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Abstract

:

Metal–organic frameworks (MOFs) have found a potential application in various domains such as gas storage/separation, drug delivery, catalysis, etc. Recently, they have found considerable attention for energy storage applications such as Li- and Na-ion batteries. However, the development of MOFs is plagued by their limited energy density that arises from high molecular weight and low volumetric density. The choice of ligand plays a crucial role in determining the performance of the MOFs. Here, we report a nickel-based one-dimensional metal-organic framework, NiC4H2O4, built from bidentate fumarate ligands for anode application in Li-ion batteries. The material was obtained by a simple chimie douce precipitation method using nickel acetate and fumaric acid. Moreover, a composite material of the MOF with reduced graphene oxide (rGO) was prepared to enhance the lithium storage performance as the rGO can enhance the electronic conductivity. Electrochemical lithium storage in the framework and the effect of rGO on the performance have been investigated by cyclic voltammetry, galvanostatic charge–discharge measurements, and EIS studies. The pristine nickel formate encounters serious capacity fading while the rGO composite offers good cycling stability with high reversible capacities of over 800 mAh g−1.
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1. Introduction


The advancement of Li-ion batteries (LIBs) has revolutionised the portable electronics industry as LIBs ensure compact and lightweight power sources owing to their high energy density. Current commercial LIBs predominantly use graphite as an anode material with a limited theoretical capacity of 372 mAh g−1. This generates immense interest to increase the capacity of electrode materials [1,2,3]. For example, an alloying-based electrode such as Si can deliver a very high capacity of 4000 mAh g−1 [4,5,6,7,8]. Other high-capacity materials of interest are conversion-based anode materials such as oxides and metal-organic materials. Recently, Metal oxides and its carbon composites, metal–organic frameworks (MOFs) [9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32] have gained a considerable attraction as electrode materials for LIBs. These MOFs or coordination polymers (CPs) are crystalline materials with important properties such as high porosity/surface area, good chemical stability, and tunable functionality. Ferey et al. reported an iron-based MOF, Fe(O2C-C6H4-CO2)(OH)0.8F0.2 (MIL-53) as a cathode material for LIBs [33]. It could reversibly intercalate 0.6 moles of Li per formula owing to the Fe2+/3+ redox couple without any destruction of the crystal structure, demonstrating that MOF can be used for energy storage. Maiti et al. demonstrated reversible lithium cycling in different BTC (1,3,5-benzenetricarboxylate)-based MOFs. High reversible capacities of 694 and 740 mAh g−1 were obtained for Mn and Cu MOFs, respectively [34,35]. Hu et al. showed that an Mn-BDC MOF exhibits high anodic capability for LIBs, with a reversible capacity of 870 mAh g−1 at a current density of 100 mA g−1 [36]. Saravanan et al. investigated simple formate bridged MOFs with diamondoid topology for LIB anodes [37]. It was reported that the MOF undergoes reversible lithium storage via the conversion mechanism with the formation of lithium formate. Gou et al. reported a CNT composite of nickel formate, which exhibits enhanced lithium storage with a capacity of over 900 mAh g−1 [38]. Tirado et al. introduced metal oxalates as novel anode materials for LIBs. Different metal oxalates, MC2O4 (M = Fe, Mn, Co, Ni, Cu, Sn) have been reported [39,40,41]. Conversion of metal oxalate to lithium oxalate and respective metals was suggested as the possible mechanism of reversible lithium storage in these oxalates. Metal oxalates have a higher molecular weight, compared to the corresponding metal oxides and hence have a lesser theoretical capacity. However, they were found to exhibit higher capacities of over 800 mAh g−1, though the reasons are not clear. It was noticed that capacitive effects contribute substantially to these materials, in addition to the faradaic capacity resulting from the conversion reaction [39,40]. In a recent report, Wang et al. investigated aluminium fumarate as an anode for LIBs, which exhibited a reversible capacity of 392 mAh g−1 at a current density of 37.5 mA g−1 [42].



