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Abstract

:

Si/C nanocomposite was successfully prepared by a scalable approach through high-energy mechanical milling and carbonization process. The crystalline structure of the milled powders was studied using X-ray diffraction (XRD) and transmission electron microscopy (TEM). Morphology of the milled powders was investigated by Field-emission scanning electron microscopy (FE-SEM). The effects of milling time on crystalline size, crystal structure and microstructure, and the electrochemical properties of the nanocomposite powders were studied. The nanocomposite showed high reversible capacity of ~1658 mAh/g with an initial cycle coulombic efficiency of ~77.5%. The significant improvement in cyclability and the discharge capacity was mainly ascribed to the silicon particle size reduction and carbon layer formation over silicon for good electronic conductivity. As the prepared nanocomposite Si/C electrode exhibits remarkable electrochemical performance, it is potentially applied as a high capacity anode material in the lithium-ion secondary batteries.
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1. Introduction


Rechargeable lithium-ion batteries (LIBs) are widely used as state-of-the-art energy storage systems due to their large volumetric and gravimetric energy densities. However, further improvement is necessary in the energy densities of LIBs to satisfy the ever-growing demands for portable electronic devices (especially cell phones, notebook computers, and digital cameras), electric vehicles, and renewable energy storage systems (such as for wind energy and solar energy) [1,2,3,4]. Currently, graphite is used as the conventional anode material for commercial LIBs systems. Since it has limited theoretical capacity of 372 mAh g−1 [5], anode materials with high capacity have attracted considerable attention. Silicon shows greater advantages than the any other known anode materials owing to its attractive features such as extremely high theoretical capacity (3579 mAh g−1 for Li15Si4 at room temperature), low lithiation/delithiation voltage, non-toxicity, and natural abundance [6,7]. However, silicon suffers from detrimental huge volume changes (~300%) during the lithium insertion/extraction process, which lead to pulverization and formation of unstable solid electrolyte interface (SEI) and poor conductive network, eventually leading to rapid capacity fading and poor cyclability [8,9,10]. Therefore, huge volume expansion and low intrinsic electronic conductivity hinder its practical usage as an anode material [11]. The practical application of Si-based anodes in lithium ion full cells (not tested in a half cell setup vs. lithium metal) is the loss of active lithium from the cathode due to ongoing SEI formation [12]. Various approaches have been reported to resolve this problem: (1) designing of nanostructured silicon (such as nanoparticles, nanowires, nanotubes, thin films [13,14,15,16], and porous structures [17]) to decrease the volume change; and (2) designing and fabrication of Si-based composite structures in which nano-sized Si uniformly dispersed in the active or inactive materials (metal oxides, metal alloys and conductive polymers) to accommodate the Si volume expansion/contraction [18,19,20,21]. Moreover, many attempts have been made to use suitable binders, electrolyte additives, and current collector [22,23,24]. Among them, silicon/carbon composites (such as Si-graphite, Si-graphene, Si-disordered carbon, Si-carbon nanotubes, and Si-carbon aerogel) have been demonstrated as an efficient approach for enhancing the electrochemical performance [25,26,27,28,29] because the carbon layer can improve the electronic conductivity of the composite and it can accommodate the volume changes of Si during the cycling.



Several synthesis methods are employed for the preparation of Si/C composite anode. Among them, there are five representative methods: chemical/thermal vapor deposition [30] or pyrolysis [31], mechanical milling [32], mechanical milling and pyrolysis [33], chemical reaction of gel [34], and dehydration of a carbon precursor [35]. Excluding the above methods, the combination of high-energy mechanical milling (HEMM) and subsequent carbonization process is supposed to yield a finely dispersed nanocomposite materials and also has an advantageous for the mass-production due to its low-cost and operation simplicity. HEMM is not only for fragmenting, but also enables good mixing of the composite powder. Consequently, homogeneously mixed composite powders can be obtained [36]. In this paper, we present a carbon-impregnated Si nanocomposite by a scalable approach of high-energy mechanical milling and carbonization process, in which the nano-sized silicon is besieged with carbon. This structure is expected to improve the cyclic performance because the carbon impregnation can offer the desired mechanical stability and stabilize the solid electrolyte interface layers (SEI), contributing to enhancing the electronic conductivity. Consequently, this research paper covers the Si/C nanocomposite preparation, investigation of the changes in crystal structure and morphology, and evaluation of their electrochemical properties.




