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Abstract

:

Si-based anode is considered one of the ideal anodes for high energy density lithium-ion batteries due to its high theoretical capacity of 4200 mAh g−1. To accelerate the commercial progress of Si material, the multi-issue of extreme volume expansion and low intrinsic electronic conductivity needs to be settled. Herein, a series of nano-sized Si particles with conductive networks are synthesized via the dielectric barrier discharge plasma (DBDP) assisted milling. The p-milling method can effectively refine the particle sizes of pristine Si without destroying its crystal structure, resulting in large Brunauer–Emmett–Teller (BET) values with more active sites for Li+ ions. Due to their unique structure and flexibility, CNTs can be uniformly distributed among the Si particles and the prepared Si electrodes exhibit better structural stability during the continuous lithiation/de-lithiation process. Moreover, the CNT network accelerates the transport of ions and electrons in the Si particles. As a result, the nano-sized Si anodes with CNTs conductive network can deliver an extremely high average initial Coulombic efficiency (ICE) reach of 90.2% with enhanced cyclic property and rate capability. The C-PMSi-50:1 anode presents 615 mAh g−1 after 100 cycles and 979 mAh g−1 under the current density of 5 A g−1. Moreover, the manufactured Si||LiNi0.8Co0.1Mn0.1O2 pouch cell maintains a high ICE of >85%. This work may supply a new insight for designing the nano-sized Si and further promoting its commercial applications.
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1. Introduction


Lithium-ion batteries (LIBs) have progressively dominated the market of consumer electronics, electric vehicles (EVs), and energy storage grids in the last 30 years [1,2,3] because of their environmentally friendly nature, high energy density, and long lifespan [4,5]. Although the industrial processing technology has improved, the current commercialized graphite anode is insufficient to meet the market demand of high energy density due to its limited capacity of 372 mAh g−1 [6], especially for the increasing EV market. The demand for LIBs of EVs has accounted for >50% of the total demand since 2020, which has continued to increase over the years [7]. According to The World Economic Forum prediction, the global battery demand will be 2600 GWh in 2030 and the demand will reach approximately 5500 GWh in 2040 by the conservative prediction model [8]. Among various anode materials, Si-based anodes have attracted attention due to the high theoretical capacity of 4200 mAh g−1 and moderate operation voltage of <0.4 V vs. Li/Li+ [9,10]. However, the commercial applications of Si-based anodes are basically hindered by their extreme volume expansion of >300% during the lithiation/de-lithiation process and low intrinsic electronic conductivity [11,12,13].



On the one hand, the large volume expansion would cause severe particle pulverization, poor electric contact, and unstable solid electrolyte interphase (SEI) [9,14]. These problems dramatically reduce the cyclic property of LIBs. To alleviate the volume expansion, novel Si particle structural designs have been proposed, such as nanostructure [15,16,17], core-/york-shell structure [18,19,20], and porous structure [21,22]. For nanostructured materials, the nanomechanical properties at specific local regions could enhance the overall performance of the material [23,24]. The local stress changes caused by volume expansion in nano-Si anode can be effectively alleviated. Ball milling is a simple and low-cost strategy for mass production of nanomaterials [25]. The particles can be effectively refined by introducing a plasma in the milling process owing to the synergistic effect of the instant heating of the plasma, the electron collision in the electric field, and the mechanical impact of the milling [26]. In our previous study, we prepared a series of nano-materials for LIB electrodes with good properties by dielectric barrier discharge plasma (DBDP)-assisted milling (abbreviated as P-milling) [27,28]. On the other hand, the low electronic conductivity of Si and the thin oxide layer formed on Si particles would result in poor electrochemical kinetics during the Li+ alloying/dealloying process, causing low initial Coulombic efficiency (ICE) [29,30]. Recently, single-walled carbon nanotubes (CNTs) have been reported as addictive to improve the electronic conductivity of Si-based anodes by forming a conductive network [31,32]. Moreover, the long and thin CNTs are hard to disperse due to their unique structure, which results in strong van der Waals forces between nanotubes [31]. However, such flexibility of CNTs and their strong interaction characteristic can be applied to strengthen the electrical contact among Si particles in electrodes, which would eventually improve the cyclic property of Si-based anodes, even without conventional conductive or binders [31,32].