In this study, we demonstrate the lithium storage characteristics of a nickel-based one-dimensional metal-organic framework (1D-MOF). Nickel fumarate tetrahydrate and its composite with rGO were prepared by a simple precipitation method. Investigation of the electrochemical properties of the dehydrated samples reveals that the rGO composite exhibits a reversible capacity of ~800 mAh g−1 at 0.2 C current rate after 60 cycles.




2. Experimental


2.1. Materials and Methods


Nickel (II) acetate tetrahydrate (99%, Fluka, Munich, Germany), fumaric acid (98%, Sigma-Aldrich, Burlington, MA, USA), and methanol (99.8%, Sigma-Aldrich, Burlington, MA, USA) were used for the synthesis. For the synthesis of graphene oxide (GO), graphite powder (Sigma-Aldrich, Burlington, MA, USA, 99%), sulphuric acid (98%, Sigma-Aldrich, Burlington, MA, USA), sodium nitrate (BDH, Poole, UK, 98%), phosphoric acid (BDH, Poole, UK, 99%), potassium permanganate (Sigma-Aldrich, Burlington, MA, USA, 99%) were used.



Nickel fumarate tetrahydrate was prepared by a precipitation reaction at room temperature using nickel acetate and fumaric acid. Firstly, a solution of nickel acetate (0.2 M) and a solution of fumaric acid (0.2 M) were prepared separately in methanol. Then, 50 mL of metal acetate solution was added slowly to 100 mL of fumaric acid (1:2 molar ratio of metal:ligand) with continuous stirring. After the complete addition of nickel acetate, the solution turned cloudy. Further stirring for one hour resulted in a bluish-green precipitate of nickel fumarate tetrahydrate. The precipitate was collected by centrifugation and washed a few times with methanol to remove any unreacted fumaric acid present in the product. The powder was dried at 40 °C in the air and used for further studies. An anhydrous phase was obtained by dehydration at 180 °C, which was used for battery testing and for clarity, referred to as NiFum.



A composite of nickel fumarate with rGO was prepared as follows: Graphene oxide was prepared according to the reported procedure, with some modifications [43]. The as-synthesised nickel fumarate powder (500 mg) was dispersed in 20 mL of deionised water by sonication using a small amount of PVP (10 mg). Then, graphene oxide (0.2 wt%) solution was added and homogenised by magnetic stirring for an hour. Then, 100 mL of methanol was added to the mixture and subjected to microwave irradiation (100 °C for 5 min) which resulted in a black precipitate. It was washed using methanol and dried at 40 °C in the air. An anhydrous composite, for clarity referred to as G-NiFum, was obtained by dehydration at 180 °C. The content of rGO in the composite has been calculated to be ~2 wt% from CHNS analysis.




2.2. Materials Characterisation


Powder X-ray Diffraction (PXRD), Fourier transform infrared spectroscopy (FT-IR), Raman spectroscopy, and thermogravimetric analysis (TGA) were used. PXRD patterns were recorded on a Bruker D8 Advance diffractometer using a Cu-Kα source. TGA experiments were performed in a nitrogen atmosphere at a ramping rate of 10 °C min−1 using PerkinElmer’s TGA 4000 thermogravimetric analyser.



The microstructure of the samples was analysed using scanning electron microscopy (SEM), transmission electron microscopy (TEM), and adsorption studies. The surface area of the samples preheated to 150 °C was determined from nitrogen adsorption isotherms at 77 K using a Micromeritics Tristar instrument. SEM micrographs of platinum-coated samples were captured using JEOL JSM-6700F field emission scanning electron microscope (FESEM) operated at 5 kV and 10 µA. JEOL JEM 2010 transmission electron microscope was used to record the TEM images of the materials.



Electrochemical Characterisation


Electrochemical properties of the samples were investigated in coin cells (type 2016) with Li metal (Kyokuto Metal Co., Tokyo, Japan) as a counter electrode, Celgard polypropylene membrane as the separator, and 1 M LiPF6 dissolved in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 v/v, Merck) as the electrolyte. The active materials (70 wt%) were mixed with a conducting additive, super P carbon (15 wt%), and 15 wt% of polyvinylidene difluoride (PVDF) binder (Kynar 2801). A slurry was prepared in N-methyl pyrrolidinone (NMP) solvent and was uniformly coated onto an etched copper foil of 10 µm thickness. It was dried overnight and cut into circular discs of 16 mm diameter. The electrodes were used to make Li-half cells in an Ar-filled glove box (MBraun, Stratham, NH, USA) by crimp sealing. Cyclic voltammetry was carried out using the Solartron cell test system, and Bitrode multiple battery tester was used for galvanostatic charge–discharge studies [44]. The Solartron 1260 A impedance analyser was used to carry out electrochemical impedance spectroscopy (EIS) studies of the cells in a frequency range of 350 kHz to 0.001 Hz, Ac amplitude: 10 mV.






