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Owing to its high specific capacity and abundant reserves, silicon has been considered as a promising anode material for future lithium storage. However, its cycle life is seriously hindered by the huge volume variation and low conductivity. Therefore, it is crucial to effectively and easily prepare silicon anode with excellent performance. Herein, we introduce a simple method to prepare graphene nano-scroll coated silicon nanoparticles (Si@rGONSs) on a large scale. With the open tubular structure and the high conductivity of graphene, the obtained Si@rGONSs-2 electrode delivers a superior rate capacity of 866 mAh g−1 at 5 A g−1 and a capacity retention of 89.4% after 300 cycles. Furthermore, the Si@rGONSs//Li[Ni1/3Co1/3Mn1/3]O2 (NCM 111) full cell was successfully demonstrated, which achieves a stable capacity of 128.5 mAh g−1 at 0.5 C (1 C = 185 mAh g−1) and a high energy density of 406 Wh kg−1.
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GRAPHICAL ABSTRACT. Tubular graphene nano-scroll coated silicon composite enhanced lithium storage performance.



INTRODUCTION

Driven by the rapid development of power tools, electric vehicles, and portable electric devices, the development of next-generation rechargeable lithium-ion batteries (LIBs) with both high energy density and high power density becomes a global priority (Balogun et al., 2016; Rahman et al., 2016; Zhang et al., 2018). Unfortunately, the current commercial graphite-based anode only delivers a limited theoretical capacity (372 mAh g−1), which couldn't meet the increasing demands (Kim et al., 2012). Therefore, it is imminent to search new anode materials with higher specific capacity. Owing to the ultrahigh theoretical capacity (4,200 mAh g−1), environmental friendliness, low cost, non-toxicity, and suitable Li-uptake voltage, silicon has been considered to be one of the strong candidates for next-generation lithium battery anodes (Chae et al., 2019). However, two intrinsic obstacles severely restrict its practical applications: (a) the huge volume variation during cycling (400%), which brings about the active substances that fall off from the current collector and continuously generated solid electrolyte interphase (SEI); and (b) poor electrical and ionic conductivity, which results in hysteresis in electrochemical kinetics and poor rate performance (Tao et al., 2019).

Many methods have been proposed to address the above problems. Combining silicon with conductive carbon matrix is an effective method, which could not only relieve the huge volume expansion of silicon but also improve the electron conductivity of the composite (Yue et al., 2018). Owing to the superior chemical stability, excellent mechanical flexibility, and high electron conductivity of graphene, preparation of graphene/electroactive material composites have been proved to be an effective way to improve the cycling stability and rate performance of composites (Kamali et al., 2017). However, silicon/graphene composites with simple mixing couldn't effectively improve the cycling performance and rate performance of the anode, due to low contact area between silicon nanoparticles and graphene sheets, poor encapsulation efficiency, and graphene sheets tending to agglomerate (Liu et al., 2017).

Three-dimensional (3D) graphene materials, which are prepared with appropriate assembly methods from two-dimensional graphene sheets (Li et al., 2019a), not only maintain the advantages of two-dimensional graphene sheets but also possess superior structural properties, such as interconnected conductive network and without stacking (Luo et al., 2011). Therefore, preparing Si@3D graphene composite is a very good choice for achieving LIB anode with superior rate ability, high capacity, and excellent cycling stability (Dong et al., 2012). Nowadays, various Si@3D graphene structures have been synthesized, such as silicon/graphene balls (Yan et al., 2019), silicon/graphene fibers (Wang et al., 2010), silicon/graphene tubes (Wang et al., 2017), silicon/vertical graphene composites (Viculis et al., 2003), and other 3D graphene architectures (Chen et al., 2011; Zhai et al., 2017). In order to obtain the above structures, various preparation methods have been employed, such as self-assembly methods (Zhang et al., 2017), chemical vapor deposition (CVD) methods (Tang et al., 2019), and other methods (Luo et al., 2013; Wang et al., 2014). However, most synthetic methods are expensive or time consuming, so there is still a need for viable techniques for large-scale production of silicon @3D graphene materials with high quality and controllable structures (Zhou et al., 2015).

