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Abstract

:

We prepared well-dispersed ZnFe2O4 (ZFO) nanoparticles on a graphene sheet by a facile one-step hydrothermal method using glucose as a novel linker agent and low-cost graphene flake. It was found that the glucose linkage on graphene not only prevented the aggregation of ZFO particles, but also induced the exfoliation of graphene flakes. The addition of glucose during the synthesis made surface linkages on the graphene surface, and it reacted with ZFO precursors, resulting in the well-dispersed ZFO nanoparticles/graphene composite. Furthermore, the size distribution of the resultant composite particles was also shifted to the smaller particle size compared to the composite prepared without glucose. The newly prepared ZFO/graphene composite provided a higher lithium storage capability and cycle performance compared to the ZFO/graphene sample which was prepared without glucose. The good dispersion of ZFO nanoparticles on graphene and the small particle size of the composite led to markedly improved electrochemical performance. Its reversible discharge capacity was 766 mAh g−1 at 1 A g−1, and it also maintained as 469 mAh g−1 at 6 A g−1.
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1. Introduction


Transition metal oxides are promising anode materials of lithium ion batteries due to their high reversible capacities [1,2]. Among them, Fe-based binary and ternary oxides have been explored as anode materials because of their feasibility to control energy density and working voltages by varying the transition metal content. ZnFe2O4 (ZFO) exhibits a lower working voltage to enhance the output voltage. It generates a high capacity by the formation of Li–Zn alloy during discharge [3,4,5,6]. However, it suffers from structural instability due to volume change during charge/discharge course, as well as low electron conductivity. To overcome its leakages, carbon materials (e.g., graphene, graphene oxides, carbon nanotubes, graphite, etc.) have been combined with ZFO [7,8,9,10,11]. Graphene has been widely used to improve the electrochemical properties of electrodes, as it has excellent conductivity and structural flexibility. That being said, it is an expensive material, and its price tends to limit its use in industrial applications. Although graphene flake (i.e., an aggregated form of graphene) is cheap, its electrochemical and physical properties are worse than those of a thin graphene sheet. However, aggregated graphene flakes could be easily expanded and exfoliated by a urea-assisted sonication treatment [12,13]. Therefore, this method was applied in this study to obtain cheap graphene sheets. In this study, exfoliated graphene flake was integrated into ZFO to overcome the poor electrical conductivity of ZFO. More importantly, glucose was added as a linker between graphene and ZFO to prepare a well-dispersed ZFO/graphene composite. This was different from the ZFO/graphene composite prepared without glucose, which in the presence of glucose provided increased lithium storage capability and greatly improved electrochemical performance for lithium ion batteries. The detailed characteristics and electrochemical properties of the prepared composites are systematically studied in this paper.




2. Experimental


2.1. Preparation of Electrodes


All chemicals were used without any further purification in this experiment. ZnFe2O4/graphene (ZFO–G) was synthesized using the hydrothermal method. Firstly, aggregated graphene bulk flake was dispersed by sonication in a 2 wt% urea solution to prepare more expanded graphene flake with wider gaps between sheets. Then, 5 mmol Zn(NO3)2 and 10 mmol Fe(NO3)2 were dissolved in 40 mL of distilled water, and 15 mL of concentrated NaOH was added into the former solution. The graphene flake suspension was added to make 10 wt% of graphene in solution. The resulting solution was transferred into a Teflon-lined autoclave reactor (100 mL) and treated at 180 °C for 12 h. The collected precipitate was washed with distilled water and ethanol and dried at 60 °C for 24 h. For the ZnFe2O4/graphene prepared with glucose (ZFO–G–GL) sample, 0.9 g of glucose was also added into the above solution with the identical preparation procedure to ZFO–G. The synthesis illustration is shown in Figure 1. For comparison, the pure ZFO particles were prepared in the same way as described above, without the addition of graphene and glucose. For the preparation of the electrodes, a slurry was prepared by mixing synthesized samples, a super P conducting additive, and sodium carboxymethyl cellulose (CMC, 1.25 wt%) binder at a weight ratio of 75:20:5 with water as a solvent, using ball milling for 24 h at 100 rpm [10,11,14,15]. The prepared slurry was coated on copper foil and dried at 70 °C in a vacuum oven for 12 h to remove water. Then, it was pressed into a final thickness of 50–60 μm and cut into sections with 14-mm diameter. The average loading amounts of slurry on each electrode was 1.064 mg after drying.