3. Results and Discussion


3.1. Structure and Morphology


The nickel fumarate was precipitated in a one-dimensional polymeric structure, as confirmed from its powder X-ray diffraction (PXRD) pattern (Figure 1a). All the diffraction peaks are in good agreement with the simulated pattern of a nickel fumarate tetrahydrate, Ni(C4H2O4)(H2O)4, reported in the literature [45]. It crystallises in the monoclinic space group (P21/c). In the material, each nickel atom exhibits octahedral coordination, with the oxygen of four water molecules and two different fumarate ligands in trans position, resulting in the 1D framework. The crystallographic representation of the polymeric structure of nickel fumarate tetrahydrate is depicted in Figure 1a. The rGO composite was characterised by a similar set of peaks (Figure 1a) as the pristine sample, indicating that there is no phase change during the preparation of the composite. It is notable that both samples exhibit good crystallinity, evident from the sharp peaks.



The thermogravimetric analysis profiles of NiFum are shown in Figure 1b. The pristine material shows a weight loss of 26.2% in the temperature range of 90–230 °C corresponding to the loss of water molecules which are coordinated to Ni. As can be seen from the figure, dehydration occurs in two steps. As the PXRD patterns confirmed the formation of a tetrahydrate, the calculated weight loss for the removal of 1b water molecules from the material should be 29.4%. However, the observed weight loss was 26.2%, indicating that partial dehydration occurred during the process of drying. The subsequent weight loss of ~40% in 330–420 °C can be attributed to the decomposition of the organic ligand. The presence of rGO in the composite is also confirmed from its Raman spectrum (Figure 1c. It can be used as a tool to analyse the degree of reduction of GO. The D and G bands appeared at 1331 and 1588 cm−1, respectively, for G-NiFum. The ID/IG ratio of the composite increases considerably, compared to GO which indicates the in situ reduction of GO to amorphous carbon/few layer graphene like carbon during the synthesis [44,46,47,48]. Microwave-assisted heating has been reported as a technique for the reduction of GO, and it is expected that the nickel fumarate particles are first anchored onto the GO sheets, and during the microwave irradiation, the GO sheets were reduced to rGO.



SEM and TEM images of NiFum are shown in Figure 2. The images indicate that the sample consists of submicron-sized particles of size around 100–500 nm that are fused together to form bigger particles (Figure 2a,b). The particle size is further confirmed from the TEM image (Figure 2e). The rGO composite contains nickel fumarate particles of the same size but which are anchored on reduced graphene oxide sheets, as confirmed by the curly surfaces seen in Figure 2d. The rGO sheets can be seen clearly from the TEM image (Figure 2f).




3.2. Electrochemical Studies


Electrochemical lithium insertion in NiFum and G-NiFum were investigated by galvanostatic charge–discharge cycling in a voltage window of 0.005–3.0 V vs. Li/Li+. The tests were carried out in Li-half cells at a current density of 60 mA g−1. Voltage profiles of NiFum and G-NiFum for selected cycles are shown in Figure 3a,b, respectively. The initial discharge process shows a plateau at a potential of ~1.5 V in both samples which was absent in the subsequent cycles. This indicates the formation of a passivation layer such as solid electrolyte interphase (SEI). Followed by the SEI formation, further discharge leads to a sloping voltage region which corresponds to the reaction of nickel fumarate with lithium metal. During this step, destruction of the crystal structure occurs with the formation of Ni nanoparticles embedded in lithium fumarate, as shown in Equation (1). A similar conversion reaction has been reported in different anodes such as metal oxides, metal oxalates, aluminium fumarate, and some MOFs [3,16,30,31,41,42]. The initial discharge capacities delivered by G-NiFum and NiFum were 1320 and 1066 mAh g−1, respectively.


