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Abstract

:

Cycling stability is a key challenge for application of silicon (Si)-based composite anodes as the severe volume fluctuation of Si readily leads to fast capacity fading. The binder is a crucial component of the composite electrodes. Although only occupying a small amount of the total composite mass, the binder has major impact on the long-term electrochemical performance of Si-based anodes. In recent years, water-based binders including styrene-butadiene rubber (SBR) and carboxymethyl cellulose (CMC) have attracted wide research interest as eco-friendly and low-cost alternatives for the conventional poly(vinylidene difluoride) (PVDF) binder in Si anodes. In this study, Si-based composite anodes are fabricated by simple solid mixing of the active materials with subsequent addition of SBR and CMC binders. This approach bypasses the use of toxic and expansive organic solvents. The factors of binder, silicon, and graphite materials have been systematically investigated. It is found that the retained capacities of the anodes are more than 440 mAh/g after 400 cycles. These results indicate that organic solvent free process is a facile strategy for producing high performance silicon/graphite composite anodes.
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1. Introduction


Advanced rechargeable batteries are currently being developed to power a variety of appliances, ranging from portable devices like smartphones to large-scale equipment including electric vehicles and grid energy-storage systems [1,2,3,4,5]. A large number of studies have focused on the development of high-capacity composite electrodes to enhance the energy density and performance of the next-generation rechargeable batteries [6,7]. In particular, silicon (Si) is theoretically expected to provide about ten times higher capacity (ca. 3579 mAh/g) for lithium-ion batteries (LIBs) than that of the commercialized graphite anode (ca. 370 mAh/g) [8,9,10]. However, the practical applications of Si materials have been hindered by their severe volume changes during the repetitive lithiation and delithiation cycles which could readily lead to loss of electrical contact and thus fast capacity fading and even battery failure [11,12]. In order to solve the volume change problem, researchers have developed nanostructured Si anode materials as well as composite Si materials [13,14]. Nanostructured Si materials face considerable challenges in large-scale application due to their complicated preparation technologies. On the other hand, composite electrodes are promising in industrial application due to their mature and flexible fabrication processes. Generally, binders only occupy a small mass percentage of the composite electrodes, and therefore, the engineering of these polymer components is a cost-efficient approach to improve the performance of the active materials, including Si anodes materials [15,16,17,18]. In particular, the binders in Si electrodes play a crucial role as binders can accommodate the dramatic volume change of silicon active materials [19].



Conventionally, poly (vinylidene difluoride) (PVDF) binder is widely used for Li-ion cells due to its good electrochemical stability and binding capability. However, the process using PVDF normally requires the use of organic solvents like N-methyl-2-pyrrolidone (NMP), which is potentially hazardous and high-cost [15,20]. Therefore, it is beneficial to develop binders that can be processed with non-toxic solvents. Recently, it was reported that water-based binders such as styrene-butadiene rubber (SBR) and carboxymethyl cellulose (CMC) can effectively improve the cycling stability of silicon composite electrodes [21,22,23]. According to Hochgatterer et al. [24], the formation of covalent bonding between CMC and silicon particle plays an important role in the effective binding and thus improved cell performance. Buqa et al. [21] and Liu et al. [25] found that the capacity retention of Si was significantly improved by using SBR and CMC binders. The authors noted that the addition of SBR helps to enhance the elasticity of the laminate since CMC is extremely brittle. Li et al. [26], however, showed that the Si with only CMC binder has better performance than both the SBR/CMC binder and the PVDF binder. Because the SBR mixture binder shows greater adhesion strength and larger breakage elongation, it can better adhere to the particles and current collector to withstand a greater level of stress during volume expansion with reversibility. Dimov et al. [27] reported that SBR and CMC are the most crucial components for the improved cycle life of silicon/carbon (Si/C) electrodes. The CMC/SBR binder has a favorable impact on the cycle life of Si electrodes presumably due to the increased strength of the electrode film. These reports demonstrate that CMC/SBR is a promising binder system for application of silicon anodes in LIBs although it is necessary to examine the impact of CMC/SBR binder ratio.



