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Abstract

:

A silicon nanoparticle–graphite nanosheet composite was prepared via a facile ball milling process for use as the anode for high-rate lithium-ion batteries. The size effect of Si nanoparticles on the structure and on the lithium-ion battery performance of the composite is evaluated. SEM and TEM analyses show a structural alteration of the composites from Si nanoparticle-surrounded graphite nanosheets to Si nanoparticle-embedded graphite nanosheets by decreasing the size of Si nanoparticles from 250 nm to 40 nm. The composites with finer Si nanoparticles provide an effective nanostructure containing encapsulated Si and free space. This structure facilitates the indirect exposure of Si to electrolyte and Si expansion during cycling, which leads to a stable solid–electrolyte interphase and elevated conductivity. An enhanced rate capability was obtained for the 40 nm Si nanoparticle–graphite nanosheet composite, delivering a specific capacity of 276 mAh g−1 at a current density of 1 C after 1000 cycles and a rate capacity of 205 mAh g−1 at 8 C.






Keywords:


lithium-ion batteries; graphite; silicon; nanocomposite; rate capability












1. Introduction


Lithium-ion batteries (LIBs), with high power and high energy density along with high charge and discharge rates, can fulfill the desire to substitute internal combustion engine (ICE) cars with green vehicles, such as hybrid electric vehicles (HEVs), plug-in HEVs, and electric vehicles (EVs), and to store wind and solar energy to transition from the depleting and CO2 emission sources of fossil fuels [1]. To achieve high-performance LIBs, the development of electrode materials, especially high-rate anode materials, with low-cost and scalable production processes, is necessary [2,3].



To enhance the rate capability of the electrodes, active material design with the aim of decreasing the diffusion pathways and increasing the conductivity of the materials is required, which will provide fast Li+ ion and electron transport within the materials. Strategies of nanostructuring the active material and adding conductive materials can speed up Li+ ion and electron movement inside the electrode, respectively [4].



Among anode materials, silicon has attracted interest due to its high theoretical capacity of 4200 mAh g−1, low discharge voltage vs. Li/Li+, and natural abundance. However, its main issue of high volume change (~420%) upon lithiation/de-lithiation causes rapid capacity fading due to structural destruction and unstable SEI (solid–electrolyte interphase) layer [5]. Many efforts have been devoted to addressing these issues through the design of nanoscale Si anodes, e.g., nanoparticles, nanosheets, nanotubes, nanowires, porous nanostructures, and their particular hybrid structures [6,7,8,9,10,11,12,13]. Nanostructured Si is capable of relieving the created stress–strain during lithiation/de-lithiation and can prevent fracture, as was revealed for Si nanoparticles below ~150 nm [2]. Nanostructured Si can also provide short diffusion paths for traveling Li+ ions and improve the rate capability of the electrode [14]. Furthermore, the fabrication of Si nanostructured composites with carbon materials is an effective strategy to solve the issue of the slow ion/electron transport rate in silicon along with increasing the conductivity and rate capacity of the anode [15]. Si-C composites with various structures have been developed; however, the structures in which Si is encapsulated inside the carbon material with space around Si, such as yolk–shell structures, represent the best performance due to the compensation of the volume change and formation of a stable SEI layer on carbon materials [16]. Graphite has been a good candidate for the preparation of Si-C composites because of its low volume change during lithiation (only 10%), high electronic conductivity, and natural abundance [17,18,19,20,21,22]. Si–graphite hybrids can also compensate for the low theoretical capacity of graphite (372 mAh g−1).



As continued progress on Si-C composite anodes, Yim et al. [19] produced a composite of Si/carbon/graphite by a combined chemical–thermal process which delivers a specific capacity of 712 mAh g−1 after 50 cycles at a current density of 130 mA g−1. A silicon/carbon/natural graphite composite was also reported by Wang et al. [20] prepared by a chemical–mechanical–thermal procedure. This composite delivers a specific capacity of ~471 mAh g−1 after 100 cycles at a current density of 100 mA g−1. M. Cabello et al. prepared a silicon–graphite anode through a wet ball milling method, which represents a capacity of ~800 mAh g−1 at 5 A g−1 [21].