2. Experimental Details


2.1. Preparation of Si/C Nanocomposite


2.1.1. Preparation of Nano-Scale Si Powder


The nano-scale Si powder was synthesized from commercially obtained micro-sized (~100 µm) Si powder by a high-energy mechanical milling system (Simoloyer CM01, Zoz GmbH, Wenden, Germany) controlled by MALTOZ-software (Zoz GmbH, Wenden, Germany). The milling was carried out in an Argon gas filled stainless steel jar (chamber) containing stainless steel balls (diameter ~5 mm) as milling media. The weight ratio of stainless-steel balls to powder was 15:1. The stearic acid (5 wt % of total Si weight) was used as a processing control agent to avoid the agglomeration and contamination caused by balls and jar. The silicon powders were milled for 8 h with the milling conditions of impeller speed of 1300 rpm for the first 45 s and 700 rpm for the next 15 s to achieve a homogeneous nano-scale Si powder.




2.1.2. Fabrication of Si/C Nanocomposite


Citric acid (C6H8O7, Daejung chemical Co., Ltd., Siheung, Gyonggi-do, Korea) and propylene glycol (CH3CH(OH)CH2OH, Samchun pure Chemical Co., Ltd., Pyeongtaek, Gyonggi-do, Korea) were used to prepare the carbon solution. A typical carbon solution was formed by mixing of 50 wt % of citric acid and 50 wt % propylene glycol using the magnetic stirring for 7 h. Subsequently, the carbon solution was added to the produced silicon powders in the weight ratio (Carbon solution:Si) of 10:20. After that, the resulting mixture was heat-treated at 900 °C in a horizontal quartz tube furnace for 1 h in the Argon ambient for the carbonization to form the Si/C composite. The ramp rate was 10 °C/min, and Ar gas flow rate was maintained at 2.5 L/min. The carbon coated silicon powders were again milled for 8 h under the same milling conditions. Thus, the final Si/C nanocomposite anode materials were obtained.





2.2. Characterization and Electrochemical Test


The distribution of particle size of the Si and Si/C composite powder synthesized by HEMM and carbonization was determined by laser diffraction particle size analyzer SALD-2300 (Shimadzu Corp., Kyoto, Japan). Crystallinity of the powders was studied by X-ray diffractometer (Mini flex 600, rigaku) with Cu-Kα radiation (λ = 0.15418 nm) operated at 600 W over the 2θ range of 10–70°. The morphology and microstructures of the as-milled powders and the cycled electrodes were examined by field-emission scanning electron microscopy (FE-SEM; MIRA3, TESCAN, Brno-Kohoutovice, Czech Republic) and transmission electron microscopy (TEM; JEM-ARM200F, JEOL Ltd., Tokyo, Japan).



For the evaluation of electrochemical characteristics, the composite electrodes were prepared by coating on the copper (Cu foil, Wellcos Co., Ltd., Gunpo-si, Gyeonggi-do, Korea) substrate using a blade coater with slurry consisted of 80 wt % active material, 10 wt % of SFG6 graphite (Sigma-Aldrich, Yongin-si, Gyeonggi-do, Korea) and 2 wt % of Ketjenblack (Sigma-Aldrich) as conductive agents, and 8 wt % of poly acrylic acid (PAA, Mw = 250,000, Sigma-Aldrich) as binder materials, which were dissolved in DI water. The screen-printed electrodes were dried at 100 °C for 10 min. After drying, they were cut into 16-mm diameter discs and subsequently, heat-treated at 100 °C for 6 h under vacuum. The electrochemical test was performed using coin cells (half-cells). The CR-2032 coin-type cells were assembled in a high-purity argon (99.99%) filled glove box. Lithium foil was used as both the counter and reference electrodes. The Celgard 2400 was used as the separator. A solution of one molar lithium hexafluorophosphate (LiPF6, PANAX ETEC Co. Ltd, Busan, Korea, purity: 99.9%) dissolved in a solvent mixture of ethylene carbonate (EC)/diethyl carbonate (DEC)/fluoroethylene carbonate (FEC) (5:70:25 by volume) was used as electrolyte. Cyclic voltammetry test for the cells was performed using ZIVE MP1 potentiostat analyzer system (ZIVE MP1, WonATech Corp., Seoul, Korea) with a cut-off potential ranges of 0.01–1.5 V (at constant current density of 2.8 mA cm−2) at 0.1 and 0.2 C-rate for the first and second cycles, respectively, and 1.0 C-rate from the third cycle. All the electrochemical tests were conducted at room temperature. The EIS (electrochemical impedance spectroscopy) measurements were carried out for Si/C nanocomposite powder with an impedance analyzer (ZIVE MP1, WonATech Corp., Seoul, Korea) over a frequency range from 100 kHz to 10 mHz.





