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Abstract

:

The aqueous processing of cathode materials for lithium-ion batteries (LIBs) has both environmental and cost benefits. However, high-loading, water-based electrodes from the layered oxides (e.g., NMC) typically exhibit worse electrochemical performance than NMP-based electrodes. In this work, primary, binary, and ternary binder mixtures of aqueous binders such as CMC, PAA, PEO, SBR, and Na alginate, in combination with bare and C-coated Al current collectors, were explored, aiming to improve the rate capability performance of NMC811 electrodes with high areal capacity (≥4 mAh cm−2) and low binder content (3 wt.%). Electrodes with a ternary binder composition (CMC:PAA:SBR) have the best performance with bare Al current collectors, attaining a specific capacity of 150 mAh g−1 at 1C. Using carbon-coated Al current collectors results in improved performance for both water- and NMP-based electrodes. This is further accentuated for Na-Alg and CMC:PAA binder compositions. These electrodes show specific capacities of 170 and 80 mAh g−1 at 1C and 2C, respectively. Although the specific capacities at 1C are comparable to those for NMP-PVDF electrodes, they are approximately 50% higher at the 2C rate. This study aims to contribute to the development of sustainably processed NMC electrodes for high energy density LIBs using water as solvent.
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1. Introduction


Research efforts in the last three decades have resulted in a steady increase in the performance (energy, safety, and stability) of Li-ion batteries (LIBs), leading to their integration into electric vehicles (EVs). Car manufacturers have increased the number of EVs in their fleet and successfully introduced them into the mass market, with 200 million EVs expected to be sold by 2030 [1]. In such a fast-growing, competitive market, the cost and the environmental impact of LIB production play a major role. A crucial step in battery manufacturing is the processing of anode and cathode active materials to produce electrode coatings [2,3]. While commercial anode electrodes (i.e., based on graphite or silicon–graphite) are already produced using water as a solvent combined with water-based binders, cathode electrodes (i.e., based on LiNixMnxCoxO2 (NMC), LiNi0.5Mn1.5O4 (LNMO), etc.) are still largely processed using organic solvents, specifically N-methyl-2-pyrrolidone (NMP) with poly(vinylidene difluoride) (PVDF) as the binder. The NMP-PVDF combination has many disadvantages. Firstly, the PVDF binder is considerably more expensive than water-soluble binders and is not easy to dispose of at the end of the battery life [4].



Indeed, PVDF has raised environmental concerns primarily due to its high fluorine content and the fact that PVDF is not readily biodegradable. During manufacturing, use, and disposal, fluoropolymers such as PVDF may release perfluorinated compounds (PFCs) into the environment, which are known for their bioaccumulation and toxic properties [5]. Also, fluoropolymers have recently been included in a restriction proposal within the European Union. Secondly, NMP is costly and toxic [4], and its higher boiling point than water results in larger energy consumption during the electrode drying step [6]. Furthermore, NMP is a volatile organic compound (VOC) and needs solvent recovery at a commercial scale, making the electrode manufacturing process very expensive [7].



On the other hand, water-soluble binders such as Na-carboxymethylcellulose (Na-CMC), styrene-butadiene rubber (SBR), polyacrylic acid (PAA), and Na alginate are not only cheaper but also easier to recycle [4]. Additionally, the use of water as a solvent removes the need for solvent recovery [6]. It is then clear that switching to water-based processing for cathode materials will also decrease the cost and improve the sustainability of LIB production. However, aqueous cathode processing has many challenges. Firstly, the cathode active material is unstable in water due to the leaching of Li+ ions and Li+/H+ ion exchange. This causes changes on the surface of the active material (i.e., the formation of LiOH surface impurities and Li- and oxygen-depleted surface layers, as well as the phase transitions of near-surface layers [8]) and gives rise to solutions with very high pH values (~12) [9,10]. In turn, the high pH leads to the corrosion of the current collector and bubble evolution during the coating process [11]. Consequently, the electrodes usually show cracks and pinholes [11]. Secondly, the high surface tension of water produces a high capillary pressure during drying [12], which once again leads to crack formation and poor electrode flexibility. These issues are even more enhanced for thick coatings, which are needed to achieve high energy density cells. Therefore, the electrochemical performance of water-based cathode electrodes is generally poorer than those processed using NMP [10,12].



