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Abstract

:

All-solid-state lithium-ion batteries (ASSLBs) have recently received significant attention due to their exceptional energy/power densities, inherent safety, and long-term electrochemical stability. However, to achieve energy- and power-dense ASSLBs, the cathode composite electrodes require optimum ionic and electrical pathways and hence the development of electrode designs that facilitate such requirements is necessary. Among the various available conductive materials, carbon black (CB) is typically considered as a suitable carbon additive for enhancing electrode conductivity due to its affordable price and electrical-network-enhancing properties. In this study, we examined the effect of different weight percentages (wt%) of nano-sized CB as a conductive additive within a cathode composite made up of Ni-rich cathode material (LiNi0.8Co0.1Mn0.1O2) and solid electrolyte (Li6PS5Cl). Composites including 3 wt%, 5 wt%, and 7 wt% CB were produced, achieving capacity retentions of 66.1%, 65.4%, and 44.6% over 50 cycles at 0.5 C. Despite an increase in electrical conductivity of the 7 wt% CB sample, a significantly lower capacity retention was observed. This was attributed to the increased resistance at the solid electrolyte/cathode material interface, resulting from the presence of excessive CB. This study confirms that an excessive amount of nano-sized conductive material can affect the interfacial resistance between the solid electrolyte and the cathode active material, which is ultimately more important to the electrochemical performance than the electrical pathways.
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1. Introduction


Lithium-ion batteries (LIBs) have found extensive use in many modern commercial applications, ranging from portable and mid-sized electronic devices like mobile phones and laptops to larger systems like electric vehicles (EVs) and stationary energy storage units [1]. Their popularity can be attributed to their exceptional specific energy and energy density, long-lasting cycle performance, extended shelf life, and minimal self-discharge, making them suitable for diverse applications [2]. However, the technology is plagued by concerning safety issues, often arising from the use of liquid electrolytes that rely on highly volatile and flammable organic solvents. These issues are major barriers for the market expansion of LIBs, as they hinder the performance potential and limit the general adoption of EVs [3,4,5]. Hence, recent research is increasingly focused on all-solid-state lithium-ion batteries (ASSLBs), which not only have enhanced theoretical energy/power densities but also address these long-term safety, and electrochemical and thermal stability issues [6,7]. The growing enthusiasm for ASSLBs research stems from the remarkable advancements made in sulfide solid electrolytes (SSEs) [7]. The development of SSEs with ion conductivities similar to those of liquid electrolytes, and in some cases even surpassing them, has been achieved [8]. ASSLBs, which comprise a cathode material, an SSE, and a high-capacity anode material have garnered considerable attention [9,10]. These batteries offer the potential for increased energy density and enhanced safety performance, making them appealing alternatives to traditional LIB systems.



This rapid shift in research towards ASSLBs underscores the desire for improved energy densities, which is further exemplified by the movement towards the application of high-capacity cathode materials [11,12]. Although LiCoO2 cathode material initially played a pivotal role in the commercialization of LIBs, its practical capacity is limited to 140~150 mAh/g within the 3.6–4.2 V voltage range, which is significantly lower than theoretical capacity of 274 mAh/g. This comes as a result of severe structural stress at higher operating voltages [13,14]. Surface modification and bulk doping have been attempted as a means to allow for the application of higher cut-off voltages, but further research is still required before this can be effectively implemented [15]. As a result, Ni-rich layered compounds (LiNi1−x−yMxMyO2, M = Co, Mn) have gained the main share of attention over the past decade, highlighting a shift towards a more focused exploration of Ni-rich cathode materials [11,16].