Along the way towards the development of the Si–graphite composites for practical applications, the preparation procedures should be improved to simpler, cost-effective, and scalable methods. There is little work addressing the simple composite of Si–graphite with no chemical additives/embedded elements/coating/heat treatment in the synthesis process. Furthermore, there is still plenty of room to study the rate capability of the Si–graphite composites for high-rate lithium-ion batteries. It is therefore needed to produce high-rate Si–graphite composite anodes via a scalable production method.



In this study, a Si–graphite nanocomposite was designed and prepared via a most facile and scalable ball milling process in which the starting materials of graphite nanosheets and Si nanoparticles were also prepared by the ball milling technique. Graphite nanosheets and Si nanoparticles were used with the aim of developing a composite structure containing (i) nanosized Si particles for buffering the internal stress due to volume change, (ii) well-encapsulated Si nanoparticles in a graphite matrix to provide the indirect contact of Si with the electrolyte, (iii) enough free spaces for compensating Si expansion during lithiation, and (iv) a nanoscale structure for increasing the transfer rate of Li+ and electrons. Such an electrode architecture is expected to enhance the cyclability and rate capability of the Si–graphite composite by providing a stable SEI layer and improved conductivity. The preparation of Si–graphite composites along with the size effect of Si nanoparticles on the composite structure and LIB performance are discussed.




2. Materials and Methods


2.1. Preparation of Starting Materials


The required starting materials for the Si–graphite nanocomposites were produced using the ball milling machine of the Fritsch PULVERISETTE7 premium line with 80 mL vials and 1.25–1.6 mm zirconia microbeads. Firstly, commercial graphite powder (particle size < 20 μm, Sigma-Aldrich, Sofia, Bulgaria) was ball-milled for 2 h to exfoliate graphite into graphite nanosheets, which is explained elsewhere [23]. In the second stage, Si nanoparticles were produced in two different particle sizes via ball milling of silicon powder (particle size < 150 µm, Sigma-Aldrich) for 1 h in an Ar atmosphere. The process was carried out with an initial Si of 2.5 g, a ball-to-powder ratio of 28:1, and a high rotation speed of 800 rpm. Commercial Si nanoparticles with a particle size of 40 nm (MKNano, Mississauga, AN, Canada) were also used as the starting material for the preparation of the Si–graphite nanocomposite.




2.2. Preparation of Si Nanoparticle–Graphite Nanosheet Composites


Si nanoparticle–graphite nanosheet composites were prepared through a ball milling process by adopting a Fritsch PULVERISETTE7 premium line machine. The vials were sealed under an Ar atmosphere after filling with 1 g of graphite nanosheets (GNs) and Si nanoparticles (SiNPs) with a ratio of 9:1. The milling was carried out using zirconia microbeads, a ball-to-powder ratio of 28:1, with a rotation speed of 600 rpm. Three SiNPs-GNs composites with 40, 140, and 250 nm SiNPs were produced, denoted as 40SiNPs-GNs, 140SiNPs-GNs, and 250SiNPs-GNs, respectively. The overall preparation procedure of SiNPs-GNs composites is schematically presented in Figure 1.




2.3. Structural Characterizations


Powder X-ray diffraction was carried out using a PANalytical X’pert pro instrument with Cu Kα X-ray of λ = 1.54181 Å, an operating voltage of 40 kV, and 30 mA current. The scanning electron microscopy (SEM) characterization of the powders was performed by a Hitachi S4500 Zeiss Supra 55VP instrument. To support SEM analysis, structural investigations were further carried out using transmission electron microscopy (TEM), using a JEOL JEM 2100 instrument operated at 200 kV with the LaB6 beam source. TEM bright-field images were obtained using a Gatan Orius SC1000 camera and Gatan Digital Micrograph software. The Energy-dispersive X-ray spectroscopy (EDS) maps were acquired using a JEOL JD2300 energy-dispersive X-ray analyzer installed on the JEOL JEM 2100 microscope. Si nanoparticles were quantitatively analyzed from SEM images by adopting Microstructural Image Processing (MIP) software [24].