Graphene scroll, as one of 3D graphene structures, have been widely applied in various energy storage systems (Shin et al., 2014; Chen et al., 2018a), owing to its open tubular structure, which could provide fast electronic transmission channel, and interior space to contain volume expansion. We think that the tubular graphene scroll could be used on the silicon negative electrode. Herein, tubular graphene nano-scroll coated silicon (Si@rGONSs) composite has been compounded by a cost-effective and non-toxic method, which is very easy to scale up. Owing to the tightly wrapped graphene and open tubular structure, the Si@rGONSs has a stable SEI and fast Li-ion transmission channels. Furthermore, the space between silicon particles in graphite tubular structure could adapt the volume variation of silicon negative electrode. Under the synergy of the above reasons, the obtained Si@rGONSs shows an outstanding cycle stability and superior rate performance for LIBs.



EXPERIMENTAL SECTION


Material Synthesis

Fifty milligrams of commercial silicon nanoparticles (80–100 nm) and 5 mg of polyvinylpyrrolidone were mixed with 50 ml of H2O and then stirred overnight. Secondly, the Si aqueous dispersion (1.0 mg ml−1) was mixed with the GO suspension (1.0 mg ml−1, 50 ml) and was stirred for 12 h. Subsequently, the mixture was heated to 90°C and then put into liquid nitrogen quickly. The completely frozen solid was freeze dried to remove water and then reduced by thermal treatment at 800°C in argon (Ar) atmosphere for 2 h. The Si@rGONSs could be obtained after thermal treatment at 800°C for 2 h in Ar atmosphere. With changed Si and GO weight ratio (Si:GO), 2:1, 1:1, and 1:2, the Si@rGONSs could be marked as Si@rGONSs-1, Si@rGONSs-2, and Si@rGONSs-3.



Characterization

The field emission scanning electron microscope (FESEM) images of the samples were recorded on a JEOL JSM-6380LV FESEM. The high-resolution transmission electron microscopy (HRTEM) and transmission electron microscopy (TEM) images were collected with JEOL JEM-2010 and JEOL JEM-2100, respectively. Raman spectra were recorded by the HORIBA Scientific Lab RAM HR Raman spectrometer system with an excitation wavelength of 532.4 nm. The crystalline phases were measured via X-ray diffraction using Cu Kα (λ = 0.154178 nm). The XPS was performed using an ESCALAB 250Xi spectrometer with a mono Al Kα radiation. The carbon content of the sample was determined using thermogravimetric analysis (TGA, NETZSCH STA4094C).



Electrochemical Measurements

The working electrodes were prepared by pasting a slurry with active materials (80 wt%), sodium carboxymethyl cellulose (CMC, 10 wt%), and acetylene black (10 wt%) with water onto a copper foil, and vacuum dried at 60°C overnight. The electrolyte is 1 M LiPF6 in ethylene carbonate/diethyl carbonate (EC/DMC, 1:1 by vol) with 5 vol% fluoroethylene carbonate (FEC) as electrolyte. The Li[Ni1/3Co1/3Mn1/3]O2 cathodes were prepared with commercial Li[Ni1/3Co1/3Mn1/3]O2 powders (80 wt%), PVDF (10 wt%), and acetylene black (10 wt%) in N-methyl-2-pyrrolidone (NMP) with a weight ratio of 8:1:1. The half and full cell tests were conducted by using the 2032 coin cell type at room temperature. Before assembling the full batteries, Si@GONSs-2 anodes were electrochemically pre-lithiated by direct contacting with a lithium foil for 30 min to compensate for the initial active lithium loss that comes from electrolyte and cathode material. The battery was cathode limited, because excess silicon could prevent the lithium deposition during charging. The capacity ratio of the negative electrode to the positive electrode is approximately 1.2–1.5:1. After cycling, the batteries were disassembled in the glove box and washed with methanol and dimethyl carbonate solution several times for morphology characterizations.