Ni(C4H2O4) + 2 Li+ + 2 e− ↔ Ni + 2 LiC4H2O4



(1)







The first charge profile of both samples was similar, with capacities of 658 and 620 mAh g−1 for G-NiFum and NiFum, respectively. The charge process involves the recombination of Ni and lithium fumarate to NiFum. Due to the high irreversible capacity loss due to SEI formation, the samples exhibited low coulombic efficiencies of 50 and 46%. Such low coulombic efficiency of the first cycle was also reported in metal oxalates [49]. From Figure 3c, it can be seen that the specific capacity of NiFum and G-NiFum decreases slightly during the initial few cycles. However, the capacity increased steadily afterward, as shown in Figure 3c. At the end of 60 cycles, G-NiFum delivered high charge and discharge capacities of 797 and 805 mAh g−1, respectively. However, NiFum shows higher-capacity fading and a lower charge capacity of 485 mAh g−1 for the 60th cycle. The synergistic effect of rGO in the composite ensures high electrochemical performance over continuous cycling than the pristine material which suffers serious capacity fading (Figure 3c). The enhanced lithium storage performance of G-NiFum can be ascribed to its better electrical conductivity as high electronic conducting rGO sheets wrap the nickel fumarate particles. The theoretical capacity of nickel fumarate is 310 mAh g−1 based on the insertion of two Li per formula unit. However, NiFum electrodes delivered much higher capacities than the theoretical capacity and a similar behavior has been reported in metal oxalates [49,50]. Apart from the capacity obtained through faradaic reaction, there is a substantial contribution from capacitive storage.



The rate capability of G-NiFum was demonstrated by subjecting the material to galvanostatic cycling at different current densities (discharge and charge at the same current densities) such as 60, 120, 300, 600, 1200, 2400, and 3600 mA g−1, where 1C represents 310 mA g−1 (Figure 4). It was observed that the capacity of G-Fum was decreasing during the initial 10 cycles, and then it increased to 40 cycles. The charge capacities obtained at 60, 120, 300, 600, 1200, and 3600 mA g−1 were 643, 678, 552, 411, 234, and 113 mAh g−1, respectively. When the current rate was decreased, the capacity of the material was found to be higher than that obtained initially. At 300, 120, and 60 mA g−1, the capacities returned to 577, 710, and 780 mAh g−1, respectively.




3.3. Electrochemical Impedance Spectroscopy (EIS)


To gain further insight into the electrochemical lithium storage in the material, EIS measurements of G-NiFum were performed at different voltages during 1st, 2nd, and 200th cycles. The cells were subjected to charge and discharge at a constant current density of 200 mA g−1, and they were relaxed in open circuit conditions for 30 min before the data collection. The results are shown as Nyquist plots where the real part of impedance (Zreal) is plotted against the imaginary part of impedance (Zim). Equivalent circuits were constructed with series and parallel combinations of resistors and capacitors (constant phase elements) to understand the mechanism of lithium storage and to evaluate the contribution of individual processes leading to the overall impedance of the cell.



Nyquist plots of G-NiFum for the initial discharge and initial charge cycles are shown in Figure 5a,b, respectively. An equivalent circuit (shown in Figure 5g) consisting of intrinsic resistance (Rel), a combined resistance of surface film and charge transfer resistance (Rsf+ct) and the associated surface-film and double-layer capacitance (CPEsf+dl), bulk resistance (Rb), and the associated capacitance (CPEb), Warburg impedance (Ws), and intercalation capacitance (Ci) was used to fit the experimental data [46]. The angle of distortion for the two semicircles are denoted as α and α’, respectively (Table 1). A fresh cell which was equilibrated for 12 h showed a single semicircle in the high-frequency region of 360 kHz to 5 mHz, indicating that the major contribution is from the surface film resistance. The resistance (Rsf+ct) was calculated to be 66 Ω, and the values are tabulated in Table 2. There was a negligible difference in the intrinsic resistance (~5 Ω) at different voltages. Upon decreasing the voltage, impedance remains almost invariable till 1.5 V (Table 2). The growth of the passivation layer decreases once the cell reaches 1.1 V, as observed from the slight reduction in the impedance. In addition, the initial redox reaction necessitates the conduction of ions between the electrodes, and it involves the initial destruction of the solid−electrolyte interface (SEI). At 1.1 V, there was a second semicircle (Figure 5a) which can be attributed to bulk resistance as it was observed in the low-frequency region. The overall cell impedance was lowest at the completely discharged state as the formation of highly conducting Ni metal upon conversion of nickel fumarate helps in improved conductivity.