2.4. Electrochemical Measurements


To examine the battery performance of the SiNPs-GNs composites, graphite nanosheets, and Si nanoparticles, the active material powders were mixed with carbon black and a binder in a weight ratio of 8:1:1 for SiNPs-GNs and GNs, and 6:2:2 for SiNPs. Then, they were added to deionized water or NMP (N-methyl-2-pyrrolidone) solvent and stirred overnight to obtain a homogeneous slurry. The binders of Gum Arabic and PVdF (polyvinylidene fluoride) were used for Si-based and GN electrodes, respectively. The slurries were coated on copper foils and vacuum-dried overnight at 90 °C. The electrodes with an active material weight of around 1 mg were assembled into coin-type CR2032 cells inside the Ar glovebox. The electrochemical tests were conducted by the half-cells containing Li metal as both reference and counter electrodes, a microporous polyethylene film (MTI Corporation, California, CA, USA) as a separator, and 1 M LiPF6 salt dissolved in a mixture of ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC) with a volume ratio of 1:1:1 as the electrolyte. The electrolyte used for the Si-based electrodes contained 10% FEC (fluoroethylene carbonate).



The electrochemical performance of the half-cells was evaluated through galvanostatic cycling tests using a Land battery testing CT2001A system (Wuhan Land Electronics Co Ltd., Wuhan, China) and LANDdt software for data collection. The cells were discharge–charged within the voltage range of 0.005–2 V vs. Li+/Li. Cyclic voltammetry (CV) tests were conducted via a 1470E cell test system (Solartron, Solartron Leiceste, Leicester, England). For the CV tests, the working electrodes were scanned at 0.05 mV S−1 in the potential range of 0.01–2 V vs. Li+/Li.





3. Results and Discussion


3.1. Structural Characterization


Figure 2 shows SEM images of silicon nanoparticles with various particle sizes of 40, 140, and 250 nm, which were used for the preparation of SiNPs-GNs composites. The particle size distribution of various SiNPs is represented in Figure 2d. For each powder, a total of ~100 particles were measured to achieve the particle size distribution and the average particle size. It is observed that 40 nm and 140 nm SiNPs have a more homogenous size distribution than 250 nm SiNPs, with a wider range of particle size. The 140 nm SiNPs produced by ball milling are crystalline, according to the XRD patterns in Figure 3b. Therefore, they are slightly below the critical limit of ~150 nm for crystalline Si to resist pulverization [25].



Figure 3 represents the XRD patterns of the SiNPs-GNs composites together with the primary materials of GNs and SiNPs. The XRD peaks of the GNs and SiNPs are well-matched with their corresponding peaks in the SiNPs-GNs composites. The 140 nm SiNPs show broader XRD peaks than 250 nm SiNPs, which is related to the crystallite size reduction by increasing ball milling time. The average crystallite sizes of 40, 140, and 250 nm SiNPs were measured to be 16.9, 18.5, and 56.5 nm, respectively, using the Scherrer formula:


  L =   K λ     β . C o s θ    



(1)




where λ is the X-ray wavelength in nanometers, K is normally taken as 0.9, as a constant related to crystallite shape, and β is the peak width of the diffraction peak profile at half maximum height in radians [26]. However, 140 nm SiNPs have broader peaks than 40 nm SiNPs, which can be due to the created strain in the particles by ball milling.



SEM images of the 40SiNPs-GNs, 140SiNPs-GNs, and 250SiNPs-GNs composites are shown in Figure 4. Figure 4a also represents the starting material of graphite nanosheets made by ball milling of commercial graphite, which consists of nanosheets with the thickness of 34–53 nm and the length of 140–800 nm [23]. The low- and high-magnification SEM images of 40SiNPs-GNs show that the SiNPs are inserted among graphite nanosheets and form nanocomposite clusters with a layered structure, in which thin graphite layers are distinguished from SiNPs (Figure 4b). Such a structure may provide better conductivity for SiNPs-GNs composite electrodes and free space for Si expansion. Images of 140SiNPs-GNs also show a layered structure with embedded SiNPs among GNs. On the other hand, 250SiNPs-GNs composite with 250 nm SiNPs exhibit a different structure in which SiNPs are just surrounded by thin graphite flakes and not visible in the SEM image. Additional structural analysis of the 40SiNPs-GNs composite was carried out by TEM. The bright-field image demonstrates the structure of the nanocomposite consisting of the 40 nm SiNPs encapsulated between graphite nanosheets (Figure 4e). In the same location, an overlay of EDS elemental maps of Si and graphite was obtained which shows the distribution of the 40 nm SiNPs between graphite nanosheets (Figure 4f). Therefore, TEM analysis also shows that 40 nm SiNPs are well-embedded between graphite nanosheets.