In this work, P-milling was applied to prepare the nano-sized Si particles by controlling the mass ratio of balls to material, i.e., 10:1, 20:1, 50:1, and 100:1, respectively. To simplify the description and comparison in this article, the mass ratio of balls to material is used to represent the corresponding powder and anode samples. By adding additional CNTs and aqueous dispersion in the conventional slurry-coating process, we prepared the P-milling Si composite anodes with a CNT conductive network (C-PMSi anodes). Moreover, pristine Si and P-milling Si anodes (PMSi anodes) were manufactured by the same process without CNTs for comparison. Based on a series of electrochemical measurements and structural characterizations, it is found that C-PMSi anodes present higher ICEs, better capacity retention, and lower resistance. Particularly, the C-PMSi-50:1 electrode exhibits the lowest volume expansion and intact electrode after cycling processes. Moreover, C-PMSi/G||Li and C-PMSi/G-P||LiNi0.8Co0.1Mn0.1O2 (NCM811) pouch cells are also prepared to investigate practical applications and both batteries exhibited high ICEs of 89.0% and 85.3%.




2. Materials and Methods


2.1. Material Preparation


The commercial Si powder (99.9% pure, 1 μm, ST-NANO Science and Technology Co., Ltd., Shanghai, China) was used as a precursor material without further purification. The milling balls were sealed in the milling vial together with the Si powder in a mass ratio of 10:1, 20:1, 50:1, and 100:1, respectively. The milling balls contain two diameters of 12 mm and 8 mm, for a mass ratio of 1:1. For all processes, the milling vial was sealed in an Ar-filled glove box (H2O, O2 < 0.01 ppm) and P-milling was conducted under pure Ar atmosphere (0.1 MPa) with a vibration type ball milling machine.



PMSi/G was blended by 20 wt. % PMSi-50:1 and 80 wt. % graphite (99.9%, pure, BASF Shanshan Battery Materials Co., Ltd., Changsha, China) powder for 4 h through high energy milling (C-PMSi/G-B) and the Ar-assisted plasma (C-PMSi/G-P) process, respectively. High energy milling was conducted as P-milling in a mass ratio of 50:1 without Ar plasma. The Ar-assisted plasma process was conducted as P-milling without balls.




2.2. Material Characterization


The phase structure of powder samples was characterized by an X-ray diffractometer (XRD, Panalytical) with Cu Kα radiation. The specific surface areas of samples were determined by using the BET method with a gas reaction controller (Autosorb iQ) by nitrogen absorption and each sample volume occupied one-third of the sample tube. The morphology and microstructure of powder and electrode samples were observed by using field emission scanning electron microscopy (SEM, TESCAN GAIA3). The acceleration voltage of SEM is settled to 5 kV and no additional contrast agent was performed on the samples.




2.3. Electrochemical Measurement


The electrochemical measurements of the half-cells (CR2016-type coin cell) and full-cells (pouch cell) were assembled in an Ar-filled glove box (H2O, O2 < 0.01 ppm). The electrodes are separated by separators (Celgrad 2325) in the cells. The electrolyte is 1 M LiPF6 in a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) with a volume ratio of 1:2, with 10 wt. % fluoroethylene carbonate (FEC). The PMSi electrodes were prepared by mixing 80 wt. % of the various active materials, 10 wt. % of conductive agent (Super C45), and 10 wt. % binder (carboxymethyl cellulose, CMC) into a uniform slurry. The slurry was then coated onto Cu foil and dried at 80 °C for 12 h under vacuum. Similarly, the C-PMSi electrodes were prepared via the above step by adding additional CNT aqueous dispersion (0.4 wt. % SWCNT in water, 0.6. wt. % CMC as a surfactant stabilizer, provided by Zhuhai CosMX Battery Co., Ltd., Zhuhai, China) into the slurry. The mass ratio of mixing powders to CNTs dispersion is 1:1 and the content of CNTs in the electrode is 0.396 wt. % by calculation. The average mass loading of the PMSi and C-PMSi electrodes was ~1.5 mg cm−2. The NCM811 electrodes were also prepared by the slurry-coating method, consisted of 80 wt. % NCM811 powders (99.9%, pure, Canrd New Energy Technology Co., Ltd., Dongguan, China), 10 wt. % Super C45, and 10 wt. % binder (polyvinylidene difluoride, PVDF) coating and drying on Al foil, with an average mass loading of ~5.2 mg cm−2. The galvanostatic charge/discharge test and rate test were conducted by a multichannel battery test system (LANHE, Wuhan, China, LAND-CT2001A) at room temperature. The galvanostatic voltage range was 0.01~1.5 V vs. Li/Li+. The specific capacity was calculated based on the total mass of active material without conductivity agent and binder. Cyclic voltammogram (CV) measurements were conducted on an electrochemical station (Gamry, Warminster, PA, USA, Interface 1000) at a scan rate of 0.1 mV s−1. Electrochemical impedance spectroscopy (EIS) measurements were performed on an electrochemical station (Gamry, Warminster, PA, USA, Interface 1000) in the frequency range from 1 MHz to 0.01 Hz.