The energy density value was calculated from the full cell based on the weight of electrode materials without considering the weight of the electrolyte, current collector, separator, and case in cells configuration. Galvanostatic cycling tests were carried out on a Land Battery Test System (Wuhan LAND electronics Co., Ltd., China). The electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were tested with CHI 760E electrochemical workstations.




RESULTS AND DISCUSSIONS

The fabrication process for Si@rGONSs composites is shown in Figure 1A. With simple nitrogen freezing and high-temperature reduction, the Si@rGONSs composites could be obtained. Si@rGONSs composites with different Si and graphene ratio of 2:1, 1:1, and 1:2 are denoted as Si@rGONSs-1, Si@rGONSs-2, and Si@rGONSs-3, respectively. The morphology and structure of Si@rGONSs-2 are investigated by SEM and TEM. In Figures 1B–D, tubular graphene coated silicon can be clearly observed with a length about 7–8 μm. The uncalcined Si@rGONSs-2 is shown in Figures S1A,B, which indicates that, during the reduction process, the morphology of Si@rGONSs-2 is well-maintained. High-magnification transmission electron microscopy images (Figure 1E) further confirm the tubular structure; meanwhile, silicon nanoparticles are evenly wrapped inside the graphene scroll. The size of silicon particles is about 80 nm and there is enough space between silicon particles that could accommodate the volume variation of the silicon anode (Figure 1F). TEM images of Si@rGONSs-1 and Si@rGONSs-3 are shown in Figures S2A,B, and it is obvious that Si@rGONSs composites with higher silicon ratio have more silicon particles in one graphene scroll. In addition, the 0.32-nm lattice spacing of Si and three coaxial diffraction rings belonging to the Si (111), (220), and (311) planes could be observed in Figures 1G,H, revealing its polycrystalline structure (Li et al., 2019b). The elemental distribution of Si@rGONSs-2 is further examined by X-ray (EDX) elemental mappings (Figure 1I), which clearly illustrated the uniform distribution and tight contact of Si nanospheres in the graphene scroll (Chen et al., 2018b).
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FIGURE 1. (A) Schematic fabrication process of Si@rGONSs-2, (B,C,D) SEM images, (E,F) TEM images, (G) HRTEM image, (H) SAED image, and (I) elemental mapping results of Si@rGONSs-2.


To confirm the compositional information and structure properties of Si@rGONSs composites, XRD, Raman spectroscopy, and XPS were performed. All composites have the same five peaks in the XRD patterns (Figure 2A), which can be readily directed to crystalline silicon, suggesting that the properties of crystalline silicon are maintained during the preparation processes (Li et al., 2018). At the same time, all the Si@rGONSs composites have an additional broad peak around 25°, which could be confirmed to the rGO (Agyeman et al., 2016). The Raman spectra (Figure 2B) shows typical silicon peaks (520 and 945 cm−1) and two typical carbon peaks corresponding to the carbon D and G bands (1,250 and 1,450 cm−1). The intensity ratio of the D band peak to the G band peak is about 0.92 in all the Si@rGONSs composites; it indicates that the graphene scroll has a few defects, which could be part of oxygen moieties remaining after calcination (Kamali et al., 2017). TGA was used to quantify the mass percentage of graphene in Si@rGONSs-2. As presented in Figure 2C, the Si@rGONSs-2 has a large mass loss of 25%, corresponding to the decomposition of graphene matrix in the sample. So, the overall percentage of Si in Si@rGONSs-2 could be easily determined to be about 75%. Peaks shown using X-ray photoelectron spectroscopy (XPS) could be attributed to carbon and silicon (Figure 2D); the Si peaks are much lower than the peak of carbon because the silicon is completely wrapped by the graphene scroll. In the case of the high-resolution XPS spectra, C 1s (Figure 2E), peaks fitted at ~284.1, ~285.4, and ~286.2 eV are successively assigned to graphene surface functional groups of C–C, C = C, and C–O, respectively (Song et al., 2018). For the XPS spectrum, Si 2p could be derived from two peaks located at 99.5 and 104 eV (Figure 2F), which could be attributed to Si and SiO2, respectively (He et al., 2018). Owing to the surface of silicon particles having an oxide layer of several nanometers thick naturally and the detection depth of XPS being just a few nanometers, the content of silica is higher than the silicon in the XPS test (Li et al., 2018).
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FIGURE 2. (A) XRD patterns and (B) Raman spectrum of Si@rGONS composites, (C) thermogravimetric analysis (TGA) data of Si@rGONSs-2, (D) XPS survey spectrum of Si@rGONSs-2, and (E,F) high-resolution C 1s and Si 2p spectrum of Si@rGONSs-2.