3.2. Electrochemical Characterization


LIB performance of the SiNPs-GNs composite anodes with various sizes of SiNPs was investigated. Regarding the theoretical capacity of silicon (~4200 mAh g−1) and graphite (~372 mAh g−1), and the weight ratio between Si and graphite in the composite (1:9), the theoretical capacity of the produced Si–graphite nanocomposites is ~755 mAh g−1, derived from the following equation:


Cth = CSiWSi + CGrWGr



(2)




where CSi and CGr are the theoretical capacities of Si and Gr, and WSi and WGr are the weight percentage of Si and Gr in the composite, respectively.



Figure 5a compares the cycling performance among three electrodes of 40SiNPs-GNs, 140SiNPs-GNs, and 250SiNPs-GNs at a current density of 420 mA g−1 (~0.6C). Composite electrodes of 40SiNPs-GNs, 140SiNPs-GNs, and 250SiNPs-GNs record a discharge capacity of 493, 408, and 348 mAh g−1 after 100 cycles, respectively. The capacity retention of the 40SiNPs-GNs electrode after 100 cycles is 65% concerning the theoretical capacity of 755 mAh g−1, whereas it is 54% and 46% for the 140SiNPs-GNs and 250SiNPs-GNs, respectively. Therefore, increasing the size of SiNPs in SiNPs-GNs composites leads to decreasing capacity of the electrode over cycling. This is likely because the generated internal stress inside SiNPs due to volume expansion during cycling is higher for bigger SiNPs, which leads to more cracking and pulverization of silicon, followed by the instability of the SEI layer and electrical contact loss of silicon particles from the graphite matrix [27]. Considering the morphology of SiNPs-GNs composites represented in the SEM and TEM images, 40 nm SiNPs in 40SiNPs-GNs composite are effectively encapsulated among graphite nanosheets. In comparison, 250 nm SiNPs in 250SiNPs-GNs composite are just surrounded by thin graphite flakes. Therefore, cyclability improvement of the 40SiNPs-GNs can also be due to the indirect exposure of Si to electrolyte, leading to a limited SEI deposition on Si over cycling and formation of a more stable SEI layer on graphite nanosheets [16,28]. Engagement of the Si nanoparticles and graphite nanosheets in 40SiNPs-GNs and 140SiNPs-GNs composites provides some free spaces around SiNPs in the composite structures (Figure 1 and Figure 4). This free space is beneficial to accommodate the volume change of Si. The 40 nm SiNPs can also provide shorter diffusion pathways for the Li+ ions and electrons inside the electrodes.



The first cycle discharge capacities for the 40SiNPs-GNs, 140SiNPs-GNs, and 250SiNPs-GNs electrodes were measured to be at 430, 729, and 1100 mAh g−1, respectively. The lower first cycle capacity of the composite electrodes with finer SiNPs may be due to the limited contact of the well-encapsulated finer SiNPs between GNs with electrolyte, followed by reduced intercalation/de-intercalation of the Li+ ions [25].



Figure 5b shows the Coulombic efficiency (CE) values of 40SiNPs-GNs, 140SiNPs-GNs, and 250SiNPs-GNs electrodes, which are measured to be 34%, 45%, and 50% in the first cycle, respectively. Low CE in the first cycles for the composites with finer SiNPs can be associated with a higher interfacial area of fine Si particles/electrolyte and formation of a large SEI layer [14]. CE of all the electrodes reaches over 99% after 50 cycles.