In this study, Si and graphite are used as the active materials in composite anodes for LIBs, which are fabricated via solid mixing with subsequently addition of water-based SBR and CMC binders to produce high-performance anodes. The utilization of simple solid mixing and aqueous fabrication conditions is aimed at practical application of the materials in large-scale production. It is particularly helpful to employ water as solvent to avoid the toxic and high-cost organic solvents (e.g., NMP) in electrode fabrication. The impact of CMC and SBR binder ratio was systematically examined in full range, and the performance of a few commercially available SBR binders are investigated. In addition, other composite factors including silicon particle size and choice of graphite are also studied. The anodes with CMC/SBR binder have demonstrated promising cycling performance. This study demonstrates an effective composite electrode fabrication method for practical application of silicon-based anodes in LIBs.




2. Materials and Methods


2.1. Materials


Styrene-butadiene rubber (SBR) emulsions (JSR Corporation, Japan), JSR1: JSR SX8684(A)-64 (41.3 wt.%), JSR2: JSR S2910(J)-17 (26.4 wt.%), JSR3: JSR TRD105A (40.7 wt.%). Carboxymethyl cellulose, sodium salt (CMC) (Aldrich), Mw 250,000, D. S. 0.90. The 4 wt.% CMC solution was made by dissolving 4 g CMC in 96 g deionized water. Conductive Carbon Black: TIMCAL SUPER C45. Si nanoparticles, 50–70 nm (Sigma-Aldrich). Si micro-particles were obtained from Argonne National Laboratory (ANL). Graphite: Hitachi magE. Composite Graphite (ConocoPhillips): CGP-G8.




2.2. Composite Electrode Preparation


Graphite, silicon particles and conductive black were firstly mixed and milled in an agate mortar for 15 min. Then the CMC solution was added with further milling over 15 min. Lastly, SBR emulsion and deionized water were added and the mixture was milled for another 15 min. The obtained slurry was casted on copper foil by a 150 µm blade. The electrode films were dried at room temperature for 3 h followed by heating under vacuum condition at 60 ℃ for 24 h. The electrodes were compressed to around 40 µm thick using a rolling mill. The loading of the composite materials on the electrode was 4 mg/cm2. It should be noted here that the dry mixing method was chosen in this study to develop a protocol readily adoptable in industry at low cost. In addition, solid mixing is needed to ensure homogeneous distribution of silicon and graphite materials in the final electrode composites. Due to the homogeneous spread of silicon and graphite materials, there would not be loss of silicon materials during slurry preparation and casting in aqueous solution.




2.3. Coin Cell Fabrication and Testing


2325 coin cells were used to fabricate the half cells of the composite electrodes against lithium film counter electrodes with Celgard separator under argon atmosphere. 1.2 M LiPF6 ethylene carbonate:diethyl carbonate (EC:DEC, 3:7 w/w) electrolyte was used with 30 wt.% fluoroethylene carbonate (FEC) as electrolyte. The electrochemical performance of the cells was evaluated in a thermal chamber at 30 °C with a Maccor Battery Test System. Cycling procedure includes two formation cycles of C/25, followed by C/10 or C/3 cycles. The electrochemical testing window was 0.005 to 1.0 V vs. Li/Li+.




2.4. Characterization


The peeling test was performed with a piece of the prepared electrode on copper foil on a tensile instrument (TCD225 Series Digital Force Tester). The electrode piece was attached to the peel stage with double side tape from the back side, and the surface of the electrode was covered with 3M tape to perform peeling. For the peeling test, the 3M tape was dragged at the 180-degree direction. The scanning electron microscopy (SEM) characterization of composite electrodes were carried out with JSM-7500F (JOEL Ltd.) under high vacuum at room temperature, and the Energy-dispersive X-ray spectroscopy (EDX) data was collected with an EDX spectrometer incorporated with the SEM.