Various approaches have been investigated to overcome these issues. Leaching can be compensated with novel cell architectures such as the reserve LIBs [13]. With respect to the slurry, while the pH can be easily controlled and lowered below the Al corrosion threshold through the addition of acids [14,15,16], coping with the high surface tension of water, due to being an intrinsic property, requires more effort in finding the right inactive slurry components (i.e., type of conductive carbon [11,17], binder [18,19,20,21,22,23,24], co-solvents such as alcohols [12,18], etc.) and slurry formulation (i.e., ratio and amount of the slurry components [18,20,22,25]), which results in a homogeneous, flexible and defect-free coating with good electrochemical properties.



Although the binder is an inactive component in slurry and electrode formulations, it performs a very important role as it ensures the interconnection and electronic contact between the active material and conductive carbon particles, provides adhesion to the current collector, and promotes electrode flexibility [26,27]. While PVDF is the main option for NMP-based slurries, especially at an industrial scale, there are several binder choices for aqueous cathode slurries. Therefore, binder selection is crucial for determining the mechanical properties and electrochemical performance. This becomes even more important for high areal loading/capacity electrodes (≥20 mg cm−2, ≥4 mAh cm−2), which are required for practical applications. However, most of the reports investigating water-based binders usually include low areal loading/capacity electrodes (5–10 mg cm−2 1–2 mAh cm−2) [15,21,22,24,28,29], which are relevant only for lab-scale experiments.



Another inactive electrode component that plays a crucial role in influencing the performance of aqueous slurries is the Al current collector. Indeed, it has been shown that the utilization of carbon-coated Al current collectors reduces corrosion [30,31] and indirectly improves the electrode quality by decreasing the number of electrode defects during and after processing. Furthermore, the chemical interaction between the carbon coating layer and water-based binders such as CMC [32] resulted in improved electrochemical performance.



To the best of our knowledge, a systematic study on the influence of the binder, including binder–current collector interactions, on the rate capability of high-areal-capacity NMC electrodes is lacking. Therefore, in this work, NMC811 electrodes with commercially relevant areal capacity (~4 mAh/cm2), high active material content (>90 wt.%), and low binder amount (3 wt.%) were produced through aqueous processing. Our goal was to understand the influence of different parameters such as the type of binder, the binder mixture, and the binder–current collector combination on the electrochemical performance, with a particular focus on improving the rate capability. By varying the above-listed parameters, we were able to determine the best binder mixture–current collector combination to achieve comparable and in some specific cases better performance than the PVDF-based electrodes of similar areal capacity.




2. Materials and Methods


2.1. Materials


The following materials were used for the electrode preparation: NMC811 (T81RX, d90 = 20.7, SBET = 0.35 m2 g−1, Targray, Kirkland, Canada); “C-NERGY” SuperC45 conductive carbon (average particle size = 37 nm, SBET = 45 m2 g−1, Imerys Graphite and Carbon, Bironico, Switzerland); sodium carboxymethyl cellulose (CMC, M.W. 250 k, degree of substitution 0.9, Sigma-Aldrich, St. Louis, MO, United States); polyacrylic acid (PAA, M.W. 450 k, Sigma-Aldrich, St. Louis, MO, USA); phosphoric acid (H3PO4, Sigma-Aldrich, St. Louis, MO, USA); polyethylene oxide (PEO, M.W. 600 k, Acros Organics, Geel, Belgium); styrene-butadiene rubber (SBR, TRD104A, ENEOS Materials, Leuven, Belgium); sodium alginate binder (Sigma-Aldrich, St. Louis, MO, USA); and PVDF 5120 (Solef® PVDF, Solvay SA, Brussels, Belgium). All materials were used as received unless stated otherwise.




2.2. Electrode Preparation


A summary of the electrodes investigated, along with the nomenclature used in this paper, is presented in Table 1. Electrode slurries were prepared in batches of 5 g. The weight ratios of active and inactive components, i.e., NMC811:SuperC45:binder, were kept constant at 92:5:3 for all electrodes.



