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Abstract. 
Graphene/ZnO composites with different contents of ZnO have been successfully synthesized via a liquid phase route. The structure, morphology, and electrochemical performances of the composites are investigated by XRD, Raman, SEM, TEM, AFM, and electrochemical measurement. The results reveal that ZnO nanoparticles wedged on the surface of the graphene nanosheets. The initial capacity of graphene/ZnO (1 : 1) reached 1155.27 mAh g−1, which increased 162.87 mAh g−1 compared with the initial capacity of graphene. This could be attributed to the unique structure of the prepared composite and synergies of graphene and ZnO in the lithium ion storage.
 

1. Introduction
Lithium ion batteries (LIBs) are essential components for hand-held electronic devices, electrical vehicles, and so forth [1]. In order to meet the demand of the practical applications, the electrode materials of LIBs should have high reversible capacity, good cycling performance, fine conductivity, and large energy volume density [2]. Graphene is widely used as electrode material because of its excellent electrical conductivity, large specific surface area, and flexibility. But graphene could not be used as anode material due to the high irreversible capacity and the low first coulombic efficiency [3–6]. This may be related to its stacking and large specific surface. The stacking will decrease the storage space of lithium ion. The large specific surface could lead to the more probability to produce solid electrolyte interphase (SEI) because of the reaction between lithium ion and electrolyte on the graphene sheets surface, which increases the irreversible capacity of graphene as the anode. Some metal oxides have been introduced for improving these shortcomings of graphene, such as Co3O4 [7] and SnO2 [8]. The metal oxide nanoparticles can enter the layers of graphene sheets and prevent graphene sheets (GNS) from stacking together. Also the GNS can prevent the aggregation of metal oxide nanoparticles, which makes a significant contribution to improving the conductivity of the composite. Compared to these materials, ZnO has a theoretical capacity of 978 mAh g−1 [9], which makes it possible for the application as an anode material for lithium ion batteries, while ZnO [10, 11] is rarely studied in terms of lithium ion battery due to severe expansion and contraction during charge and discharge and low electrical conductivity [12]. So graphene and ZnO are composited together, which will restrain the reuniting of graphene and alleviating the volume effect of ZnO.
Based on the above analysis, graphene/ZnO composites with different percentages of ZnO have been successfully synthesized by a facile liquid phase method. The structure and morphology of the composites are investigated by XRD, Raman, SEM, TEM, and AFM. Electrochemical performance of composites (used as reversible anode materials for lithium ion batteries) is investigated. The composite has higher reversible capacity and coulombic efficiency than graphene, which recommends it as a promising alternative anode material used for high energy lithium ion batteries.
2. Material and Methods
First, graphene oxide (GO) was prepared by modified Hummers’ method [13]. Second, GO was exfoliated through ultrasonication process. The 0.1 g graphene oxide was added to 10 mL DI water and solution underwent sonication for 90 min. In third step, zinc acetate solution was slowly added into GO solution as 0.5 : 1, 1 : 1, and 2 : 1 and the product after drying was heated at 300°C for 6 h to remove oxide functional groups and residual water molecules. For the comparative study of the electrochemical performance, pure ZnO and reduced graphene oxide were also prepared.
Product was characterized using powder X-ray diffraction (XRD, Bruker D-8 Advance), Raman spectroscopy (JY HR-800, 532 nm), atomic force microscope (AFM, Dimension Icon), scanning electron microscopy (SEM, FESEM, Quanta 200F, FEI), and transmission electron microscopy (TEM, JEM-2010FEF, 200 kV).
Electrochemical performances of graphene, ZnO, and graphene/ZnO composites were investigated with coin-type cells (CR2025). The working electrodes were prepared by a slurry (80 wt% active material, 10 wt% polyvinylidene fluoride (PVDF) in N-methyl pyrrolidone (NMP), and 10 wt% carbon black) coating procedure. Test cells were assembled in an argon-filled glove box with the metallic lithium foil as the reference and counter electrodes. The electrolyte was 1.0 mol dm−3 LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC). The electrochemical characterizations were measured by charging and discharging in the range of 0.01–3.0 V (versus Li/Li+) at room temperature using a battery test system (LAND, Wuhan Jinnuo Electronics Ltd.). AC impedance measurement was carried out using a CHI604C (Shanghai Huachen Electronics Ltd.) electrochemical working station in the 100 KHz to 10 mHz frequency range.
3. Results and Discussion
XRD patterns of graphite, graphene oxide (GO), and graphene are shown in Figure 1(a). The little patterns in Figure 1(a) indicate graphene (GN) was completely reduced from GO. The diffraction peak of GN at 26.6° which appeared with low intensity compared with graphite indicates that the reduced graphene sheets are less compact and more disorderly stacked. Figure 1(b) shows Raman spectrum of graphite and graphene. Two main peaks (D and G) are observed in Raman spectra. The D band is assigned to 
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 phonon of sp3 carbon atoms of disordered graphite, and the G band is related to the in-plane vibration of sp2 carbon atom [14, 15]. The D/G intensity ratio (
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) of graphene is larger than graphite. The significant increase of D/G intensity ratio is due to the decrease in the size of the in-plane sp2 domains, as well as an increase in the edge planes. Figure 1(c) shows the XRD patterns of graphene/ZnO composite and standard ZnO. The diffraction peaks of composites are indexed well to ZnO (JCPDS no. 36-1451) without any impurities [16], and the 002 peak of graphene is still at 26.6°. This result indicates that high crystallinity and uniformity of ZnO or graphene are obtained and the crystal structure of ZnO and graphene does not change.
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(c)
Figure 1: XRD pattern of (a) graphite, graphene oxide, and graphene, (b) graphene/ZnO composite and Raman spectrum of graphene sheets and graphite (c).