Although the specific capacity increases with the Ni content of the cathode material, the electrical conductivity of the material decreases simultaneously [17]. Therefore, when using Ni-rich cathodes, it is crucial to design an electrode with a well-formed electron transfer network to address the limited high-power density [18]. Given that cathode materials typically have electrical conductivity in the range of approximately 10−5 to 10−6 S/cm [17], cost-effective carbon materials, valued for their affordability, low weight, and significantly superior electrical conductivity, have been introduced as conductive additives in the electrode. These carbon materials, including carbon black (CB) [16], carbon nanotubes (CNTs) [18], graphene [19], and carbon nanofibers (CNFs) [20], have been incorporated with the aim of enhancing the cathode electrode’s capability to effectively manage high charging and discharging rates (Table S1).



To enhance the lithium ion conductivity of the cathode electrode in ASSLBs, 20–40 wt% micron-sized solid electrolyte (SE) is typically incorporated, while the conductive additive is kept at approximately 5 wt% to maintain suitable electrical conductivity [21]. Initially, carbon black (CB) was applied as the conductive additive in ASSLBs, partially due to its affordability [22,23]. However, recent research suggests a shift to the application of carbon nanofibers (CNFs) as the conductive additive in ASSLBs [9,10], which differs from the prevalent application of CB in LIBs. The primary reason behind this shift to using carbon nanofibers (CNFs) as a conductive additive in ASSLBs is their compatibility with SSEs, while the exact reasons for avoiding carbon black (CB) as a conductive additive in ASSLBs remain somewhat unclear. Previous research has extensively covered the interfacial reactions between the solid electrolyte and the carbon black [24,25]. Studies regarding the introduction and analysis of a variety of carbon materials have also been conducted in order to determine which structural and chemical properties of these materials are most likely to result in such reactions [26]. It was concluded that conductive material, in general, is an issue in ASSLBs and that any electron carrier degrades the solid electrolyte, regardless of the form or type of carbon applied [27,28,29]. These interfacial issues between CB and SSE have been fundamentally well established; however, multiple researchers have continued to use CB as a primary carbon additive material and have achieved good results through modifications of the active material [23,29,30,31]. Due to this continued application, further research on understanding the degradation mechanisms of cathode composites including CB is required. This can begin with gaining an understanding of the dispersion, distribution and location of the carbon black material in the cathode composite electrode and how this may affect the overall electrochemical performance.



In this study, electrodes with various weight percentages of nano-sized CB as a conductive additive were fabricated and an analysis of the electrochemical performance was conducted with a focus on the interfacial resistance. To fabricate the cathode electrode, Ni-rich cathode material (LiNi0.8Co0.1Mn0.1O2), solid electrolyte (Li6PS5Cl argyrodite), and CB were mixed and pressed to form pellet-type electrodes. The electrodes were prepared with different CB wt% ratios, reducing the proportion of cathode materials in the composite in proportion to the increasing conductive additive content, while fixing the wt% of the solid electrolyte. The CB showed a uniform distribution throughout the electrode not only around the cathode material but also in close proximity to the solid electrolyte, as confirmed through SEM analysis. Moreover, as the wt% of CB increased (3 wt%, 5 wt%, and 7 wt%), the amount of CB distributed within the electrode naturally increased along with the proportion of CB located near the solid electrolyte. During the initial charge–discharge at 0.05 C (1 C = 200 mA/g), the discharge capacities for electrodes with 3%, 5%, and 7% CB were similar, measuring 185.4, 187.8, and 189.5 mAh/g, respectively. However, after 50 charge–discharge cycles at 0.5 C, the capacity retentions for the electrodes with 3% and 5% CB were 66.1% and 65.4%, respectively, whereas the 7% CB electrode exhibited a much lower cycle retention of 44.6%. This decrease was attributed to the increased interfacial resistance between the solid electrolyte and cathode materials during the cycling process, as confirmed through electrochemical impedance spectroscopy (EIS) analysis.