In a standard preparation, the binder was initially dissolved in the solvent. A water–isopropanol mixture of 80:20 wt.% [12] was used for all the binders except for CMC:SBR, in which only water was used, and except for PVDF, in which NMP was used. After this dissolution process, the SC45 conductive additive was added and blended with the binder solution for 2 min. Then, H3PO4 was added and stirred for 1 min. In the last step, NMC811 was added, and the slurry was homogenized for 2 min. A total of 0.16 mmol of H3PO4 per 1 g of NMC811 was added prior to the addition of NMC to control the pH value throughout the mixing process. The amount of solvent was adjusted to achieve a solid content of 50% (45% for Na alginate). The stirring was performed with a turbo-stirrer (Ultra-Turrax T18, IKA, Staufen, Germany) at 16,000 RPM. After 1 h of degassing on a roller–mixer, the pH was measured (SevenCompact S210, Mettler-Toledo, Greifensee, Switzerland) just before coating the slurry onto the current collector. The pH values were always below the threshold of 9.0 to prevent the corrosion of the Al current collector [33]. The slurries were then cast onto either an aluminum current collector (Al-CC) (15 µm, MTI corporation, Richmond, CA, USA) or a carbon-coated aluminum current collector (C-coated Al-CC) (20 µm + 1 µm carbon, Cambridge Energy Solutions, Cambridge, UK) using the doctor-blade technique. The cast electrode sheets were dried under vacuum at 80 °C overnight. The electrodes had an average areal loading of 20.5 ± 1.0 mg/cm2 and were calendared to a density of 3.1 ± 0.1 g/cm3.



Circular electrodes of 15 mm diameter were punched out and re-dried overnight using a Büchi® glass oven at 120 °C under vacuum to remove any remaining traces of water.




2.3. Electrochemical Characterization


The electrodes were assembled in an argon-filled glove box (<0.1 ppm H2O and <0.1 ppm O2) into coin-type cells with metallic lithium (≥99.9%, thickness 0.75 mm, Alfa Aesar, Ward Hill, MA, USA) as a counter electrode and a glass fiber separator. The electrolyte used in this study was 1 M LiPF6 comprising ethylene carbonate (EC)–ethyl methyl carbonate (EMC) (3:7 vol.%) + 2 wt.% vinylidene carbonate (VC) (Solvionic, France). The electrochemical measurements were carried out with a battery cycler (Maccor series 4000, Tulsa, OK, USA) at 25 °C. The rate capability tests were performed by changing the current rate every five cycles according to the following constant current–constant potential (CCCP) cycling procedure: C/10 (charge)-C/10 (discharge), C/5-C/5, C/4-C/4, C/4-C/3, C/4-C/2, C/4-1C, C/4-2C, C/4-4C, and C/10-C/10, for a total of 45 cycles. A constant potential (CP) step with a limit set to 10% of the current rate of the specific cycle was applied at the end of the charge. The current rate was calculated based on a theoretical specific capacity of 200 mAh g−1 for NMC811. The potential cut-off limits were set to 3.0 V and 4.3 V vs. Li+/Li. The specific capacity is presented per mass of electroactive material. To ensure reproducibility, for each given set of conditions, the data of at least two cells were taken into account, including the calculation of the standard deviation. For clarity of presentation, the average value with the standard deviation (shown as a shaded area) of only the discharge capacity is shown in the performance graphs.





3. Results and Discussion


3.1. Influence of the Binder Type


In the first step of our work, high-areal-capacity NMC electrodes were prepared with different water-based binders in a primary binder composition, i.e., using only one type of binder and maintaining the amount of binder constant to 3 wt.%.



The rate capability performance values of NMC811 electrodes with 3 wt.% PAA, 3 wt.% CMC, and 3 wt.% PEO aqueous binders coated on Al-CC are shown in Figure 1. Figure 1a includes the specific discharge capacities of the electrodes as a function of cycle number, whereas Figure 1b shows the relative capacities of the electrodes, which is defined as the percentage ratio of the discharge capacity at cycle n to the discharge capacity of the third cycle. Electrodes prepared with 3 wt.% PVDF in the NMP solvent are also shown for reference. The respective first-cycle coulombic efficiency and potential profiles are shown in Figure S1 and Figure S2, respectively.



The first-cycle coulombic efficiency for the tested electrodes varied between 87% and 89% (Figure S1, Table S1), with 3PAA/Al and 3CMC/Al showing the lowest (87.5%) and highest (89.5%) values, respectively, among the primary binder compositions coated on Al-CC. Surprisingly, 3CMC/Al electrodes had a higher first-cycle coulombic efficiency than 3PVDF/Al. At a low discharge rate of C/10, the specific capacities of the electrodes was in the order 3PVDF/Al (202 mAh g−1) > 3CMC/Al (196 mAh g−1) > 3PEO/Al (192 mAh g−1) > 3PAA/Al (186 mAh g−1). The same trend was maintained for the C/5 and C/4 rates, with a slight decrease in capacity to 94–96% of the initial value. Notably, 3PEO/Al electrodes showed a marked decrease in capacity already at C/3, which became even more pronounced at C/2, when the capacity dropped to only 70 mAh g−1. The reason for this capacity fading can be related to the poor adhesion [34] and low ionic conductivity [35] of PEO, making this binder unsuitable for high-rate applications.