3. Results and Discussion


Figure 1a shows the XRD patterns of the pristine Si and P-milling powders prepared by the P-milling method. It is shown that the diffraction peaks located at 28.48°, 47.33°, and 56.15° are attributed to the (1 1 1), (2 2 0), and (3 1 1) plane of the Si materials. With the mass ratio increasing from 10:1 to 100:1, P-milling samples show significantly weakened and broadened diffraction peaks, indicating the clear refinement of grain size and amorphous transition. Moreover, there are not any other contaminates for the P-milling samples even under a mass ratio of 100:1, indicating that the P-milling method would not destroy the crystal structure of Si particles. Furthermore, the morphology logical of pristine Si and P-milling samples are observed via SEM. As can be seen in Figure 1b, pristine Si exhibits large primary particles with an average diameter of 1~5 μm. After the P-milling process, Si particles in Figure 1c–f exhibit irregular and agglomerated secondary particles consisting of nanoscale primary particles. Specifically, when the mass ratio increases to 50:1 and 100:1, obtained P-milling samples own the smallest average diameter of only ~50 nm.



Then, the specific surface areas are determined by applying the BET method to further compare the particle size of samples. Figure 2a–e exhibits the N2 adsorption and desorption curves of pristine Si and P-milling samples. All the samples show typical Type III isotherms without any hysteresis loop, indicating the samples are nonporous material [33]. Thus, the variation of the calculated specific surface area during the BET method depends on the particle size of the samples. Figure 2e lists the calculated BET value for all the samples. As the ratio increases, P-milling samples own the increased specific surface area; however, the specific surface area begins to decrease when the ball-to-material ratio is too high. Particularly, when a ball to material ratio is 50:1, the P-milling sample shows the largest specific surface area of 15.689 m2 g−1, which is more than two times than that of the pristine Si. The energy in the ball milling process increases with the ball-to-material ratio from 50:1 to 100:1, which intensifies the agglomeration, resulting in a decrease in specific surface area. Based on the above results, it can be concluded that pristine Si particles are successfully refined to nano-sized Si particles in a 4 h Ar-assisted P-milling process without other contaminations.



Figure 3a,b displays the CV curves of PMSi-50:1 and C-PMSi-50:1 anodes in the first three cycles to investigate their lithiation/de-lithiation behavior. The wide cathodic peak in the initial cycle for the two samples corresponds to the formation of an SEI film on the Si anode. The C-PMSi-50:1 anode exhibits a more prominent broad peak than that of the PMSi-50:1 anode; moreover, the C-PMSi-50:1 anode shows weaker lithiation/de-lithiation redox intensity than that of the PMSi-50:1 anode, which can be attributed to the even formation of SEI film promoted via introducing CNTs, blocking the direct contact between Si particles and electrolyte during cycling. In the subsequent lithiation process, the reduction peak at ~0.16 V stands for the phase transition of Si to LixSi, while the two oxidation peaks that occurred at ~0.38 and ~0.51 V in the de-lithiation processes are related to the two-step dealloying process of the LixSi alloy to Si.



Figure 3c,d exhibits the initial galvanostatic charge–discharge (GCD) curves of pristine and P-milling anodes in half-cells under 0.2 A g−1. All the anodes exhibit similar GCD curves, indicating that the CNT networks would not be involved in the lithiation/de-lithiation process. Clearly, all the C-PMSi and PMSi anodes exhibit higher average initial discharge capacity of 3170.7 and 3145.3 mAh g−1 than 2972.5 mAh g−1 of the pristine Si. Compared with the pristine Si anode, C-PMSi and PMSi anodes own significantly increased discharge platforms and a smaller overpotential, indicating better electrochemical reversibility. However, C-PMSi anodes exhibit smaller discharge capacity than the PMSi anodes, which is due to the additional CNTs. Figure 3e,f displays the enlarged view of GCD curves for two electrodes, focusing the voltage window from 0 to 0.5 V of the early charge–discharge progress. Compared with the Si anode, C-PMSi and PMSi anodes own significantly increased discharge platform and a smaller overpotential, indicating better electrochemical reversibility.