2.2. Characterization


The crystal structures of the synthesized samples were studied by X-ray diffraction (XRD) analysis using an Empyrea X-ray diffractometer and Cu Kα radiation (2θ: 10–80°). Scanning electron microscopy (SEM) images of the samples were obtained using an FE-SEM system (S-4800, Hitachi) operated at 3 keV. An FE-TEM (HF-3300, Hitachi) was used to study the morphologies and nanostructures of the composites. The particle size distribution was measured using an electrophoretic light scattering analyzer (Malvern). Electrochemical tests were carried out using CR2032 coin cells. The cells were assembled in an Ar-filled glove box with Li foil as the counter electrode, 1 M LiPF6 in an ethylene carbonate (EC)/dimethyl carbonate (DMC) (3:7 by volume) as the electrolyte, and a polypropylene membrane as the separator. The charge/discharge tests were carried out using potentiostat (WBCS3000S, WONATECH) with the potential range of 0.01–3 V. Electrochemical impedance spectroscopy (EIS) was carried out in a frequency range of 1 MHz to 0.1 Hz using an electrochemical impedance analyzer (ZIVE SP1, WONATECH).





3. Results and Discussion


The prepared ZFO samples (ZFO, ZFO–G, and ZFO–G–GL) were investigated by means of XRD, SEM, HR–TEM, and size distribution analysis. Figure 2 presents XRD patterns of those samples. All major peaks were well-matched to the standard ZnFe2O4 diffraction peaks (JCPDS file no. 65-3111), and no impurities were observed in ZFO or ZFO–G samples. However, the ZFO–G–GL sample contained ZnO (JCPDS file no. 36-1451) as an impurity in the structure, which might be attributed to the larger contents of oxygen atoms that originated from the glucose addition during the preparation procedure.



In Figure 3, SEM images of those samples were compared. Pure ZFO nanoparticles (primary particle size <20 nm) were aggregated, each forming bigger particles. In the image of ZFO–G samples as shown in Figure 3b, the size of the ZFO nanoparticle was similar to that of pure ZFO samples, but the graphene flake particles were also observed. The morphology of graphene flakes was close to a spherical shape with the size of 300–500 nm, which implies that the exfoliation of the graphene flake by sonication in the urea solution was not successfully achieved. In contrast, the larger size of the graphene flakes disappeared in the ZFO–G–GL sample, but it showed that thinner graphene flakes were in more exfoliated states than in the ZFO–G samples. Furthermore, the separated graphene flakes could not be found in ZFO–G–GL samples, due to the good coverage of ZFO nanoparticles on the exfoliated graphene flakes that was attributed to the glucose, which acted as a linker between ZFO and graphene flakes.



The TEM images of ZFO–G and ZFO–G–GL are compared in Figure 4. Unlike the ZFO–G sample (Figure 4a), well-dispersed ZFO nanoparticles were clearly observed in the ZFO–G–GL sample (Figure 4b). The EDX elemental mapping provided further evidence for the dispersion of ZFO nanoparticles on graphene in the presence of glucose. Furthermore, the aggregated graphene flakes were not easily observed in the ZFO–G–GL sample. This is consistent with the observation of its SEM image, where ZFO–G–GL showed good coverage of ZFO nanoparticles on graphene flakes (Figure 3c). Consequently, the addition of glucose during synthesis could not only prevent ZFO particle aggregation, but also lead to the exfoliation of graphene flakes. As we illustrated in Figure 1; Fe2+, Zn2+ and glucose adsorbed onto the surface of graphene flakes, which have expanded gaps and oxidized states due to the urea pretreatment. Glucose was used to fix the seeds of ZFO onto graphene flakes to effectively hinder the aggregation of ZFO nanoparticles. When the glucose and Fe2+, Zn2+ ions penetrate between the expanded gaps in graphene flakes, the linkage formation by glucose can induce an exfoliation of the aggregated graphene flakes by increasing the gap between graphene layers. Thus, the glucose molecules provide a linker on the graphene surfaces and promote the uniform growth of ZFO nanoparticles onto the graphene, resulting in the exfoliation of the aggregated graphene flakes and the formation of more uniform ZFO/graphene composites.