The electrochemical properties of Si@rGONSs composites were investigated by building up CR 2032 coin cells with the lithium foil as counter and reference electrode at room temperature. The CV curves were adopted to investigate the lithium-ion insertion/deinsertion phenomenon of Si@rGONSs-2 at 0.1 mV s−1 between 0.01 and 1.5 V with the first three cycles (Figure 3A) (Nie et al., 2017). In the first cathodic sweep, the broad irreversible curve located at 0.6–1.2 V could be attributed to the SEI formation. Because of the silicon changes from crystal to amorphous after the first delithiation, the peak located below 0.1 V during the first cycle is replaced by the peak at about 0.25 V during the subsequent cycling. In the anodic scan, two oxidation peaks appearing at around 0.35 and 0.53 V could be related to the dealloying process of LixSi. Compared with the commercial silicon (Figure S3A), the Si@rGONSs-2 shows smaller polarization because of the closer position between anodic and cathodic peaks, implying its faster lithiation/delithiation kinetics. Figure 3B shows galvanostatic discharge/charge profiles of the Si@rGONSs-2 electrode in the first three cycles between 0.01 and 1.5 V at 0.2 A g−1 (Wang et al., 2018). During the first discharge process, there is a loping plateau between 0.1 and 1.2 V, which could correspond to the formation of SEI. The flat plateau at about 0.1 V could index to the lithiation of the crystal silicon.
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FIGURE 3. Electrochemical performances of Si@rGONS composites. (A) CV curves at a scan rate of 0.1 mV s−1 of Si@rGONSs-2, (B) first three galvanostatic discharge–charge curves at 200 mA g−1 of Si@rGONSs-2, (C) cycling curves of Si@rGONS composites at 1 A g−1, (D) rate curves of Si@rGONSs-2 and commercial Si, and (E) cycling curves of Si@rGONSs-2 at 2 A g−1 and commercial Si at 1 A g−1.


The Si@rGONSs-2 electrode delivers a large initial charge capacity of 1112.6 mAh g−1 with the initial coulombic efficiency (ICE) of 54.6%. In contrast, commercial Si has an ICE of 52.8% with a 4,201 mAh g−1 high initial discharge capacity in the first cycle, but after three cycles, only 1,677 mAh g−1 capacity retained (Figure S3B). The Si@rGONSs-1 delivers an initial discharge capacity of 3,540 mAh g−1 and the ICE is 66.4% (Figure S4B). The Si@rGONSs-3 delivers an initial discharge capacity of 3,540 mAh g−1 and the ICE is 47.3% (Figure S4A). The pure graphene electrode has a low ICE of 42.7%. The huge irreversibility in the ICE could be attributed to introducing graphene, which would inevitably decrease the ICE (Figures S5A,B) (Nie et al., 2018).