The specific capacities of the 3CMC/Al, 3PAA/Al, and 3PVDF/Al electrodes were in the range of 180–190 mAh g−1 and 170–180 mAh g−1 at C/3 and C/2, respectively; therefore, they decreased to around 92–94% and 89–91% of the capacity at C/10, respectively. Increasing the current rate to 1C revealed a clear difference between the electrodes based on PVDF compared to those based on aqueous binders. Notably, 3PVDF/Al electrodes yielded around 170 mAh g−1 at 1C, whereas 3PAA/Al and 3CMC/Al electrodes yielded only around 120–130 mAh g−1 and 70–80 mAh g−1, respectively. Specifically, the 3CMC/Al electrodes rapidly lost capacity at every single cycle, similar to 3PEO/Al at 0.5C, indicating that electrode degradation might be occurring at these high rates. At 2C, even electrodes with the PVDF binder showed a considerable decrease in capacity to around 50 mAh g−1, which is attributed to the slower Li+ diffusion in high-mass loading electrodes [36]. The 3PAA/Al electrodes yielded 30 mAh g−1 at 2C, while 3PEO/Al and 3CMC/Al electrodes showed negligible capacity at this rate. The recovery cycles at C/10 after the rate capability test revealed that only 3PVDF/Al and 3PAA/Al returned to their initial capacities, while 3PEO/Al and 3CMC/Al showed rapid capacity fading. This behavior results from the high rates the electrodes experimented in the previous cycles (break out point: 0.5 C for 3PEO/Al and 1 C for 3CMC/Al) and might be related to either the loss of adhesion to the current collector or the loss of contact between active material particles and the conductive network due to binder degradation.




3.2. Influence of the Binder Mixture


While electrode formulations based on the NMP solvent only use a PVDF binder, water-based cathode slurry formulations typically, but not necessarily, include at least two binders. One is CMC, which acts as a dispersant, binder, and thickening agent to control the viscosity of the slurry, and the second or even third binder is usually chosen between different families such as polyacrylates (PAA), aromatic polymers (SBR), and polysaccharides (alginate, guar gum, etc.) [4,18,37,38]. Therefore, in the second approach, high-areal-capacity electrodes were prepared using binary and ternary binder compositions by combining CMC with either SBR or PAA in a 1:2 ratio, as well as combining these three binders together in a 1:1:1 ratio. The 1:2 ratio was chosen in accordance with previous studies on optimizing electrochemical performance [20], whereas the 1:1:1 ratio was chosen to guarantee the same amount of binder in a ternary composition. The study of different binder ratios is beyond the scope of this paper.



The electrochemical results of the tested electrodes are shown in Figure 2, and the potential profiles are presented in Figure S2. For all binder mixtures, the first-cycle coulombic efficiency of the electrodes was very similar to those for electrodes fabricated using primary binder compositions, i.e., it oscillated between 87% and 89%, with 1CMC:1PAA:1SBR/Al showing the highest CE of 89.3%. At C/10, the 1CMC:1PAA:1SBR/Al electrodes exhibited the same specific capacity as the 3PVDF–Al electrodes, while the 1CMC:2SBR/Al and 1CMC:2PAA/Al electrodes had slightly lower capacities at the same rate. The measured specific capacities on discharge followed the order 3PVDF/Al (202 mAh g−1) > 1CMC:1PAA:1SBR/Al (199 mAh g−1) > 1CMC:2SBR/Al (194 mAh g−1) > 1CMC:2PAA/Al (188 mAh g−1). Between C/5 and C/2, the discharge and relative capacity values of the electrodes prepared with ternary binder compositions were comparable to those obtained for 3PVDF/Al, reaching 180 mAh g−1 at C/2, which was 90.5% of the initial capacity. This indicates that, in terms of performance, water-based 1CMC:1PAA:1SBR/Al electrodes can compete against PVDF electrodes up to C/2 rates.



The capacities of the 1CMC:2SBR/Al and 1CMC:2PAA/Al electrodes almost overlapped from C/5 to C/3, while at C/2, 1CMC:2PAA/Al performed better, with a capacity of 169 mAh g−1 instead of 158 mAh g−1 for 1CMC:2SBR/Al. At 1C, the 1CMC:2SBR/Al electrodes performed the worst, yielding a capacity of only 70 mAh g−1, while 1CMC:2PAA/Al and 1CMC:1PAA:1SBR/Al electrodes yielded around 140–150 mAh g−1. The relative capacity of 3PVDF/Al was about 9% higher at this rate in comparison to 1CMC:2PAA/Al or 1CMC:1PAA:1SBR/Al, i.e., 85% for 3PVDF/Al vs. 76% for 1CMC:2PAA/Al and 1CMC:1PAA:1SBR/Al.