Well-dispersed ZFO particles on graphene and the further exfoliation in ZFO–G–GL samples could be confirmed by comparing particle size distribution with that of the ZFO–G sample. In Figure 5a,b, the suspension and precipitation of ZFO, ZFO–G, and ZFO–G–GL were compared. ZFO and ZFO–G–GL showed good suspension right after shaking, but ZFO–G particles started to precipitate quickly right after shaking. After 5 min, the stable suspension of ZFO–G–GL was well maintained, but significantly more ZFO and ZFO–G particles were precipitated. The particle size distributions of samples were also measured using an electrophoretic light scattering (ELS) analyzer, as shown in Figure 5c. It was found that the ZFO–G–GL samples consisted of much smaller particles compared to ZFO–G, showing a size distribution in a range of 50–400 nm. The size distribution showed a decrease in the particle size in the ZFO–G–GL sample compared to the ZFO–G sample.



Figure 6 shows the initial discharge/charge curves for graphene flakes, ZFO, ZFO–G, and ZFO–G–GL electrodes for the first five cycles at 1 A g−1 in the potential range from 0.01 to 3.0 V with Li foil as a counter electrode. As control experiments, the discharge/charge curves were obtained for the exfoliated graphene and ZFO. The initial discharge capacity of the graphene and ZFO were 130 and 350 mAh g−1, respectively. However, the discharge capacity of ZFO exhibited drastic decay after the first cycle. The observed initial irreversible capacity loss of the samples was probably because of the formation of a solid electrolyte interface (SEI) on the surface of electrodes during the first lithium insertion process [14,15]. Although the graphene addition increased the specific capacity in the ZFO–G results (Figure 6c), the enhancement was not significant and the stability was still low. On the other hand, the ZFO–G–GL electrode exhibited a high reversible current capacity of 821 mAh g−1, without the loss of capacity for five cycles. This is shown in Figure 6d. The normalized differential capacity (1/Q(dQ/dV)) plots of ZFO–G and ZFO–G–GL for the initial five cycles are shown in Figure 7. At a plateau around 0.75 V, the high reversible capacity in the first cycle could be explained by the formation of a SEI, which consumes many lithium ions [11]. Plateaus were also observed around 1.0 and 1.6 V, respectively, and corresponded to the reversible redox reactions during lithium insertion/extraction [15]. Figure 7a shows the voltage change in ZFO–G electrodes during the lithiation and delithiation for five cycles. On the other hand, the voltage shift in the ZFO–G–GL electrode was negligible compared to the ZFO–G electrode, which implies the stable status of the ZFO–G–GL electrode during the cycles due to a lower resistance [16,17].