The cycling stability performance comparison of different ratios of Si@rGONSs composites at 1 A g−1 is given in Figure 3C. It can be found that the Si@rGONSs-2 anode retains a stable capacity of 1,038.2 mAh g−1 after 100 cycles, which is larger than Si@rGONSs-3 (598.5 mAh g−1). The Si@rGONSs-1 has the highest initial capacity of 1,430.1 mAh g−1; however, the capacity only maintains 64% after 100 cycles. Therefore, we choose Si@rGONSs-2 as a suitable composite to explore other electrochemical properties and compare it with the commercial silicon anode. Rate performance is another key point that affects practical applications. At current densities of 0.2, 0.5, 1, 2, and 5 A g−1, the Si@rGONSs-2 delivers reversible capacities of 1,062, 1,055, 1,026, 964, and 866 mAh g−1, respectively (Figure 3D). Impressively, when the charge/discharge density tunes back to 0.2 A g−1, the specific capacity of 1,126 mAh g−1 could recover, indicating its excellent rate performance. The slight enhancement in the specific capacity when the current density was reduced back to 0.2 A g−1 is due to gradual activation. It is a very common phenomenon in silicon negative electrodes, which means that the capacity will slowly increase during the first several cycles (Li et al., 2019b). On the other hand, the commercial Si delivers a grand initial capacity of 2,181 mAh g−1, but it could not withstand high current density. Excellent rate performance may result from the superior electronic conductive framework and the open tubular structure for ion transport. Due to the fast charging/discharging performance, we further evaluate the long-term performance of the composite at 2 A g−1. The Si@rGONSs-2 anode demonstrates an 89.4% capacity retention after 300 cycles, with 99.9% coulombic efficiency (Figure 3E). The excellent rate performance and superior cycling stability could be ascribed to the uniform coating of graphene scroll, which could offer high conductivity and fast ion transmission channel.

In order to further understand the origin of the excellent electrochemical performance of the Si@rGONSs-2 composite, a series of tests were carried out. The electrochemical impedance spectrum (EIS) of Si@rGONSs-2 and commercial Si is compared to investigate the charge transport kinetics (Figure S7). The semicircle in high frequency and the sloping line in the low-frequency region are assigned to the charge transfer resistance (Rct) on the electrode–electrolyte interface and lithium-ion diffusion behavior in the electrode (Figure 4A). The Si@rGONSs-2 electrode shows a smaller Rct than commercial Si, which means a lower charge-transfer impedance (Fang et al., 2014). In the Nyquist plot, the first semicircle in the high-frequency region after cycling represents the ohmic resistance of the SEI layer, which could evaluate the stability of the SEI film (Zhang et al., 2019). As shown in Figure 4B, the Rf value of commercial silicon is much higher than the Si@rGONSs-2 electrode, which means during cycling, the SEI film of the Si@rGONSs-2 is much stable compared to commercial Si. The sloping line in the low-frequency region is related to lithium-ion diffusion behavior in the electrode. As shown in Figure 4C, the lower slope of the Si@rGONSs-2 composite electrode indicates that the lithium-ion diffusion kinetics inside the electrode is stable and easy. Moreover, the CV curves at various scan rates are a strong evidence for verifying the rate performance. As shown in Figure 4D, the Si@rGONSs-2 displays similar redox reaction shapes, which means a good response to the electrochemical ability of Si@rGONSs-2 to different scan rates and implies a superior rate performance (Sun et al., 2016).
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FIGURE 4. (A) Nyquist plots of the pure silicon and Si@rGONSs-2 in fresh state, (B) Nyquist plots of the pure silicon and Si@rGONSs-2 after 300 cycles, (C) the corresponding liner fits (relationship between Z′ and ω−1/2) in low-frequency region derived from (A), and (D) CV profiles of the Si@rGONSs-2 at scan rates from 0.2 to 1 mV s−1.