Furthermore, the corresponding initial Coulombic efficiency (ICE) of C-PMSi and PMSi anodes is illustrated in Figure 3g and h. It can be seen that the electrochemical kinetics of Si anodes are observably enhanced by introducing CNTs and the P-milling method. Compared with pristine Si anodes, the average ICE level of PMSi anodes is enhanced from 61.1% to 79.6%, indicating the enhanced ion/electron diffusion rate in the nanoscale Si particles after P-milling. For the C-PMSi anodes, the ICE is dramatically enhanced with an average ICE of 90.2% via introducing the CNT network, implying the maximined transmission of ion/electron during the lithiation/de-lithiation process. In detail, ICEs of C-PMSi and PMSi anodes are dramatically enhanced by adjusting the mass ratio from 10:1 to 20:1 and start to decline when the mass ratio is raised from 20:1 to 100:1, which may be due to the low ion/electron transport efficiency caused by uneven size distribution and agglomeration. As shown in Figure 3i, compared with the recently reported Si-based anodes [34,35,36,37,38,39,40,41,42], the C-PMSi anodes exhibit not only high ICEs but also a high reversible capacity in the initial cycle with such high content of Si, indicating excellent reversibility and conductivity.



The rate capability of pristine and P-milling anodes are further tested under current densities increasing from 0.2 to 5 A g−1. As shown in Figure 4a,b, C-PMSi anodes present excellent high specific capacity than that of PMSi anodes. Specifically, C-PMSi-50:1 anodes can still offer a specific discharge capacity of ~1000 mAh g−1 at 5 A g−1, while PMSi anodes barely present any capacity. When the current density recovers back to 0.2 A g−1, the capacity of C-PMSi anodes is nearly four times higher than that of PMSi anodes. Moreover, the electrochemical behavior for C-PMSi-50:1 and PMSi-50:1 anodes under different current densities are discussed. The evolution of electrochemical behavior for C-PMSi-50:1 and PMSi-50:1 anodes under different current densities can be observed in Figure 4c,d, it can be seen that the C-PMSi-50:1 anode owns lower electrochemical overpotential and strong discharge depth under large current density, further indicating its enhanced conductivity and Li+ ion transfer rate.



Figure 4e,f shows the cyclic property and Coulombic efficiency (CE)-cycle curves of Pristine Si, C-PMSi, and PMSi anodes under 0.2 A g−1. It can be seen that the Si anode can hardly work in only 20 cycles. After being refined by P-milling, PMSi anodes present improved discharge capacity compared to that of a pristine Si anode; however, the improvement in capacity retention is finite because of the agglomeration of Si particles. C-PMSi anodes exhibit higher discharge capacity and better cyclic properties. The discharge capacity of C-PMSi anodes remained stable after ~30 cycles with an average reversible capacity of 615 mAh g−1 in the 100th cycle, while PMSi anodes deliver only below 300 mAh g−1 after 20 cycles. As shown in the CE-cycle curves, the CEs during the cycling of C-PMSi anodes are more stable than those of PMSi and pristine Si anodes, resulting in better capacity retention for C-PMSi anodes. The capacity reduction is effectively controlled by C-PMSi anodes due to the flexibility and strength of CNTs. Even so, all the C-PMSi anodes present low capacity retention (below 50%). Though it is acceptable for a pure Si anode, such performance is insufficient for practical application. Based on the above discussion, it can be concluded that the P-milling process and CNT additive can enhance the ICE of the anode by improving the electrochemical kinetics of the ion/electron transport process. Moreover, the CNTs’ conductive network helps to improve the capacity retention of PMSi anodes thanks to its high-strength tube structure.



To deeply investigate the structural evolution of C-PMSi and PMSi anodes during continuous lithiation/de-lithiation processes, interfacial and cross-section structure of C-PMSi-50:1 and PMSi-50:1 anodes before and after 5th and 10th cycles were observed via SEM. Figure 5a exhibits that CNTs can be observed clearly among particles and anode components of the C-PMSi-50:1 anode, forming a uniform, conductive, and intensive connecting network, indicating that introducing CNTs would not destroy the structure of silicon anodes. The even distribution of the CNT network still remains distinct after the 5th and 10th cycles in the C-PMSi-50:1 anode, while Si particles remain at nanoscale size without clear growth and agglomeration. Conversely, such disconnection in the PMSi-50:1 anode results in a loss of electric contact and ultimately leads to a capacity reduction. As the cycles go on, the Si particles show clear agglomeration and growth of the PMSi-50:1 anode in Figure 5c; in particular, the 10th cycled sample shows micron-level Si particles.