3. Results


3.1. The Effect of CMC and SBR Ratio


Figure 1 shows the cycling performance of composite anodes made with different ratio of CMC and SBR binders under C/10 (1C = 1000 mA/g). JSR1 is used as the SBR component here and the impact of different types of SBR binders (JSR1, JSR2, JSR3) will be investigated in later section. The formulation of the anodes was CGP-G8 (Graphite)/Si (micro-size)/C45/binder = 73/15/2/10 (wt.%). The total mass of binder accounted for 10% of the electrode mass, and the ratio of CMC and JSR1 varied from 1/9 to 10/0 (w/w). The composite electrode with 0/10 CMC/JSR1 binder (namely SBR-only binder) failed to deliver sufficient mechanical robustness for testing and thus was not included in the figure. This section aims to systematically examine the influence of the ratio of CMC:SBR binders on composite electrode performance.



The results indicate that incorporation of CMC in the binder helped to improve the cycling performance of the electrodes, but over-high CMC ratio could however negatively impact the cell performance. The electrode made with CMC/JSR1 = 4/6 shows the best performance. This is likely because that balanced property of the Si composite was achieved with this ratio, where CMC provides adhesion force while JSR1 realizes elasticity that could accommodate Si volume change to improve the reversible capacity of Si anode [21,25]. The peel test (Figure 2) shows that all the electrodes have strong adhesion force, indicating that the combination of CMC and SBR can adhesively bind the Si and graphite materials together to maintain electrode integrity, which is crucial for improving the cycling stability.




3.2. The Effect of Silicon Particle Size


The size of silicon particle plays an important role in the cycling stability of Si-based anodes [28,29,30,31]. Cells fabricated with micro-sized and nano-sized Si materials are studied here to investigate the size effect of Si particles. To simplify the electrode design, only CMC is used as the binder. The cycle performance testing is under C/10 (1C = 1000 mA/g). As shown in Figure 3, the micro-sized Si electrode delivered a specific capacity of almost 800 mAh/g in the initial cycle with however a faster capacity decay and much lower capacity after 80 cycles (about 150 mAh/g). In comparison, the nano-sized Si showed a comparable initial capacity at about 750 mAh/g and delivered stable reversable capacity of about 500 mAh/g after 80 cycles. The higher capacity retention of nano-sized Si likely benefited from its higher intercalation/deintercalation rates and the buffering effect for volume change with nano-sized particles [15].




3.3. The Selection of Graphite Materials


Two types of graphite (CGP-G8 and magE) were used to investigate the impact of graphite materials on the cycle performance of anode. CGP-G8 is a type of composite graphite which was chosen as baseline graphite for BATT program [32] and magE is artificial graphite with a high volume of internal pores. The cycling performance of the nano-sized silicon anodes with different graphite materials under C/10 (1C = 1000 mA/g) is illustrated in Figure 4. It can be observed that the first cycle specific capacities of the anodes made from CGP-G8 and magE were comparably at 749.8 and 813.7 mAh/g, respectively. Both types of electrodes experienced an initial decay of performance in the first 20 cycles and then recovered. The stabilized capacity for the electrode using CGP-G8 graphite was around 500 mAh/g while that for the magE was around 700 mAh/g. This indicates that the internal pores of magE are likely a positive factor for good cycle performance of Si anode. Silicon/MagE composite after solid mixing has been characterized by SEM. It was found that the silicon nanoparticles were evenly distributed across the graphite surface (Figure S1a in Supplementary Materials). Energy-dispersive X-ray spectroscopy (EDX) analysis (Figure S1b,c) of the composite also demonstrates that the silicon element was uniformly present on the graphite surface. These results confirmed the effectiveness of the solid mixing protocols employed in electrode slurry preparation.