The corresponding discharge (Li+ insertion) and charge (Li+ extraction) profiles of the electrodes with the cut-off potential range of 0.01–2.00 V are presented in Figure 5c–e. The higher first cycle capacity for the 250SiNPs-GNs electrode is obvious in the voltage profiles; however, the 40SiNPs-GNs electrode shows higher capacity and better stability over 100 cycles. A voltage plateau is observed below 0.5 V in the charge curves of all the electrodes, which corresponds to de-lithiation of SiNPs [20]. This plateau is bigger in the first cycles of 250SiNPs-GNs compared to 40SiNPs-GNs and 140SiNPs-GNs; however, it is more obvious in the 100th cycle for 40SiNPs-GNs and 140SiNPs-GNs. Thus, the bigger SiNPs show more de-alloying in the first cycles, while the finer SiNPs deliver higher Li+ extraction in the following cycles. The mechanism can again be explained by the effect of SiNP size reduction on the formation of lower internal stress inside Si, good encapsulation of SiNPs between graphite nanosheets, and free space creation in SiNPs-GNs composites, which leads to the SEI layer stability and improved conductivity. Furthermore, in voltage profiles of 250SiNPs-GNs, the bigger plateaus of Li+ extraction from Si in the first cycles verify the explanation for the higher first cycle capacity of the 250SiNPs-GNs electrode over 40SiNPs-GNs and 140SiNPs-GNs, decreasing the graphite barrier for lithiation/de-lithiation of Si.



Figure 6a,b exhibit the high-rate performance of SiNPs-GNs composite electrodes through multi-current galvanostatic discharge/charge examinations. The electrodes were evaluated at various current rates from 0.1 to 8C (1C = 755 mA g−1) in the five-cycle steps followed by the cycling at the primary current rate of 0.1C. The 40SiNPs-GNs, 140SiNPs-GNs, and 250SiNPs-GNs electrodes exhibit a discharge capacity of 407, 379, and 325 at 3C, and 205, 192, and 136 mAh g−1 at 8C, respectively. The results show better rate capability of the 40SiNPs-GNs electrode, particularly at higher current rates. It is noticed that the 250SiNPs-GNs electrode delivers the highest first discharge capacity of 1336 mAh g−1 at 0.1C compared to 1262 and 1009 mAh g−1 for 140SiNPs-GNs and 40SiNPs-GNs, respectively. This trend is also compatible with the cycling results at the low constant current density of 0.6C. All electrodes indicate a good recoverability when the current rate switches back to 0.1C after cycling at high current rates; however, the SiNPs-GNs composite electrode with 40 nm SiNPs exhibits the highest discharge capacity of 559 mAh g−1 at the returned current density of 0.1C.



Cyclic voltammograms of the SiNPs-GNs electrodes at a scan rate of 0.05 mV s−1 are shown in Figure 7. It can be seen in the CV of all the electrodes that after the initial activation of the electrode material, the intensity of anodic and cathodic peaks increases in the subsequent cycles [29]. All the electrodes exhibit a broad peak in the first discharge at around 0.66 V vs. Li/Li+, which is related to the solid–electrolyte interphase (SEI) layer formed on the surface of the electrodes. In the following discharge curves, cathodic peaks are observed at ~0.23 V and ~0.07 V, which correspond to the lithiation of Si [30] and exfoliated graphite, respectively.



In the anodic scan of the SiNPs-GNs electrode, the first three peaks located at ~0.11 V, ~0.15, and ~0.24 V can be attributed to the de-lithiation of graphite [18]. The de-alloying process of Si takes place at ~0.29 V and ~0.49 V, which are associated with the de-insertion of the Li+ ions from highly lithiated Si and less lithiated Si, respectively [30,31]. With increasing size of SiNPs, the intensity of the anodic peaks related to the Li+ ions de-insertion from Si increases, while it shows a reduction for the graphite peaks. This is compatible with voltage profiles in Figure 5c–e, in which the charge plateau of the first cycles below 0.5 V, related to Si de-lithiation, becomes noticeable with increasing SiNPs size. Moreover, limited lithiation/de-lithiation of finer SiNPs inside the GN matrix in the first cycles is further demonstrated by lower intensity of the de-lithiation peaks of 40 nm SiNPs, which can be due to efficient SiNP enclosure between graphite nanosheets.