2. Experimental Materials and Methods


2.1. Synthesis of NCM811


A transition metal ion ratio of 8:1:1 (Ni:Co:Mn) was maintained, and nickel sulfate (NiSO4·6H2O), cobalt sulfate (CoSO4·7H2O), and manganese sulfate (MnSO4·2H2O) were added to a deionized water solution, at a metal-ion concentration of ~0.56 mol/L. In a continuously stirring tank reactor (CSTR), the solution was stirred with a precipitator solution (NaOH) at concentration 1 mol/L. An ammonia solution (0.5 mol/L) buffering agent was also added continuously at this point under N2 conditions. A pH of between 10.5 and 11.5 was maintained the entire time, with the temperature of reactor being maintained at 50 °C. The reaction proceeded for 24 h until the precursor particle of Ni0.8Co0.1Mn0.1(OH)2 was precipitated. The particles were washed and dried for 24 h before being mixed with LiOH·H2O at a molar ratio of 1:1.03 and preheated at 500 °C for 5 h to melt the lithium precursor before directly being increased to a calcination temperature of 800 °C for 15 h.




2.2. Material Characterization Method


Scanning electron microscopy (SEM) TESCAN (VEGA II LSU) was used to assess the composite morphology in the backscattered electron (BSE) mode. The pellets that were analyzed using SEM were made using the standard cathode composite method outlined below, with a pellet mass of 0.05 g. This was then pressed in a hydraulic press at a pressure of 15 MPa for 12 s to form a disc-like pellet that would be structurally robust during analysis. The pellets were formed in the cell, and they were then removed intact from the cell unit before SEM analysis.




2.3. Coin Cell Fabrication Method of ASSLBs


The NCM811:SE:CA (CA = Super-C) composite ratio was altered to suit the carbon additive weight percent of the particular experiment. For the 3, 5, and 7 wt% samples, the ratios were at 70:27:3, 68:27:5, and 66:27:7, respectively. For the standard cell measurements, NCM811 (0.168 g) was weighed into a mixing mortar with LPSCl solid electrolyte (0.072 g). The samples were mixed until uniform (~10 min). Carbon black (Super-C) (0.024 g) was added and mixed until uniform (~10 min). The same mixing process was maintained despite changes in the composition.



The coin cells were made up of 0.015 g of the cathode composite outlined above as the positive electrode, a 0.15 g layer of LPSCl as the solid electrolyte separator, and 0.35 g of lithium/indium/SE (1:3.2:0.8) composite counter/reference electrode with the respective counter electrode components being at 20 wt%, 64 wt%, and 16 wt%, respectively. The separator layer of the solid LPSCl electrolyte was pressed for 12 s at a pressure of 10 MPa in the central component of the coin cell to form a robust pellet-type separator. Positive electrode material was added to the top of the separator layer carefully, and the cathode electrode cap was placed above and twisted to ensure that the electrode material was well dispersed at the surface. The counter electrode lithium–indium anode material was added to the negative electrode side. A current collector (Ni foil) was then inserted on top of the counter electrode to protect the cell. The entire cell was pressed at 40 MPa.




2.4. Electrochemical Characterization Method


Cell cycling analysis was conducted at a standard temperature of 30 °C. The C-rate for the formation step was 0.05 C (1 C = 200 mA/g). The C-rate for the cycling steps was 0.5 C. The voltage range was maintained between 2.5 and 4.3 V vs. Li/Li+. The cell was allowed to reach a uniform temperature of 30 °C through resting in the battery cycler for 10 h before the analysis began.



The DC polarization analysis was conducted with a standard cathode pellet at a weight of 0.1 g after pressing at 50 MPa for 4 min. The analysis was conducted by holding the cell at a voltage of 50 mV for 1 h, followed by −50 mV for 1 h, and measuring the current throughout this time to the point where the current reached its plateau [32]. The resistance was then calculated using V = IR, followed by the electrical conductivity, applying methods previously outlined for calculating conductivities through pellets [33].



The electrochemical impedance spectroscopy (EIS) measurements were conducted using the standard cell set-up outlined for the galvanostatic cycling measurements, with the exact composite method and process method as outlined above. The analysis was conducted in the frequency range of 0.1 Hz to 100 kHz.