The detailed morphologies of graphene and graphene/ZnO can be known by TEM images, as shown in Figure 2. Figure 2(a) exhibits that graphene has a flat lamellar structure. Such structure could make graphene have large surface and increase the lithium storage location. On the other hand, the wrinkle can be seen which could form some little space. That could keep in the storage of lithium ion. The few layers of graphene could be seen in the HRTEM image of Figure 2(c). Figure 2(e) is the AFM images of the graphene sheets. Figure 2(f) is the three-dimensional image of Figure 2(e). The results of HRTEM and AFM show that the thickness of the prepared graphene is 3 nm. Because the single layer is 0.335 nm, the synthesized graphene has about 8 layers. Figure 2(b) shows that ZnO nanoparticles uniformly wedge in flat graphene nanosheets; the average size of ZnO nanoparticles is about 20–50 nm. The graphene nanosheets and ZnO nanoparticles closely contact with each other. Flat sheet of graphene and close contact of graphene and ZnO are beneficial to the lithium ion diffusion and electron transfer. Furthermore, the graphene sheet nanostructure is staggered and stacked together to form large conductive network.
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(f)
Figure 2: TEM image of graphene sheets (a, c), graphene/ZnO (b, d), and AFM image of graphene sheets with height profile (e) and 3D (f).


In order to confirm that the composite could have enhanced electrochemical performance, the charge/discharge test, cyclic performances, and Nyquist plots were carried out, as shown in Figure 3. Figure 3(a) shows that the initial discharge and charge capacity of graphene/ZnO (1 : 0.5, 1 : 1, and 1 : 2) and graphene at the rate of 100 mA g−1 are 1028.8 and 582.3 mAh g−1, 1155.27 and 650.79 mAh g−1, 737.9 and 431.55 mAh g−1, 992.4 and 537.9 mAh g−1, respectively. The capacity of graphene is more than theoretical capacity (744 mAh g−1) because of its wrinkle and stacking. The reformation space could store more lithium ion. The composite materials with mass rate of 1 : 0.5 and 1 : 1 have high capacity exceeding theoretical capacities of graphene or ZnO. The capacity of graphene/ZnO is higher than graphene or ZnO, which is attributed to the novel structure of the composite. ZnO particles are wedged in the surface of the flat graphene and support the large flat sheet of graphene, which reduce graphene overlapping and retain the lithium storage space. In addition, ZnO nanoparticles uniformly disperse on the surface of graphene sheets; the volume expansion of ZnO was limited by the flexible graphene sheets. So the combination of graphene and ZnO can effectively prevent the aggregation of ZnO nanoparticles and the restacking of graphene. All these ensure that the electronic transfer network is unobstructed, integrated and stable. So graphene/ZnO composite will have the advanced capacity more than the single graphene or ZnO.
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(c)
Figure 3: The first discharge/charge curves for graphene and graphene/ZnO composite (a), cycle performance of graphene sheets, graphene/ZnO, and pure ZnO at 100 mA g−1 (b), EIS spectra of graphene/ZnO and graphene after 2nd cycle discharge/charge (c).


In Figure 3(b), the initial charge capacity of graphene/ZnO (1 : 1) is 650.79 mAh g−1, while the graphene electrode shows an initial charge capacity of 537.9 mAh g−1. This is because of the novel structure of the composite. As can be seen in Figure 2(b), ZnO was wedged in the surface of graphene, which not only supported the flat sheet of graphene, but also occupied the part of active position. In the place, the lithium ion cannot react with electrolyte, so the irreversible amount of lithium ion was reduced. As can be seen in Figure 3(b), the graphene exhibited a specific capacity of 357 mAh g−1, and the graphene/ZnO composite was 401 mAh g−1. However, ZnO presented a very poor cycling performance because its constructive structure collapsed with volume expansion and contraction in charge and discharge. So ZnO wedged in the graphene which enhanced the reversible capacity of the material.
Figure 3(c) depicts the Nyquist plots of graphene and graphene/ZnO. The semicircle in the middle frequency range indicates the charge transfer resistance, and the inclined line in the low-frequency range represents the Warburg impedance [17]. It can be clearly seen that the charge transfer resistance of graphene/ZnO electrode is smaller than graphene. Because graphene and ZnO form the stereochemical structure, they influence each other and produce synergy. Their synergy improves the lithium ion diffusion and the electronic transfer and enhances the lithium storage capacity.
4. Conclusions
In summary, the graphene/ZnO composite is prepared as an anode for lithium ion battery via a liquid phase route. The ZnO nanoparticles with an average particle size of 20−50 nm uniformly wedge in the graphene nanosheets. It exhibits the high specific capacity of 1155.27 mAh g−1 at 100 mA g−1 and the initial charge capacity of 650.79 mAh g−1 with 56.3% coulombic efficiency, all are superior to the graphene. The enhanced electrochemical performance is due to the synergistic effect, which can improve the lithium ion transfer and the electronic transmitted between ZnO nanoparticles and graphene nanosheets. So graphene/ZnO composite can be used as an ideal candidate for anode material of high-performance lithium ion batteries.
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