During the first charge cycle, two semicircles were obtained similar to the initial discharge process. From Table 2, it can be inferred that the surface film and charge transfer resistance and capacitance are similar to the discharge cycle. However, the contribution from bulk resistance was found to be significantly higher leading to an overall increase in the impedance of the cell. This is also reflected in the galvanostatic cycling studies in which the initial coulombic efficiencies are low. Similar values were observed for the second charge and discharge cycle, as shown in Figure 5c,d. After the cell was subjected to 200 cycles in the galvanostatic process, EIS measurements were carried out. As inferred from Figure 5e,f, the impedance of the cell was considerably lower, indicating improved lithium storage. During the galvanostatic cycling, the capacity was found to increase during cycling which can be supported by the decrease in the impedance. Distinct from the first and second cycles, the bulk resistance was negligible. The different equivalent circuit was necessary to fit the Nyquist plots of 201st cycle, owing to change in the morphology, creation of new lithium storage sites, etc. [46]. Moreover, the surface film and charge transfer kinetics appeared as individual processes, while they were found to overlap during the initial cycle. The individual resistances and capacitances obtained from fitting are provided in Table 3. The capacitance of the cell also increased supporting the fact that the capacitive process partially contributed to the lithium storage in the cell. The fully discharged state has a low impedance of 35 Ω which shows good conductivity of the G-NiFum electrodes.





4. Conclusions


Nickel fumarate tetrahydrate was prepared with a one-dimensional polymeric structure, and a composite of the material with reduced graphene oxide was achieved. The dehydrated materials were tested as novel LIB anode materials. FESEM and TEM characterisations indicated the formation of submicron-sized particles anchored on rGO sheets. The cell prepared with rGO composite (G-NiFum) showed excellent capacity and cycling stability, compared with pristine material. At the end of 60 cycles, a reversible capacity of ~800 mAh g−1 was obtained for the G-NiFum composite.
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Figure 1. (a) Powder X-ray diffraction patterns of NiFum and G-NiFum compared with its simulated pattern. Crystallographic representation of the one-dimensional polymeric structure of Ni(C4H2O4)(H2O)4. is shown in the inset of Figure 1a. The green, black-, red-, and blue-coloured balls represent nickel, carbon, oxygen, and hydrogen atoms, respectively; (b) thermogravimetric profiles of NiFum in a nitrogen atmosphere at 5 °C min−1; (c) comparison of Raman spectra of G-NiFum with that of graphene oxide (GO). The reduction of GO during the synthesis is demonstrated by the increase in the ID/IG ratio. 
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Figure 2. (a,b) SEM micrographs of NiFum at magnifications of 5000 and 30,000, respectively; (c,d) SEM micrographs of G-NiFum at magnifications of 5000 and 30,000, respectively; (e,f) TEM images of NiFum and G-NiFum, respectively. 
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Figure 3. (a) Galvanostatic charge–discharge curves of G-NiFum for selected cycles at a current density of 60 mA g−1 in the potential window of 0.005–3.0 V. The formation step is shown in red; (b) comparison of charge–discharge profiles of NiFum and G-NiFum for the third cycle; (c) capacity vs. cycle number plots of NiFum and G-NiFum. 
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Figure 4. Rate capability studies of G-Nifum composite at different current densities such as 60, 120, 300, 600, 1200, 2400, and 3600 mA g−1. 
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Figure 5. EIS spectra (Nyquist plots) of G-NiFum at various voltages during (a) 1st discharge cycle, (b) 1st charge cycle, (c) 2nd discharge cycle, (d) 2nd charge cycle, (e) 200th discharge cycle, (f) 201st charge cycle, and (g,h) equivalent circuits used for fitting the experimental Nyquist plots. 
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Table 1. Comparison of capacities obtained for 1st, 2nd, and 60th cycles of NiFum and G-NiFum at a current density of 60 mA g−1.
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Cycle No