3. Result and Discussion


When fabricating the composites using nano-sized CB as a conductive additive, a constant ratio of solid electrolyte was maintained by ensuring that the total weight of the CB and NCM811 cathode material totalled 73 wt%. Accordingly, for composites containing 3, 5, and 7 wt% CB, the NCM811 cathode material was adjusted to 70, 68, and 66 wt%, while the solid electrolyte remained at 27 wt%. We prepared three type of composites, which were subsequently formed into pellets under an applied pressure of 40 MPa. The pellets were analyzed using scanning electron microscopy (SEM) in backscattered electron (BSE) mode to examine the distribution and positioning of CB within the composites. In BSE mode, heavier elements appear relatively bright, while lighter elements appear relatively dark. As a result, the cathode material appeared relatively bright, the solid electrolyte appeared relatively dark, and the carbon appeared the darkest; hence, all were clearly distinguishable. Figure 1a–c show that the conductive additives were uniformly distributed within the composites throughour the mixing process, regardless of the wt%. Furthermore, as the CB composition increased from 3 wt% to 5 wt% and 7 wt%, the area covered by CB also increased relatively. A zoomed-in view of the SEM images (Figure 1d–f) provided a clearer insight into the location of CB within the composites. We marked CB, NCM811 active material particles, and SSE particles with white, green, and orange arrows, respectively. It was evident that CB was positioned not only between NCM811 particles but also between NCM811 and SE. This can be observed clearly in the image-processed SEM images (Figure S1). Moreover, the proportion of CB adhered to the surfaces of SE and NCM811 increased with the increase in the wt% of CB. In particular, composites containing 7 wt% CB exhibited a substantial amount of CB adherence at the surface of both SE and NCM. This contact of the NCM and CB may be beneficial to the conductive network and generally works to improve the overall cell performance; however, the relatively unavoidable and simultaneous CB contact with SE is a negative factor. As discussed, the direct barrier resulting from the CB dispersion affects the ion movement from SE to NCM. Additionally, the CB, with its high relative voltage as the composite’s primary electron carrier, likely degrades the solid electrolyte and cause irreversible capacity fade. Determining the importance of these positive and negative factors by controlling the CB wt% within the composite can provide researchers with great insight into the limiting conductivity factor within cathode composites.