3.4. The Selection of SBR Binders


Buqa et al. [21] reported that as low as 1–2% of SBR mixed with 1–2% Na-CMC as binder was sufficient to assure a good electrochemical performance of nano-silicon/graphite electrodes. It is consistent with the results shown in Figure 1, which indicates that the optimized ratio of CMC and SBR is around 4/6. Adopting this ratio and using magE graphite and nano-sized Si as the active materials (as determined in earlier sections), the performance of different types of SBR emulsions was tested. Three types of SBR emulsions, JSR1, JSR2 and JSR3, are studied and the results are shown in Figure 5. The peel test results are showed in Figure 6. The three electrodes showed similar cycling trend with first cycle specific capacities between 610 and 680 mAh/g and the first cycle coulombic efficiency higher than 88%, which is comparable to those of graphite anodes [32]. After initial decay in the first 20 cycles, the three electrodes were able to maintain stable performances over 400 cycles, where 72–75% of the initial capacities were retained. JSR1 and JSR3 delivered high retained specific capacities of close to 500 mAh/g and also high coulombic efficiency (CE) above 99.5%. It is worth noting here that the CEs of the cells could be maintained around 99.8–99.9% level after 400 cycles, which is critical for practical application in batteries (full cells) where lithium inventory is limited. The electrode with JSR2 shows slightly lower capacity (442 mAh/g) than that of JSR1 and JSR3, which could be rationalized by its lowest adhesion force among the three electrodes (Figure 6). A detailed examination of the cycling performance is performed with differential capacity (dQ/dV) curves and charge/discharge curves in Figure S2 and the corresponding discussion in the Supplementary Materials. The charge/discharge curves provided extra evidence of stable cycling performance of the electrodes while the differential capacity curves indicated the degradation of silicon materials during cycling that presumably led to capacity decay of the electrodes.




3.5. Morphology Changes of the Si/C Composite Electrode after Cycling


To illustrate the mechanism for performance change of Si/graphite composite anode during cycling, the morphologies of electrodes before and after cycling have been analyzed. As shown in Figure 7a,b, the electrode surface before cycling was smooth and tidy, where the active particles were firmly integrated. It needs to be noted here that there were void spaces on the fresh composite electrode, which resembles cracks formed after cell cycling. These features were formed with the solid mixing under aqueous conditions. There were no long-range cracks or highly interconnected channels observed on the fresh electrodes. As shown in Figure 7c, there were many conductive particles distributed on the surface of active particles, and the surface of the active particles was smooth with clear boundaries before cycling. However, after cycling, many cracks were observed on the electrode surface (Figure 7d), and there were gaps between active particles (Figure 7e). The cracks were present across long distances, and they formed interconnected channels. These features resulted from the dramatic volume change of silicon component during cycling. Conductive particles could no longer be clearly observed on the active particles, the surfaces of which were rough without clear boundaries (Figure 7f). These changes led to lower conductivity of the composite, which in turn caused the capacity fading of the electrode.





4. Conclusions


In this work, we studied the effects of binders on the cycling performance of the Si-based composite anodes. The results indicate that combined CMC/SBR binder materials can achieve better cycling performance than single-component CMC binder. The optimum ratio of CMC and SBR was found to be 4/6 (w/w). It is also found that decreasing the size of Si from micro-size to nano-size and substituting CGP-G8 graphite with magE can significantly improve the cycle performance of the Si/C composite anodes. Lastly, high performance anodes were made with magE (graphite), nano-Si, C45 (conductive additive) and CMC/SBR binder. The electrode fabrication process utilized simple solid mixing of the active materials and aqueous mixing of the active materials with binders, which is environmentally friendly and can be readily adopted in large-scale application.
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Figure 1. Cycling performance of anodes made of different binder ratios of CMC and SBR (JSR1) under C/10. Electrode composition: CGP-G8/Si/C45/binder = 73/15/2/10 (wt.%). 
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Figure 2. Peel test results of anodes made of different binder ratios of CMC and SBR. 
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Figure 3. Cycling performance of micro-size and nano-size Si composite anode. Electrode composition: CGP-G8/Si/C45/binder = 73/15/2/10 (wt.%). 
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Figure 4. Cycling performance of Si composite anode prepared with CGP-G8 and magE graphite materials. 
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Figure 5. The cycling of performance of Si/C composite anodes using different SBR binders under C/3 (1C = 750 mA/g) with constant voltage during each discharge step (a) specific capacity and (b) Coulombic efficiency (insert shows the last 10 cycles). 
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Figure 6. Peer test results of anodes made of different SBR binder (JSR1, JSR2 and JSR3). 
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Figure 7. Morphology images of the Si/C composite electrodes. The formulation of the anodes was magE/nanoSi/C45/CMC/JSR3 = 82.9/9.2/2.5/3/2.4 (wt.%). (a–c) The SEM images of the anode before cycling. (d–f) The SEM images of the anode after cycling. 
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