Electrochemical impedance spectra for electrodes are shown in Figure 8a. The impedance spectra consisted of a high-frequency semicircle and a low-frequency tail, attributed to the electrode-electrolyte interfacial charge transfer impedance (Rct) and the diffusion-controlled Warburg impedance (Zw), respectively. ZFO–G exhibited lower interfacial impedance compared with ZFO, but the decrease of resistance in ZFO–G–GL was more significant than that of ZFO. This result is consistent with the discharge/charge capacity tendency shown in Figure 6 and the observation that ZFO–G–GL electrodes showed no obvious plateau reductions or peak shifting in Figure 7b. Figure 8b shows the cycling performances at different current densities (i.e., at 0.2, 0.5, 1, 2, 4, and 6 A g−1). The pure graphene flake and ZFO electrodes exhibited fast capacity degradation, with its specific capacity being 102 mAh g−1 and 265 mAh g−1 at 1 A g−1, respectively. This fading of their capacity can be explained by their poor structural stability due to the large volume change induced by the Li ions insertion/extraction during cycling. Additionally, the low electrochemical conductivity of ZFO was responsible for the reduction of capacity with cycles. Although ZFO–G electrodes exhibited a higher specific capacity (532 mAh g−1 at 1 A g−1) than that of pure graphene and ZFO, the capacity drastically decreased as the current density increased. The capacity of ZFO–G at the final five cycles at 0.5 A g−1 was not fully recovered to the capacity obtained at the previous cycles with 0.5 A g−1, which indicates that ZFO–G electrodes contained irreversible reactions during the charging/discharging processes, reducing their capacity. Compared with other electrodes, ZFO–G–GL exhibited higher reversible capacity and improved rate capability, as given in Figure 8b. The specific capacity of ZFO–G–GL at 1 A g−1 was 766 mAh g−1, and notably, it was maintained as 469 mAh g−1 even at 6 A g−1. This significant improvement of capacity and stability of ZFO–G–GL is attributed to the good dispersion of ZFO on graphene with increasing electrode conductivity. Additionally, the presence of a small amount of ZnO in ZFO–G–GL can improve electrochemical performance by enhancing the electrical conductivity and chemical-thermal stability due to the hetero-junction formation, thereby improving its rate capability [18]. To evaluate the cyclic stability of samples, they were further charged/discharged at a current rate of 1 A g−1 for 200 cycles, as shown in Figure 8c. The specific capacities of ZFO and ZFO–G samples drastically decreased with the increase of cycles due to the SEI instability and structural change of ZFO during lithium insertion/extraction [14]. That of ZFO–G–GL also decreased until it reached 50 cycles. However, it increased again after about 50 cycles with recovering capacity. It seems to be due to the formation of a polymeric gel-like film on the electrode resulting from kinetically activated electrolyte degradation, as normally observed for transition metal oxide-based anodes [19,20].




4. Conclusions


In summary, we prepared well-dispersed ZFO on graphene through a facile one-step hydrothermal process using glucose as a linker agent and a low-cost graphene flake as a source of graphene sheets. The utilization of glucose during the hydrothermal process not only prevented the aggregation of ZFO particles, but also led to the exfoliation of graphene flakes. The well-dispersed structure of ZFO/graphene composites were responsible for the improved surface lithium storage reaction and conductivity, which resulted in significantly improved reversible capacity and rate capability.
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Figure 1. Preparation procedure of conventional ZnFe2O4/graphene (ZFO–G) and well-dispersed ZnFe2O4/graphene by using glucose (ZFO–G–GL). 
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Figure 2. X-ray diffraction patterns of (i) ZFO, (ii) ZFO–G, (iii) ZFO–G–GL. The peaks corresponding to ZnFe2O4 and ZnO are labeled with circles and triangles, respectively. 
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Figure 3. Scanning electron microscopy (SEM) images of (a) ZFO; (b) ZFO–G; and (c) ZFO–G–GL. 
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Figure 4. TEM images and elemental map of (a) ZFO–G; (b) ZFO–G–GL. 
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Figure 5. Suspension of (i) ZFO, (ii) ZFO–G, (iii) ZFO–G–GL in water (a) right after a shaking; (b) formation of precipitations after 5 min; and (c) particle size distribution of ZFO–G and ZFO–G–GL. 
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Figure 6. Discharge/charge curves of (a) graphene; (b) ZFO; (c) ZFO–G; and (d) ZFO–G–GL for the first five cycles at a current density of 1 A g−1. 
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Figure 7. Normalized differential capacity plots of (a) ZFO–G and (b) ZFO–G–GL for the first five cycles at a current density of 1 A g−1. 
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Figure 8. (a) Electrochemical impedance spectra (inset) equivalent circuit; (b) specific discharge capacities at various current density (0.2–6 A g−1); and (c) cycling performances and coulombic efficiency at a rate of 1 A g−1 of ZFO, ZFO–G, ZFO–G–GL, and graphene (only in (b)). 
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