition of urea can significantly improve the cycling performance of NCM 111.



According to Figure 8, LNCM-1 has the highest discharge capacity and the best cycling performance, so the electrochemical performances of LNCM-1 were further tested. As shown in Figure 9a, the initial discharge capacities of LNCM-1 are 169.6, 167, 157.7, 140.9 and 114.3 mAh·g−1 corresponding to 0.034, 0.17, 0.34, 0.85 and 1.7 A·g−1 respectively. It is worth noting that LNCM-1 can still achieve very high discharge capacities at high current density. The capacity at current densities of 0.85 A·g−1 and 1.7 A·g−1 is 84.37% and 68.44% of 0.17 A·g−1, respectively. As shown in Figure 9b, after 100 cycles, the discharge capacities maintain about 120 mAh·g−1 at 0.85 A·g−1 and 100 mAh·g−1 at 1.7 A·g−1, respectively, reflecting that LNCM-1 still has excellent cycling performance at high charge–discharge current densities, which is of certain significance for quick charging of batteries. From Figure 9c, it can be found that the discharge capacity of LNCM-1 at different current densities of 0.17, 0.34, 0.85, 1.19 and 1.7 A·g−1 has little difference. When the discharge current density recovers from high value of 1.7 to 0.17 A·g−1, it is still close to the initial discharge capacity, reflecting the excellent rate capability of LNCM-1. There are discharge capacity differences between Figure 9a–c at 1.7 A·g−1, as shown in Figure 9b the discharge capacity gradually rises in the first few cycles until approaches 120 mAh·g−1 and the reason might be the polarization differences caused by incomplete activation and mass of samples.



In our opinion, the possible reasons the influence of the morphology of LiNi1/3Co1/3Mn1/3O2 on its electrochemical performance are as follows. First, as the average particle size of conductive carbon black is tens of nanometers while the pore diameter of bowl-liked and semi-closed samples is on the micrometer scale and there is no obvious hole at closed sample, it can be speculated that the conductive carbon black is more easily mixed into the interior of the open and semi-closed materials. Secondly, the open and semi-closed structure makes material a wider contact area with the electrolyte, which have more active sites. Especially in semi-closed structure the lithium ion migration is faster due to a wide ion transport network shorten the diffusion path of lithium ions in materials. Conversely, electrolyte penetrates into the internal of the spherical material slowly, many reactions only occur in the surface caused by the electron have no time to react with the inner active materials when the current density increases, resulting in charge accumulation and the polarization increases on the surface of electrode. Finally, specific surface area of samples does not mean larger is better. When the specific surface area increases, more SEI are generated. The formation of SEI not only consumes the active substances, but also increases the electrode resistance. In addition, the increase of specific surface area will bring more side reactions, easily damaging the structure of LiNi1/3Co1/3Mn1/3O2 and affecting the cycling performance.




4. Conclusions


In conclusion, by controlling the addition amount of urea, the particle agglomeration degree, contact area with electrolyte and charge–discharge of NCM 111 can be effectively controlled. It is found that for the semi-closed lithium ion diffusion rate is the fastest, conductivity and high rate performance is the best. a three-dimensional semi-closed NCM 111 has been successful designed, which exhibited a high rate capability with a specific capacity of 114.3 mAh·g−1 and considerable cycle life with 89.3% capacity retention after 100 cycles at 1.7 A·g−1. It mainly benefits from a semi-closed structure that could facilitating the penetration of electrolyte, constructing a wide ion transport network, resulting in more active sites and shorting the diffusion path, thus reducing the polarization during the charge–discharge process at high current density while the side reactions are effectively controlled. Thus, this way could be served as an effective strategy for designing high performance layered-cathode material that affords high power density for Li-ion battery in practical application. In order to further determine the cause of the change of sample morphology, our further work is to study the effects of pressure and ion strength in hydrothermal treatment on the morphology of the synthesized samples.
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Figure 1. XRD patterns of as-prepared LiNi1/3Co1/3Mn1/3O2. 
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Figure 2. Energy-dispersive X-ray spectroscopy (EDX) patterns for distribution of Ni, Co, Mn on the surface of materials: (a) LNCM-0, (b) LNCM-1, (c) LNCM-2, (d) LNCM-3. 
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Figure 3. BET: nitrogen adsorption–desorption isotherms of LNCM-0~LNCM-3. 
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Figure 4. XPS spectra of LNCM-1: (a) full XPS spectra, (b) Ni 2p, (c) Mn 2p, (d) Co 2p. 
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Figure 5. Cyclic voltammetry (CV) curves of LNCM-0~LNCM-3 cathodes at a scan rate of 0.1 mV s−1. 
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Figure 6. (a,c,e,g) CV curves of LNCM-0, LNCM-1, LNCM-2, LNCM-3 cathodes at a sweep rate of 0.2~1 mV s−1, (b,d,f,h) relationship between peak current Ip and square root of sweep speed (V1/2) of LNCM-0, LNCM-1, LNCM-2, LNCM-3 cathodes. 






Figure 6. (a,c,e,g) CV curves of LNCM-0, LNCM-1, LNCM-2, LNCM-3 cathodes at a sweep rate of 0.2~1 mV s−1, (b,d,f,h) relationship between peak current Ip and square root of sweep speed (V1/2) of LNCM-0, LNCM-1, LNCM-2, LNCM-3 cathodes.



[image: Energies 13 01602 g006]







[image: Energies 13 01602 g007 550] 





Figure 7. Electrochemical impedance spectroscopy (EIS) curves of LNCM-0~LNCM-3 cathodes in the frequency range of 0.1 Hz to 100 kHz. 
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Figure 8. Charge and discharge characteristics of LNCM-0~LNCM-3: (a) discharge capacity at 0.17 A·g−1, (b) cycle performance at 0.34 A·g−1. 
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Figure 9. Charge and discharge characteristics of LNCM-1: (a) Charge-discharge curve at 0.034, 0.17, 0.34, 0.85 and 1.7 A·g−1 in the voltage range of 2.5~4.5 V, (b) cycle performance at 0.34, 0.85 and 1.7 A·g−1 in the voltage range of 2.5~4.5 V, (c) rate performance. 
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