3. Results and Discussion


The X-ray diffraction patterns of as milled Si powder at various milling times are shown in Figure 1a. The diffraction peaks of all the powders are matching with JCPDS (Joint Committee on Powder Diffraction Standards) Card file 27-1402. Comparing to the starting silicon powders, the milled Si powder diffraction peak intensities are obviously decreased and broadened with respect to milling time, which indicates the pulverization of the Si powder and decrease of the Si crystal size during the mechanical milling. The change in Si crystal size was saturated by 8 h milling, which was the first step for the nano-crystalline Si/C composite powders. The Si powders were followed by the mixing with carbon solution and heat treatment at 900 °C for 1 h in Ar ambient (carbonization process). Through the carbonization, the Si/C composite powder was produced and additionally milled at different milling times and their diffraction patterns are shown in Figure 1b. The Si peak intensities were slightly increased, compared with 8 h-milled Si powder (the first step), which was due to partial recovery of the Si crystallinity. No graphite carbon peaks were observed, which was presumed to be amorphous phase carbon. However, the additional milling drastically deceased intensities of the Si diffraction peaks with severe background broadening. Since such X-ray diffraction results are correlated with a marked reduction in the crystal size and loss of crystallinity, it was believed that Si powders were reduced, and their crystallinity ceaselessly collapsed. In even 8 h-milling, no peaks such as Fe, SiC and SiO2 were detected, which indicated the contamination driven by the mechanical milling was not serious.



The normalized Si (111) peak intensity changes in the Si and Si/C composite powders were studied with respect to milling time, as shown in Figure 1c. A rapid decline in the Si peak intensity ratio was observed within the first 8 h of the high-energy mechanical milling; further milling up to 8 h showed less influence on the intensity ratio. The linear extrapolation of the Si powder with respect to milling time appeared to be almost flat without any significant reduction in the intensity ratio, as shown in Figure 1c, indicating that 8 h is the critical milling time for effective pulverization of the Si powders. However, a ceaseless decrease in intensity ratio of the Si/C powder (carbonized and additionally milled) was observed, indicating that further fragmentation of Si crystals occurred in the type of the Si/C powder. Thus, the extended milling (i.e., 8 h) for the Si/C was believed to be effective to obtain the Si/C nanocomposite.



The starting silicon powder was composed of unevenly distributed irregular particles with size ranging 50–100 µm (Figure 2a). In the case of 8 h milled silicon, the powder size was significantly decreased, and distributed in the range of 100–500 nm (Figure 2b), which was estimated from the particle size distribution analysis (Table 1). The Si/C composite powder size increased after the carbonization at 900 °C, and agglomerated powders were observed (Figure 2c). The Si powders were connected during the carbonization and resulted in the agglomeration. However, as shown in Figure 2d, further milling for 8 h changed the Si/C powders into very fine Si/C nanocomposite powder with comparatively more uniform distribution than that of Si/C powder without milling. The particles sizes are in the rage of 100–200 nm. This observation suggests that the hybrid process of high-energy milling and carbonization is an effective approach to synthesize the Si/C nanocomposite powders.



The charge–discharge voltage curves of the Si/C nanocomposite for the 1st, 3rd, 10th, 20th, and 50th cycles are presented in Figure 3a. The electrode delivers first cycle charge and discharge capacities of 2139 and 1658 mAh g−1, respectively, corresponding to a first cycle coulombic efficiency of 77.5%. Similarly, for the 50th cycle charge and discharge, capacities are 1267 and 1278 mAh g−1 respectively, with a coulombic efficiency of 99.13%. The irreversible capacity loss of the electrode during 1st, 3rd, 10th, 20th and 50th cycles are 22.5%, 7%, 0.9%, 0.8% and 0.87%, respectively. The first and third cycle irreversible capacity losses are higher, which could be caused by the side reactions with electrolyte and formation of a solid electrolyte interface layer on the electrode surface accompanied by the consumption of lithium [37,38]. Therefore, coulombic efficiency after the third cycle attained ~99% within five cycles. A long and flat discharge voltage plateau observed during the first cycle at below 0.2 V indicates the lithiation of crystalline Si transforms into amorphous LixSi phase and the formation of SEI [39]. Figure 3b shows the discharge capacities and coulombic efficiency of Si/C nanocomposite electrode with respect to cycle number. The initial cycle discharge capacity of the electrode is 1658 mAh g−1 at 0.1 C-rate. The composite electrode exhibited monotonous capacity fading, good reversible capacity and excellent capacity retention from the 5th to 100th cycle. However, a moderate capacity fading during the initial cycle was observed. Remarkably, the coulombic efficiencies of the electrodes after fifth cycle were steadily saturated with an efficiency of ~99.1%. The nano-sized active materials affect the electrochemical stability in view of available surface area and shortening the Li-ion diffusion path; all of these factors are contributed to observed cyclability [40,41]. Moreover, the amorphous carbon matrix can stabilize Si volume change and offer the diffusion path of lithium ions toward the active Si phase during the Li-alloying/dealloying process. It has been reported that carbon is beneficial to not only buffer the volume changes during the cycling process, but also to avoid agglomeration of the silicon particles [42]. We have further compared our results with other reported Si/C based anode materials. Among them, our material shows good capacity retention and high reversible capacity values even after 100th cycle at 1 C rate (Table 2).