Moreover, cross-sections of pristine and cycled C-PMSi-50:1 and PMSi-50:1 anodes are further compared. As shown in Figure 5b, the C-PMSi-50:1 anode exhibits stable and flat cross-section structures, indicating that the CNT network helps to maintain the anode structure away from collapse. As for the PMSi-50:1 anode, Si particles are on the verge of collapse after only 10 cycles in Figure 5d. The cycled PMSi-50:1 anode is hard to maintain the structure of by binders only and the Si particles tend to form a rough surface during repeating volume expansion with a high expansion rate of almost 100%. The 10th discharged C-PMSi-50:1 anode clearly exhibits suppressed volume expansion with a uniform thickness, revealing that CNT networks help to mitigate the electric disconnection caused by dramatic volume expansion of Si particles during cycling. Without the CNT network, the anode is hard to maintain its structure only by binders and the Si particles tend to form a rough surface during repeating volume expansion, resulting in inferior cyclic properties.



The EIS was employed to evaluate the electronic conductivity for C-PMSi-50:1 and PMSi-50:1 anodes, which are presented in Figure 6a,b. Both anodes were measured before and after the 10th lithiation process with sufficient time (>6 h after finishing the lithiation process). It is exhibited that two electrodes own similar EIS plots. Before cycling, the plots consisted of one semicircle curve in the high-frequency area with a liner plot in the low-frequency area, while after the 10th lithiation, an additional semicircle curve appeared in the high-frequency plot. The EIS curves are fitted via the standard equivalent circuit model and the impedance parameters are illustrated in Figure 6c,d, consisting of electrolyte resistance (REletrolyte), surface film capacitance (RSEI+Int), charge-transfer resistance at the electrode, and electrolyte interface (Rct). The Rct reflecting the low intrinsic electron conductivity of pure Si and the RSEI+Int can be used to compare the formation and thickness of the SEI layer. Clearly, the C-PMSi-50:1 anode exhibits lower Rct before and after cycling than PMSi-50:1, benefiting from the conductive CNTs network in anodes. After the 10th cycle, the RSEI+Int of C-PMSi-50:1 and PMSi-50:1 is 25.66 Ω and the Rct is 39.31 Ω, representing that PMSi-50:1 owns thicker SEI after repeating lithiation/de-lithiation without CNT networks maintaining the Si particles. Even by adding conductive C45 and CNTs to manufacture an electrode, C-PMSi-50:1 still represents a large Rct. By compositing conductive material with Si, such as Sn, C, Cr, etc., would improve the conductivity of the Si-based composite. The formation of the SEI layer in a Si-based anode basically depends on the component of the electrolyte and the volume change in the Si-based anode. For better stability, the structural design of Si particles is essential.



For deeply promoting the practical application of Si anodes, both PMSi/G||Li half and PMSi/G||NCM811 full pouch cell (Figure 7a) are manufactured. Initial galvanostatic charge–discharge curves and cyclic properties of C-PMSi/G||Li prepared by two different blending processes are measured under 0.2 A g−1. As displayed in Figure 7b, the C-PMSi/G-P anode could deliver a high ICE of 89.0%, which is much higher than 49.9% of the C-PMSi/G-B anode, further confirming that the P-milling process could be applied as an efficient mixing method without destroying morphology of particles. Moreover, Figure 7c exhibits that the C-PMSi/G-P anode could deliver a higher 100th discharge capacity with the capacity retention of 891.7 mAh g−1 and 67.1%, while those of C-PMSi/G-B are only 388.4 mAh g−1 and 34.6%. For the C-PMSi/G-P anode, the capacity retention is improved by blending with graphite. Usually, the commercial anodes contain less than 10 wt. % of Si-based material for avoiding its volume expansion during lithiation/de-lithiation. Thus, the C-PMSi/G-P anode would be more stable by adjusting the amount of PMSi. To explore its practical ability, the C-PMSi/G-P anode and NCM811 cathode are assembled as the full pouch cell. As displayed in Figure 7d, the C-PMSi/G||NCM811 full pouch cell exhibits a high ICE of 85.3% with the initial lithiation capacity of 7.4 mA h, i.e., 921.7 mAh g−1 based on the mass loading of the C-PMSi/G anode, operating in 2.0~4.4 V at 0.2 A g−1. After 100 cycles, Figure 7e illustrates that the manufactured full-cell remains at a high 100th de-lithiation capacity of 356.7 mAh g−1 with a stable Coulombic efficiency with an average value of 99.2%, indicating its good electrochemical irreversibility.