The thickness change of the electrode before and after the cycle can reflect the degree of the electrode deformation; the Si@rGONSs-2 electrode only has a low swelling rate of 28%, which demonstrates a small volume change of the composite material (Figures 5A,B). The one-dimensional tubular morphology of Si@rGONSs-2 could be well-preserved after 100 cycles (Figure S8), indicating that the unique graphene scroll structure and suitable pores could effectively accommodate the huge volume variation during circulation and maintain the structural stability of the composite. As shown in Figures 5C,D, the Si@rGONSs-2 electrode after 100 cycles retains its original appearance with no crack or peel-off phenomenon (Xu et al., 2018). The contact angles of commercial Si and Si@rGONSs-2 electrode are 20.2 and 9.5°, respectively (Figures S6A,B), which shows that the Si@rGONSs-2 electrode has better electrolyte wetting performance compared with commercial Si (Song et al., 2018). Better electrolyte wetting and the open tubular structure provides space to handle variation in volume; thus, the Si@rGONSs-2 electrode possesses outstanding stability and reversibility.


[image: Figure 5]
FIGURE 5. Electrode thickness of Si@rGONSs-2 electrode before cycling (A) and after 100 cycles, (B) SEM images of Si@rGONSs-2 electrode, (C) before cycling, and (D) after 100 cycles.


To further explore the practicality of Si@rGONSs-2, full cells with NCM 111 as cathode are assembled. Because the ICE value of the Si@rGONSs-2 isn't very high, the anode was firstly prelithiated (Liu et al., 2018a). Owing to the substantial energy capacity, cycling stability, low cost, and wide operating voltage window, the NCM 111 cathode has become one of the most promising cathode materials (An et al., 2019). As shown in Figures S9A–D, the NCM 111 half cell has a high initial capacity of 120.2 mAh g−1 after 100 cycles, the capacity retention is 93.6% at 1 C between 3.0 and 4.2 V. When assembled into a full cell, obvious discharge plateaus between 3.3 and 4.1 V can be observed (Figure 6A). At the same time, the LED could be successfully lighted by the pouch cell (Figure 6B). In addition, the Si@rGONSs-2//NCM 111 full cell demonstrates a stable cycling performance at 0.5 C (Figure 6C); after 65 cycles, 89% initial capacity could be maintained. The Si@rGONSs-2//NCM 111 full cell delivers an energy density of 409 Wh kg−1, which is much higher than the state-of-the-art batteries (about 170 Wh kg−1; Liu et al., 2018b). Furthermore, the Si@rGONSs-2//NCM 111 full cell also has superior rate ability; the specific capacities are 126 and 102 mAh g−1 at 0.2 and 2 C, respectively. Even after the cycling test at different current densities, the reversible capacity of the Si@rGONSs-2//NCM 111 full cell can still be well-maintained at 120 mAh g−1, indicating the outstanding rate performance and cycling stability (Figure 6D).
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FIGURE 6. Electrochemical performances of full-cell. (A) Charge–discharge profiles for a Si@rGONSs-2//Li[Ni1/3Co1/3Mn1/3]O2 (NCM 111) full cell between 2.8 and 4.1 V at 0.5 C, (B) the photograph of LED lamps lighted by Si@rGONSs-2//NCM 111 pouch cell, (C) cycling performance of Si@rGONSs-2//NCM 111 full cell at 0.5 C, and (D) rate performance from 0.2 to 2 C.




CONCLUSION

This work fabricated a graphene scroll coated nano-silicon as anodes; meanwhile, the reasons for the superior electrochemical performance and the feasibility for full cell assembly are explored. The one-dimensional Si@rGONSs cross-link each other externally and silicon particles are tightly attached to graphene internally, and the whole electrode has a superior conductive network. Moreover, the pores between the silicon particles provide sufficient space for volume expansion. With these extraordinary features, the achieved Si@rGONSs-2 anode exhibits superior rate capability and excellent cycling performance. Furthermore, the Si@rGONSs-2 anode also demonstrates superior electrochemical performance when assembled into a full battery. After 65 cycles, the full cell still delivers 409 Wh kg−1 high energy density with a high coulombic efficiency. Owing to its rational design, easy scale-up method, and attractive electrochemical properties, Si@rGONSs-2 provides a means to obtain stable silicon anodes with long cycle life and superior rate performance for high-energy lithium-ion batteries.
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