The differential capacity plots (DCPs) during the 1st, 3rd, and 20th cycles of the Si/C nanocomposite electrodes are shown in Figure 3c. The intense peak observed at 0.067 V of the first cycle corresponds to the lithiation of crystalline Si to form an amorphous LixSi alloy [44,45]. In the case of third cycle, two peaks were observed at 0.06 V and 0.2 V belonging to the phase transition process of the LixSi. A single peak observed at 0.087 V in the higher order cycles, i.e., 20th cycle, represent a stable SEI formation and constant lithiation or alloying process of the amorphous Si with Li. The pure Si exhibits a peak at 0.45 V, indicating the de-alloying of lithium during the first cycle discharge [46]. Beyond the first cycle, two broad peaks at 0.52 and 0.55 V during the delithiation process were observed. The two broad peaks indicate the conversion of crystalline silicon to an amorphous state after the first cycle. Datta et al. and Wang et al. reported that the peaks obtained at high-voltage delithiation (0.35–0.5 V) are attributed to the amorphous Li-Si alloys and the formation of amorphous silicon [47,48]. In addition, Sourice et al. reported that the lithiation peak observed at 0.05 V after the first cycle ascribed to crystallization of the Li3.75Si phase [49]. However, in the case of extended cycles at 20th cycle, the peak appeared at 0.1 V due to the amorphization process of Si during the initial cycles. Even though the Si is progressively amorphized, the curve area gets increased at the extended cycling 20th cycle represent more Si is activated in the alloying/dealloying reactions.



TEM images of the Si/C nanocomposite electrode are shown in Figure 4a,b. The selected area electron diffraction (SAED) patterns show the Si (111) and (220) planes. From high-resolution TEM image, the lattice inter-planar distance (d-spacing) was calculated for Si, and the d-spacing was ~0.32 nm, which is corresponding to the Si (111) plane. It has been observed that the nanocomposite was comprised of nanocrystalline Si, amorphous Si and amorphous carbon. The nanocrystalline Si was distributed on the amorphous silicon and carbon matrix. The amorphous Si phase could also be formed due to amorphization of Si (supported by background broadening in the X-ray diffraction results) for the longer mechanical milling. Amorphous carbon phase could be produced in the form of interface between Si powders and coating on the Si powders from the heat treatment of the citric acid (carbonization). In addition, carbon was expected to diffuse into the Si crystals through surface and boundary diffusion. Such an impregnation of the carbon is believed to be effective to both improve the milling efficiency (refinement of Si crystal size) and act as a mechanically strong (highly elastic) buffering matrix against the Si volume change. However, as shown in Figure 4c, the HR (High resolution)-TEM image of the Si/C nanocomposite electrode at the 100th cycle, a complete amorphization of the nanocomposite powder was observed, which could be due to the stress generated by the Si during the lithiation and delithiation due to extended cycling.



Figure 5 shows the electrochemical impedance spectroscopy (EIS) and equivalent circuit of the Si/C composite. EIS measurements were taken for 1st and 20th cycle in the frequency ranging from 100 kHz to 10 mHz and an AC signal of 10 mV in amplitude as the perturbation. As shown in Figure 5, two semicircles were observed in between the high-frequency region to medium frequency region, which indicates the resistance caused by SEI film formation (Rsei), and charge transfer resistance (Rct) between the electrode to electrolyte interface and the angled line in the low-frequency range corresponds to the ion-diffusion process within the anodes [50]. The equivalent circuit diagram (Figure 5) was used for fitting the EIS data, where Rs is the bulk resistance raised from electrode, electrolyte, and separator; Rsei is the resistance of the SEI film and its relevant capacitance is denoted as CPE1; Rct is charge transfer resistance and its relevant capacitance is denoted as CPE2; and Zw is the Warburg impedance [50]. As per the fitting results, the Rsei, and Rct of the Si/C nanocomposite electrode showed about 6 and 40 Ω for the initial cycle, and 5 and 17 Ω for the 20th cycle, respectively. Therefore, it is obvious that the inner resistance of the electrode is small in the case of extended cycles. This result suggest that the electrode possesses a great conductive network owing to the carbon phase. Consequently, stable SEI film formation and efficient charge transport between active Si and carbon matrix during the electrochemical reaction lead to the lower internal resistance. The tight attach of Si nanoparticles in the carbon matrix is the key factor that ensured the good structural integrity and fast electronic/ionic transport during the lithiation/delithiation process, finally leading to high reversible capacity retention and good cycling stability of the Si/C nanocomposite electrode.