The electrochemical properties of the three composites were evaluated in the ASSLB configuration. The composite wt% of the CB conductive additive was altered to compare the initial charge/discharge capacity and cycle performance, with LiNi0.8Co0.1Mn0.1O2 as the composite cathode material. As shown in Figure 2a, when 3 wt% CB was used as the conductive additive and the composite was charged/discharged at 0.05 C (1 C = 200 mA/g), the resulting charge capacity was 240.7 mAh/g, and the discharge capacity was 185.4 mAh/g, giving an initial Coulombic efficiency (ICE) of 77.0%. For the composite made with 5 wt% CB, the charge capacity was 234.6 mAh/g, the discharge capacity was 187.8 mAh/g, and the initial efficiency was 80.1%. In the case of the composite with 7 wt% CB, it exhibited a charge capacity of 242.9 mAh/g, a discharge capacity of 189.5 mAh/g, and an initial efficiency of 78.0%. Regardless of the wt%, the charge capacity ranged from 234 to 243 mAh/g, and the discharge capacity ranged from 185 to 189 mAh/g, showing relatively similar charge/discharge capacities at a 0.05 C rate. A sample with 0 wt% CB was also analyzed; however, the voltage was continuously unstable (Figure S2). Upon examining the zoomed-in initial charge voltage profile (Figure 2b), it was evident that the composite with 3 wt% CB reached the typical charge potential associated with the cathode material (~3.6 V vs. Li/Li+) earlier along the x-axis (capacity) compared to the other composites. This initial charging capacity in the lower regions of the y-axis represents the irreversible capacity associated with the oxidation of the solid electrolyte, which appears to be related to the wt% of the CB conductive additive. These reactions in the cathode form reaction products that result in poorer cathode composite performance [28,34]. These results can be easily explained if both the electrical conductivity network and the side reactions between the CB and SE are considered. Both of these can be assumed to change as a direct result of the distribution of the CB throughout the composite. The lower ICE of the 3 wt% sample could be attributed to the electrically isolated active material due to the poor electrical network. Conversely, the lower performance of the 7 wt% sample could be attributed to the great distribution of CB within the cathode composite and to the resulting side reactions between the CB and the SE, as shown in Figure 2b. This suggests that without the capacity attributed to the oxidation of the SE, the 5 wt% and 7 wt% composites would exhibit very similar performance, meaning that the electrical conductivity network was likely satisfied at 5 wt% CB when formations occurred at these low rates. Figure 2c shows the discharge capacity and Coulombic efficiency over 50 cycles at a charge/discharge rate of 0.5 C. In the case of the composite with 3 wt% CB, the initial cycle’s discharge capacity was 145.1 mAh/g. It retained a capacity of only 95.9 mAh/g by the 50th cycle, resulting in a retention rate of 66.1% after 50 cycles, which was the highest among the tested composites. This result suggests that the high rate performance could be attributed to the ionic kinetics of the cathode composite, which would be directly related to the distribution of the CB and the associated side reactions between the CB and the solid electrolyte. Subsequently, the composite with 5 wt% CB exhibited electrochemical performance similar to that of the composite with 3 wt% CB (Table 1). This suggested that the maintenance of the ionic pathways, which is required for good cycling stability of the cell, was satisfied at 5 wt% CB. Lastly, for the composite with 7 wt% CB, the initial cycle discharge capacity was the highest among the three types at 153.5 mAh/g. However, its discharge capacity dropped to 68.4 mAh/g, resulting in the lowest retention rate of 44.6% among the three types. This suggests that low interfacial resistance is significantly more important than the electrical conductivity network. This additionally suggests that the side reactions are not the only factor affecting the kinetics of the cathode composite and that the distribution and physical barrier effects of the carbon additives are clearly playing additional roles. Table S2 further evidences this point, with the irreversible capacity of the 1st, 10th, 20th, 30th, 40th, and 50th cycles clearly showing that the irreversible capacity of these cycles followed the general trend of 7 wt% CB > 3 wt% CB > 5 wt% CB. This verified that a certain portion of the irreversible capacity observed in the 3 wt% sample arose from the electrical isolation of the active material, whereas the 7 wt% sample likely owed its greater irreversible capacity to capacity lost to side reactions with the SE and the distribution of CB within the cathode composite. Interestingly, the 5 wt% sample appeared to have the lowest irreversible capacity and hence the highest coulombic efficiency at the selected cycles, and to have good electrical conductivity and few interfacial reactions with the SE.



When manufacturing these composites, an equal amount of solid electrolyte was used in all three composites, ensuring similar ionic conductivity within the composites. However, the composite with 7 wt% CB showed the lowest retention rate despite it having superior electrical conductivity due to having the highest carbon additive content. When conducting potentiostatic measurements using ion-blocking electrodes on either side, the electrical conductivities for each of these composites were 11.94 × 10−3 S cm−1, 16.4 × 10−3 S cm−1, and 20.94 × 10−3 S cm−1, respectively (Figure 3a,b). As expected, the composite with 7 wt% CB exhibited the highest electrical conductivity. Despite having high electrical conductivity, the lower cycling performance suggested that an excessive amount of the conductive additive may obstruct lithium-ion pathways, resulting in decreased ionic conductivity and, consequently, reduced overall performance. This approach aligns with the analysis from the SEM images in Figure 1, where an excessive amount of carbon additive was observed to be located between the solid electrolyte and cathode materials, potentially hindering ionic movement across the interface.