4. Conclusions


In summary, we prepared the stable C-PMSi anodes with the uniform CNT conductive network via the highly effective P-milling method. The mass ratio of balls to the material of the P-milling method is discussed in detail. Benefiting from the firm structure and continuous ion/electron transport pathways of the CNT network and nano-sized Si particles, C-PMSi anodes demonstrate high average ICEs of 90.2% with a reversible average capacity of 587.7 mAh g−1 at 0.2 A g−1 after 100 cycles. Moreover, the PMSi||Li assembled with graphite-blended C-PMSi/G-P anode exhibits a high ICE of 89.0% and a reversible capacity of 598.3 mAh g−1 at 0.2 A g−1 after 100 cycles. The pouch-type C-PMSi/G-P||NCM811 full-cell could also deliver a high ICE of 85.3% with the reversible capacity of 356.7 mAh g−1 at 0.2 A g−1 after 100 cycles, together with the simple and efficient P-milling method. Our work may widen the applications of the DBDP-assisted milling process and supply a new sight of designing Si-based anode materials for high energy density Li-ion batteries and devices. However, the electrode design still needs to be improved by adjusting the components in the electrode, especially for CNTs. On the other hand, the structural design and composited with conductive material is essential for Si particles.
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Figure 1. (a) XRD patterns of pristine Si and P-milling samples. SEM and HRSEM images of (b) pristine Si and P-milling particles with a mass ratio of (c) 10:1, (d) 20:1, (e) 50:1, and (f) 100:1. 
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Figure 2. Nitrogen adsorption and desorption curves with analysis of the BET results of (a) pristine Si and p-milling samples with a mass ratio of (b) 10:1, (c) 20:1, (d) 50:1, and (e) 100:1. (f) Surface area for the pristine Si and P-milling samples. 
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Figure 3. Initial CV curves of (a) C-PMSi-50:1 and (b) PMSi-50:1 anodes under a scan rate of 0.1 mV s-1. Initial galvanostatic charge–discharge curves of (c) C-PMSi and (d) PMSi anodes. Enlarged view of GCD curves of (e) C-PMSi and (f) PMSi anodes. Initial Coulombic efficiency of (g) C-PMSi and (h) PMSi anodes. (i) Comparisons of the ICE with recent literature reports [34,35,36,37,38,39,40,41,42]. 
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Figure 4. Rate capability of (a) C-PMSi and (b) PMSi anodes with the corresponding charge–discharge curves of (c) C-PMSi and (d) PMSi anodes. (e) Cyclic property and (f) Coulombic efficiency of PMSi, C-PMSi, and pristine anodes under 0.2 A g−1. 
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Figure 5. SEM images of the (a,c) surface and (b,d) cross-sections of C-PMSi-50:1 and PMSi-50:1 anodes before and after 5 and 10 cycles. 
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Figure 6. Nyquist plots of C-PMSi-50:1 and PMSi-50:1 anodes (a) before and (b) 10th discharge. Impedance parameters of C-PMSi-50:1 and PMSi-50:1 anodes (c) before and (d) 10th discharge. 
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Figure 7. (a) Structure diagram of a pouch cell. (b) Initial galvanostatic charge–discharge curves and (c) cyclic property of C-PMSi/G-B||Li and C-PMSi/G-P||Li half-cell. (d) Initial galvanostatic charge–discharge curves and (e) cyclic property of the C-PMSi/G-P||NCM811 full pouch cell. 






Figure 7. (a) Structure diagram of a pouch cell. (b) Initial galvanostatic charge–discharge curves and (c) cyclic property of C-PMSi/G-B||Li and C-PMSi/G-P||Li half-cell. (d) Initial galvanostatic charge–discharge curves and (e) cyclic property of the C-PMSi/G-P||NCM811 full pouch cell.



[image: Nanomaterials 14 00660 g007]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
251

20,

0.
— CouSIG B s ot £ S——
e 100- © CPUSIG-PILihalfpouch col-

L
2 o
fu %mzmmmm
02Ag",001-15V i 02Ag".001-15V
o
o o @0 w0 00 0 I T T e
Capacity (mAhg™) Cycle Number
©
[T —;

Capacity (mA )

02Ag" 2043V
ICE 853%
B 31| ConsIGPINCMS! 1 povehcal
=r— “o-Charge
- o Dsanage
o

T W M s s o 6 B @ & & w

Capacity (mA ) Cycle Number

®

5

ey






media/file4.png
(a)

Volume @ STP (cc/g)

e

Volume @ STP (cc/g)

e

Volume @ STP (cc/g)