4. Conclusions


We have demonstrated a very simple, low-cost and large-scale production method for preparing a Si/C nanocomposite anode material through a high-energy mechanical milling and carbonization process. The XRD and TEM analyses revealed the nanocomposites comprise nano-sized Si particles in a carbon matrix phase and there were no significant contamination peaks observed. The role of the carbon layer was to form a stable solid electrolyte Interface (SEI), accommodate the Si volume changes during cycling and maintain good electrically-conducting pathways. The Si/C nanocomposite electrode delivered a remarkable capacity of 1181 mAh g−1 at 100th cycle with a coulombic efficiency of 99.2%. Such high capacity and coulombic efficiency were attributed to the size reduction of Si particle to nanometer scale and uniform distribution of nano-sized active Si particles in carbon matrix phase, which provides good mechanical integrity and electrical contact between the Si nanoparticles. Thus, the carbon coated-silicon nanocomposite prepared via a simple and cost-effective methods of high energy mechanically milling and carbonization process, is a promising candidate for high capacity anode material in the lithium ion rechargeable batteries. However, further studies are necessary to verify the suitability of Si/C nanocomposite anode material in the lithium-ion battery full cells.
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Figure 1. X-ray diffraction patterns of the Si and Si/C composite powders: (a) Si powder; (b) Si/C nanocomposite powder; and (c) change in intensity ratio of the Si peak before and after the carbonization with respect to milling time. 
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Figure 2. FE-SEM images of the Si and Si/C composite powders: (a) Si raw powder; (b) Si milled for 8 h; (c) Si/C powder after carbonization; and (d) Si/C milled for 8 h. 
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Figure 3. Electrochemical characteristics of the coin-type half cells produced by 8 h milled Si/C nanocomposite powders: (a) potential vs. lithiation/delithiation curves; (b) discharge capacity and coulombic efficiency; and (c) differential capacity plot for 1st, 3rd, and 20th cycle. 
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Figure 4. (a) Selected area electron diffraction (SAED) pattern; (b) HR (High resolution)-TEM image of Si/C nanocomposite electrode; and (c) HR-TEM image of the Si/C nanocomposite electrode after 100th cycle. 
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Figure 5. Electrochemical impedance spectra (EIS) and its equivalent circuit diagram for 8 h milled Si/C nanocomposite powders. 
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Table 1. Average particle size and standard deviation of the as milled Si and Si/C powders.
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	Sample Name
	Average Particle Size (nm)
	Standard Deviation (nm)





	Si-8 h milling
	250
	79



	Si/C composite
	350
	138



	Si/C-8 h milling
	200
	61
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Table 2. Electrochemical performance of the Silicon/Carbon based anode materials for Li-ion secondary batteries (capacity retention for 100th cycle was calculated based on the first cycle reversible capacity).
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	Sample Name
	Weight Ratio of Active Material in Electrode
	1st Discharge Capacity
	1st Coulombic Efficiency
	Cyclic Stability
	Capacity

Retention
	Ref.





	Si/C nanocomposite
	80%
	1658 mAh/g (at 0.1C)
	77.5%
	1181 mAh/g (at 1 C) after 100 cycles
	71.2% at 100th cycle
	In this work



	Si/graphite composite
	80%
	1533 mAh/g (at 0.2 A/g)
	72.4%
	665 mAh/g (at 0.2 A/g) after 100 cycles
	43.3% at 100th cycle
	[18]



	Si/C composite
	80%
	1387 mAh/g (at 0.2 A/g)
	82.5%
	678 mAh/g (at 0.2 A/g) after 100 cycles
	49.2% at 100th cycle
	[18]



	Si/C nanocomposite
	80%
	2600 mAh/g (at 0.1 A/g)
	71%
	1120 mAh/g (at 0.1 A/g) after 100 cycles
	43% at 100th cycle
	[42]



	Si/C nanocomposite
	80%
	1561 mAh/g (at 0.15 mA/cm2)
	61.9%
	626 mAh/g (at 0.15 mA/cm2) after 30 cycles
	40.1% at 30th cycle
	[43]
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