	
NiFum

	
G-NiFum




	
Charge Capacity (mAh g−1)

	
Discharge Capacity (mAh g−1)

	
Coulombic Efficiency (%)

	
Charge Capacity (mAh g−1)

	
Discharge Capacity (mAh g−1)

	
Coulombic Efficiency (%)






	
1st cycle

	
620

	
1066

	
58

	
658

	
1320

	
50




	
2nd cycle

	
587

	
627

	
94

	
611

	
657

	
93




	
50th cycle

	
485

	
491

	
99

	
797

	
805

	
99
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Table 2. EIS fitting results of G-NiFum at different voltages for the first cycle.
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Voltage

	
R(sf+ct) (Ω)

	
CPE(sf+dl) (μF)

	
α

	
Rb (Ω)

	
CPEb (mF)

	
α’

	
Ci (F)






	
First discharge cycle




	
Fresh cell

	
66

	
37

	
0.67

	
-

	
-

	
-

	
0.01




	
2.6 V

	
72

	
33

	
0.68

	
-

	
-

	
-

	
0.01




	
2.2 V

	
84

	
46

	
0.64

	
-

	
-

	
-

	
0.06




	
1.5 V

	
70

	
51

	
0.64

	
-

	
-

	
-

	
0.12




	
1.1 V

	
63

	
40

	
0.70

	
97

	
1.9

	
0.89

	
0.09




	
0.8 V

	
57

	
38

	
0.73

	
174

	
1.9

	
0.83

	
0.08




	
0.5 V

	
48

	
36

	
0.76

	
83

	
3.5

	
0.83

	
0.11




	
0.1 V

	
38

	
63

	
0.72

	
15

	
14

	
0.77

	
0.14




	
First charge cycle




	
0.4 V

	
43

	
43

	
0.75

	
44

	
5.6

	
0.82

	
0.23




	
0.6 V

	
47

	
36

	
0.77

	
143

	
2.6

	
0.87

	
0.19




	
0.9 V

	
53

	
36

	
0.75

	
224

	
1.8

	
0.87

	
0.36




	
1.1 V

	
59

	
53

	
0.70

	
228

	
1.6

	
0.88

	
0.28




	
1.3 V

	
73

	
48

	
0.71

	
240

	
1.9

	
0.62

	
0.29




	
1.6 V

	
127

	
71

	
0.63

	
360

	
1.9

	
0.55

	
0.78
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Table 3. EIS fitting results of G-NiFum at different voltages for the 201st cycle.
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Voltage

	
Rsf (Ω)

	
CPEsf (μF)

	
α

	
Rct (Ω)

	
CPEdl (μF)

	
α’

	
Ci (F)






	
201st discharge cycle




	
2.1 V

	
42

	
191

	
0.28

	
12

	
152

	
0.91

	
0.85




	
1.6 V

	
31

	
160

	
0.30

	
12

	
190

	
0.87

	
0.47




	
1.1 V

	
21

	
512

	
0.40

	
14

	
180

	
0.87

	
0.52




	
0.6 V

	
21

	
343

	
0.42

	
14

	
162

	
0.86

	
0.45




	
0.2 V

	
20

	
122

	
0.36

	
12

	
200

	
0.87

	
0.20




	
201st charge cycle




	
0.5 V

	
21

	
410

	
0.43

	
24

	
69

	
0.91

	
1.51




	
0.9 V

	
19

	
423

	
0.46

	
20

	
94

	
0.88

	
0.75




	
1.3 V

	
19

	
409

	
0.43

	
14

	
147

	
0.86

	
0.68




	
1.8 V

	
16

	
381

	
0.47

	
13

	
180

	
0.84

	
0.46




	
2.8 V

	
27

	
812

	
0.36

	
19

	
182

	
0.81

	
0.21
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