100.0

80.0 -

60.0 4

40.0 -

20.0

100.0

Pristine Si

Analysis BET: 7.557 m?/g

—&— Adsorption
~ Desorption

02 04 06 08 10
Relative Pressure (P/P,)

80.0 -

60.0 A

40.0 A

20.0 -

100.0

20:1
Analysis BET: 11.409 m%g

—&— Adsorption
~— Desorption

1 ™
3
N — T . B e B

e = — - —

0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P,)

80.0

60.0 4

40.0 -

20.0 -

100:1
Analysis BET: 10.375 m?%g

—&— Adsorption
= Desorption

0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P,)

—
O
S

Volume @ STP (cc/g)

o
S

Volume @ STP (cc/g)

(f)

100.0
10:1
80.0 - ,
Analysis BET: 10.442 m?%g
60.0 -
40.04 —&— Adsorption
~+— Desorption
20.0 4
0.0 e e .
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P)
100.0
50:1
80.0 4
Analysis BET: 15.689 m?/g
60.0 4
40.0 - —&— Adsorption
~— Desorption
20.0 4
0.0 S —
0.0 0.2 0.4 0.6 1.0
Relative Pressure (P/P,)
16 4 15.689
&
€ 12+ 11.409
~ 10.442 10.375
©
o
©
® 84 7.557
®
©
=]
0 44
0 T T
Pristine 10:1 20:1 50:1 100:1
Sample





nav.xhtml


  nanomaterials-14-00660


  
    		
      nanomaterials-14-00660
    


  




  





media/file2.png
—50:1 —— C100:1

-0

S —

K2 ' '(,t:’ 'f-.z‘“._y',
v b)&i 0 ' ’~ g o, 26 pﬂétﬂ'fﬁw
£~ {,e - X

AT

(f) £ 1100:1

,-} )/1',1‘
0, [Ty e
. & e

w

o
Q&






media/file5.jpg
Capacity (mang)






media/file3.jpg
@

Volume @ STP (cclg)

©

Volume @ STP (cclg)

Volume @ STP (cclg)

000 ®) 4000
Pramess ~ s
] R § ] sowmeosr wazmio
o E e
13
- s | @ et
| R
20 3 w0
o0
CRT oo os ss @5 o
Relative Pressure (P/P;) Relative Pressure (PIP;)
1000- (d) 1000,
vl @ o wl @
- 5 R —
600- & 0o
&
®
- o sion © s —
e H i)
0 2 w0
o
R T A
Relative Pressure (PP Relative Pressure (PP,)
no. o
® o
el 100
Ansysis BET: 10975 g s
12
a H
H
0. —e— Adsorpion s
Rl H
- 3.
o o
E T TR T T
Relative Pressure (P/P;) Sample






media/file1.jpg
Pristne Si s

——10:11 ——C20:1 Tt 1 ko
——50:1 —C100:1 AT

500 fim.






media/file7.jpg
(@) 000, (©) 1s.

E
= 10-
g
=
g 0s-
e
i
D e e I B
e o
(B) 4000, @ 5.
T |
s |
"
e
2
i -
S2nel ——02Ag" —1Ag"
iz .
e
) s Ak
"
- R
£ B PMSI201 O CAMSI201
% B PMSHI001 O
2 1000
8
i
®
.
€
g o
£ o™ © Prstine si
g B 2 PMSEI0:1 CPMSH0:1
2 @ PMSI201 O C-PMSI20:1
5 B PMSIS1 O CPMSIS01
© w0
; 7 7 5 —=

Cycle number





media/file10.png
Ocls

5cls

10 cls

o P SIS T 10 cls
A e
........ e

B AT o T AT i g
~— == o Cu A

20 um 20 um

-
, . Ocls Scls 10 cls
& N J 4 £
)

.......

_________________________________

- -
T -~
- S

-
- ~

-------------------

e
K? &, vt
rug < e 0N 3
\rre sl 2o - e D S e e,
N o e






media/file12.png
(a)

(c)

400
O PMSi-50:1
— Fit line
3001 ¢ pmisis0-1
@ ~— Fitline
T—_— CPE1 Zw
& 200-
£
N
100 -
‘ Ocls
0 : » T L Ll Ll
0 100 200 300 400 500
Zreal (Q)
C
~ 250
)
2
197 .4
200+
R
O
150 -
r 15
—
) 101.8
%5 100+
&
= 50+
()
D
@ 0
5 PMSi-50:1 C-PMSi-50:1