To evaluate the influence of conductive additives on the impedance between the cathode electrode and solid electrolytes (SEs) during charge–discharge cycles, electrochemical impedance spectroscopy (EIS) tests on composites with 3, 5, and 7 wt% CB were conducted. These tests were conducted both immediately after the formation cycle (Figure S3, Table S3) and after 50 cycles (Figure 4), as is common practice in previous research [35,36,37]. The Nyquist plots display semicircles observed at high frequencies (HFs) and intermediate frequencies (IFs) and a line at low frequencies (LFs), corresponding to the impedance of the solid electrolyte interface (RGB), the interfacial and charge transfer impedance between the cathode materials and solid electrolyte (RCT+SEI), and the Warburg impedance, respectively [38]. The intersection of the high-frequency curve with the Zre axis indicates the bulk impedance (Rbulk) of the solid electrolyte [39,40]. The Rbulk values of the composites with 3, 5, and 7 wt% CB were 27.41 Ω, 33.90 Ω, and 43.25 Ω after 50 cycles, respectively (Figure 4). This corresponds to a fairly consistent increase from the 3 wt% sample to the 5 wt% and 7 wt% samples. This indicates that the overall lithium ion conductivity of the SEs in the composite changes over cycling, confirming that the introduction of greater amounts of CB results in greater side reactions with the SE and causes high-resistance compound formation [41,42]. The RCT+SEI values of the composites made with 3, 5, and 7 wt% of CB were 250.8 Ω, 286.8 Ω, and 399.5 Ω, respectively, after 50 cycles. As the wt% of CB increased, the interfacial resistance also increased (Table 2). Considering the analysis of the composite morphology from the SEM analysis in Figure 1, it was determined that an excessive amount of nano-sized conductive additives within the composite tended to be located between SE and cathode materials, leading to an increase in interfacial resistance. Additionally, an increase in the solid electrolyte interface layer, due to the side reactions between the CB and the solid electrolyte, was attributed to the interfacial resistance encompassed by RCT+SEI.



To investigate the difference in cycling performance attributed to the increased interfacial resistance at the SE–cathode interface, the 0.5 C charge–discharge profiles were examined. Among the composites with 3 and 5 wt% CB, the cycle evaluation profiles appeared relatively similar (Figure 5a,b), whereas the composites fabricated with 7 wt% CB exhibited distinctive variations in the profile (Figure 5c). The composite with 7 wt% CB showed a distinguishably larger polarization at the initial point of discharge and exhibited larger overpotential during the cycling compared to those composites prepared with 3 or 5 wt% CB, as indicated by the long constant-voltage (CV) charge stage. This long CV stage is typically associated with large internal resistance, which can be attributed to electrical network or large ionic interfacial resistance [21,43]. This long CV state typically corresponds to a poor CE, as evidenced in Table S2, with 3 wt% CB, 5 wt% CB, and 7 wt% CB having average CEs of 95.95%, 96.15%, and 94.68%, respectively. Additionally, the IR drop exhibited at the point of discharge can also be a significant indicator of increased internal resistance in the charged state [44,45]. Since the 7 wt% CB cell had the most conductive additive present in the cathode composite, it is unlikely that this would have occurred due to a large electrical resistance, so it is more likely that this could be attributed to ionic resistance arising from the distribution of the CB and the degraded solid electrolyte. The increased interfacial resistance caused by the positioning of CB between the SE and cathode materials evidently accelerated cell degradation, particularly at the higher C-rate where ionic conductivity becomes a major limitation [46].