High-rate performance of the 40SiNPs-GNs electrode was further investigated compared with two control electrodes of GNs and 40 nm SiNPs at a high current density of 1C = 755 mA g−1 (Figure 8). The 40SiNPs-GNs electrode delivers a discharge capacity of 276 mAh g−1 after 1000 cycles, while GN and 40 nm SiNP electrodes show capacity dropping and failure after around 15 and 400 cycles (Figure 8a). After 100 cycles, capacity retention of the 40SiNPs-GNs, GNs, and 40 nm SiNPs is 57%, 6.99%, and 42% of their theoretical capacities, respectively. Therefore, the 40SiNPs-GNs electrode exhibits superior rate capability compared to GN and 40 nm SiNP electrodes. Irreversible capacity loss of the 40SiNPs-GNs composite electrode leads to low Coulombic efficiency in the first cycle, while it reaches 95% and 99% after five and fifty cycles, respectively. The high CE of the 40SiNPs-GNs electrode shows that the SEI layer remains stable during cycling. The corresponding discharge–charge profiles of the 10th cycle of the 40SiNPs-GNs, GNs, and 40 nm SiNPs electrodes in Figure 8b represent that Si-based anodes show significant redox potentials in the range of 0.1–0.5 V; however, their plateaus are steeper than those of GNs.





4. Conclusions


A facile ball milling process was established to prepare a simple Si nanoparticle–graphite nanosheet composite with no chemical additives/embedded elements/coating/heat treatment in their synthesis process. The effect of the size of Si nanoparticles on the structure and LIB performance of the SiNPs-GNs composite was investigated. SEM and TEM characterizations showed that decreasing the size of SiNPs results in the formation of a SiNPs-embedded-GNs structure with effective encapsulation of SiNPs among graphite nanosheets and free space around SiNPs. This structure showed an increased capacity and rate capability. The mechanism can be explained by the reduced exposure of SiNPs to the electrolyte and formation of free space in the composite structure for SiNP expansion during lithiation, leading to SEI layer stability and improved conductivity. In addition, the generated stress in Si particles due to volume change during lithiation/de-lithiation can be buffered in finer SiNPs. Reduced diffusion pathways for the Li+ ions and electrons can be another helpful factor in increasing the rate capability. The composite of 40 nm Si nanoparticle–graphite nanosheet delivers enhanced high-rate performance over graphite nanosheets and 40 nm SiNPs. It was shown that good encapsulation of finer SiNPs inside graphite nanosheets limits the Li+ insertion/de-insertion of Si; however, the overall influence of this structure results in the improved cycling and rate performance of the composite. The post-cycling analysis, including XRD, SEM, and EIS analysis, will be presented in the future to realize the structural changes and cycling mechanisms and obtain optimum composite structures.
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Figure 1. Schematic of the fabrication of Si nanoparticle–graphite nanosheet composite via a facile ball milling process. 
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Figure 2. SEM images of ball-milled and commercial Si nanoparticles with various sizes as the starting materials for Si–graphite nanocomposites: 250 nm SiNPs (a), 140 nm SiNPs (b), 40 nm SiNPs (c), and particle size distribution of SiNPs (d). 
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Figure 3. XRD patterns of SiNPs-GNs composites and their primary materials, including GNs and SiNPs: 40SiNPs-GNs (a), 140SiNPs-GNs (b), and 250SiNPs-GNs (c). 
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Figure 4. Low- and high-magnification SEM images of graphite nanosheets (a) and SiNPs-GNs composites with various sizes of SiNPs: 40SiNPs-GNs (b), 140SiNPs-GNs (c), and 250SiNPs-GNs (d). TEM characterization of 40SiNPs-GNs composite; bright-field image (e) and the corresponding overlay EDS elemental maps of graphite and Si (f): (red) graphite, (green) Si. 
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Figure 5. Electrochemical performances of SiNPs-GNs composite with various sizes of Si nanoparticles: (a) cycling stability at a current rate of 420 mA g−1 (1C = 755 mA g−1); (b) Coulombic efficiency; (c–e) corresponding galvanostatic discharge/charge profiles for the selected cycles. 
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Figure 6. Rate performance (a) and corresponding discharge/charge potential profiles obtained at high current rates of 1C, 3C, and 8C (b) of SiNPs-GNs composite with various sizes of Si nanoparticles. 
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Figure 7. Cyclic voltammograms of SiNPs-GNs composites with various sizes of Si nanoparticles at a scan rate of 0.05 mV s−1: 40SiNPs-GNs (a), 140SiNPs-GNs (b), 250SiNPs-GNs (c). 
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Figure 8. Cycling stability of the 40SiNPs-GNs composite electrode at a current density of 1C = 755 mA g−1 (a) and corresponding galvanostatic discharge–charge profiles of the 10th cycle (b). Cycling data of the GNs and 40 nm SiNPs at the same current rate are comparatively presented. 
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