—

(=2

S
—
(%)
o

-

o

o
T

-Zimag (Q)

(o)
o

0 PMSI-50:1
~—Fitline

O C-PMSi-50:1
—— Fit line

0 1 1
0 50 100 150 200
Zreal (Q)
(d) 150
Bl R,
a B R
‘;; 100 - 93.91
= 73.65
@©
——
K2
N 50
O 39.31
6 25.66
0 .
PMSi-50:1 C-PMSi-50:1





media/file9.jpg





media/file0.png





media/file14.png
(a)

N|

25 mm
28 mm
22 mm

e

LL- N| =
Is S |

2 ~

<

25 mm 28 mm ‘ 22 mm
Anode: C-PMSIi/G-P Polymer membrane Cathode: NCM811
(b) 25 () 1400
. . 1200 -
o 20 gmgﬂgguﬂ :::; EZEEE 22:: P - O C-PMSi/G-B||Li half pouch cell
= ' 1000 O C-PMSIi/G-P||Li half pouch cell
; ICE=49.9% <
; ICE=89.0% E
= 2 600
o 1.0- ‘g 1
, o
£ § w00 %
5L 05-
02Ag" 001~15V 200+ 02Ag", 0.01~15V
0.0 T T 1 L) T O L] L] L] L] L L]
0 200 400 600 800 1000 1200 0 20 40 60 80 100
Capacity (mAh g™) Cycle Number
(d) 4.5 (e) 12
C-PMSi/G-P|[NCM811 full pouch cell 100
4.0
L
< = 95
= <
T 3.54 é
c > 6-
g 5
S 30{ 02Ag" 2043V © 90
ICE: 85.3% &
P @) 3 OO0
555 1t 2 1 C-PMSiI/G-P||[NCM811 full pouch cell
' < 4t -/ —O—Charge 85
5N —O— Discharge
20 T T T T 0 T T T T T T
0 200 400 600 800 1000 0 20 40 60 80 100

Capacity (mA h) Cycle Number

Coulombic Efficiency (%)





media/file8.png
(@) 4000 (€) 15
~O~ C-PMSi-10:1
—~O~-C-PMSi-20:1
0O - o
P el -0~ C-PMSi-50:1 o
o 0y —~O- C-PMSi-100:1 5 o
<é >
< 2000- &,
= T
= K
§ 2 059 C-PMSi-50:1
O - 1-9U.
= = ——02Ag' —1Ag"
——5Ag" —02Ag"
O | | L} 0-0 L | L | Ll L) L) L)
0 10 20 30 40 0 600 1200 1800 2400 3000 3600
Cycle number Capacity (mAh g")
(b) 4000 (d) 15
~O~PMSi-10:1
o —~O-PMSi-20:1 .
—-O- PMSi-50:1 i
2~ 3000 s =
: —~O- PMSi-100: =
& - O-PMSi-100:1 = |
E >
< 2000- )
£ ®
= z
§ 2 059 PMSi-50:1
) i-50:
= 400 o ——02Ag' —1Ag"
——5Ag" ——02Ag"
0 0.04 ; : : : -
0 0 600 1200 1800 2400 3000 3600
Cycle number Capacity (mAh g™')
(e)
4000-
= ) Pristine Si
O 30004 PMSi-10:1 () C-PMSi-10:1
{i PMSi-20:1 O C-PMSi-20:1
= PMSi-50:1 O C-PMSi-50:1
‘g 2000+ PMSi-100:1 (O C-PMSi-100:1 02Ag"
o)
o
S 1000-
O
0-
__ 100-
S | @ :
'® 0
3 90 ‘*"
= -
Q |
o =3
E 80- R ) Pristine Si
& & 0 PMSi-10:1 () C-PMSi-10:1
0 1 & PMSi-20:1 (O C-PMSi-20:1
€ 701 % PMSI-501 O C-PMSi-50:1
§ | 5 PMSi-100:1 () C-PMSi-100:1  0.2Ag
®)
604 O
0 20 40 60 80 100

Cycle number





media/file11.jpg
(a)

(©)

~Zimag (@)

Charge-transfer Resistance (Q)

100-

z
g

o pusisor
—fine

© cemsisor
e

oee

“Zimag (@)
g

8

© pusisor
e

W o 0 w0 0 E
Zreal (@) Zreal (@)

20, (@0

1974 -,
0. [ L

991
150-
a8
1018
0.
2031

F 2588
3 o

PMSIS01  GPMSLS0 PuSIs0:1 Coss01





media/file6.png