4. Conclusions


In conclusion, this study examined the distribution of a nano-sized conductive material, CB, within the ASSLB cathode composite and assessed the electrochemical performance by altering the CB ratio in the composite. Composites with 3, 5, and 7 wt% of CB were considered, along with 70%, 68%, and 66% of the cathode materials, respectively. In all cases, the total weight percentage of the conductive materials and cathode materials remained at 73%, with the remaining 27% was composed of solid electrolyte. The results of electrochemical analysis indicated that composites with 3% and 5% CB exhibited similar electrochemical performance. However, the composite containing 7% CB exhibited a noticeable decline in cycle stability over 50 cycles. Although the increase in CB content, in the case of the composite with 7 wt% CB, led to enhanced electrical conductivity in the composite, it also resulted in a higher quantity of CB situated between the SE and cathode active materials, thereby increasing the interfacial resistance at the SE–cathode interface (Figure 6 and Figure S4). As a result, significant overpotential and polarization were observed during the 50-cycle charge–discharge process. These findings suggest that an excessive amount of nano-sized CB conductive material can affect the interfacial resistance between the SE and cathode active material, ultimately leading to a decrease in electrical performance.
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Figure 1. Scanning electron microscopy (SEM) images of the surface of (a) 3 wt%, (b) 5 wt%, and (c) 7 wt% carbon black (CB) composites after pelletizing, and the corresponding zoomed-in images of these samples (d–f), respectively. 
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Figure 2. (a) Electrochemical performance of 3 wt%, 5 wt%, and 7 wt% CB composites for the formation (initial charge–discharge) voltage profiles in the voltage range of 2.5–4.3 V at 0.05 C; (b) zoomed-in initial voltage profiles at 0.05 C (c) following cycle performance and coulombic efficiency at 0.5 C. 
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Figure 3. (a) DC polarization (I–V analysis) at 30 °C and (b) calculated electronic conductivity of composite with 3, 5, and 7 wt% of CB. 
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Figure 4. Nyquist plots (0.1 Hz–100 kHz) and their fittings for (a) 3 wt%, (b) 5 wt%, and (c) 7 wt% CB composites comparing results obtained after 50 cycles at 0.5 C. 
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Figure 5. Charge–discharge voltage profiles of composites with (a) 3 wt%, (b) 5 wt%, and (c) 7 wt% CB at 0.5 C cycling in the voltage range of 2.5–4.3 V at 30 °C. The curves were created using the rate data in Figure 2c. 
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Figure 6. Scheme of the electrical conductivity of the cathode electrode and ionic resistance between cathode materials and solid electrolyte after fabricating a composite using nano-sized carbon black as a conductive material. 
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Table 1. Initial charge–discharge capacities and initial coulombic efficiencies (ICEs) of 3 wt%, 5 wt%, and 7 wt% CB composites conducted at 0.05 C. Cycle charge and discharge capacities of the 1st and 50th cycles and capacity retentions over 50 cycles conducted at 0.5 C.






Table 1. Initial charge–discharge capacities and initial coulombic efficiencies (ICEs) of 3 wt%, 5 wt%, and 7 wt% CB composites conducted at 0.05 C. Cycle charge and discharge capacities of the 1st and 50th cycles and capacity retentions over 50 cycles conducted at 0.5 C.














	
	Charge

Capacity

(mAh/g)
	Discharge

Capacity

(mAh/g)
	ICE

(%)
	Discharge Capacity

@ 1st (mAh/g)
	Discharge Capacity

@ 50th (mAh/g)
	Capacity Retention

@ 50th (%)





	3 wt% CB
	240.7
	185.4
	77.0
	145.1
	95.9
	66.1



	5 wt% CB
	234.6
	187.8
	80.1
	148.6
	97.1
	65.4



	7 wt% CB
	242.9
	189.5
	78.0
	153.5
	68.4
	44.6










 





Table 2. Solid electrolyte bulk resistance (Rb), cathode electrolyte interphase resistance (RGB), and charge transfer resistance (RCT) of 3 wt%, 5 wt%, and 7 wt% CB composites after the 50th cycle at 0.5 C determined via electrochemical impedance spectroscopy (EIS).
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Sample

	
Rbulk

(Ω)

	
RGB

(Ω)

	
RCT + SEI

(Ω)






	
After

50th cycle

	
3 wt% CB

	
27.4

	
56.8

	
250.8




	
5 wt% CB

	
33.9

	
56.0

	
286.8




	
7 wt% CB

	
43.3

	
59.9

	
399.5
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