By further increasing the current rate, the capacity dropped below 50 mAh g−1 for all water-based electrodes, and it was slightly above 50 mAh g−1 for 3PVDF/Al. The recovery cycles at C/10 after the high rate test showed that all electrodes returned to about 98–99% of their initial capacity.



Summarizing the results of aqueous binders with standard Al-CC, at current rates from C/10 to C/2, 3CMC/Al and 1CMC:1PAA:1SBR/Al electrodes showed comparable rate performance, with capacities only 3–5 mAh g−1 lower than PVDF electrodes. However, at higher rates, specifically at 1C, the capacity followed the order 1CMC:1PAA:1SBR/Al > 1CMC:2PAA/Al > 3PAA/Al, with the ternary binder composition offering the highest capacity, also during recovery cycles after the 4C rate.



The best performance of the electrodes with the 1CMC:1PAA:1SBR binder, as well as the good performance of 1CMC:2PAA, can be explained by the interplay of the two following factors: (1) the combination of binders’ elastic properties and (2) binder/binder and active material/binder interactions. Regarding the former, the combination of binders typically leads to enhanced elastic properties due to the blending of the individual elastic characteristics of each binder. The combination CMC:SBR, well known for anode electrodes, offers a mix of high Young’s modulus from CMC (20–30 MPa) and high elongation at break from SBR (10–15%) [39,40]. The addition of PAA to the CMC:SBR combination for Ni-rich cathodes is, however, one of the novelties of our paper. Regarding the latter, it is known from the literature that PAA can crosslink with CMC to strengthen the connection between the two binders and improve electrochemical performance. Also, it is known that PAA can crosslink and/or interact by hydrogen bonds to the -OH groups formed on the surface of active material particles to buffer the volume expansion [41]. These interactions have already been demonstrated for Si/Si-Gr anode electrodes. During the aqueous processing of cathode materials, -OH groups are formed on the NMC surface, which is in contact with water. Therefore, hydroxyl groups are expected to interact with aqueous binders such as PAA, CMC, or alginate binders. In this regard, the combination 1CMC:1PAA:1SBR resulted in the best electrochemical performance among the water-based binder combinations on Al-CC. It is noteworthy to mention that, due to the low concentration (i.e., 3 wt.%), the binders were not visible using SEM analysis. Therefore, no conclusions could be drawn on the binders’ distribution or on their influence on the electrode microstructure.




3.3. Influence of Binder Type–Current Collector Interaction


Current collectors are indispensable components of LIBs, which connect the active materials to the external circuits. Therefore, they influence the capacity, rate capability, and long-term stability of lithium-ion batteries [42]. Specifically, carbon-coated Al current collectors are known to result in lower contact resistance and improve adhesion. In the case of water-based slurries, such current collectors are more resistant to corrosion [31]. Electrodes with 3 wt.% CMC and 3 wt.% PAA were studied in comparison to the electrodes coated on bare Al-CC. Electrodes coated with the PVDF binder also served as a reference. Due to the poor performance of electrodes with the PEO binder, we decided to disregard this electrode composition for further studies. Instead, we prepared electrodes with Na alginate, a polysaccharide binder known to perform well with both anode [43,44] and cathode materials [15,19,45]. It is worth mentioning that electrodes with 3 wt.% Na alginate coated onto bare Al-CC could not be tested because of the very poor adhesion to the current collector. The rate capability performance of the electrodes with primary binder compositions on carbon-coated Al current collectors is shown in Figure 3, and the potential profiles are presented in Figure S3. The first-cycle CE was 90.5% for 3CMC/C-Al and 91% for 3PAA/C-Al and 3PVDF/C-Al. These values were higher than those for the electrodes prepared with the same binder composition but coated on bare Al-CC. Since the CE is directly correlated to the parasitic reactions occurring within the cell, an increase in CE can be related to a decrease in the parasitic reaction between the electrolyte and the current collector, especially at high voltages, due to carbon coating as well as an improvement in corrosion resistance [46].



The 3Alg/C-Al coating configuration instead showed a first-cycle CE of 89%.



At C/10, 3PVDF/C-Al electrodes had a capacity of 209 mAh g−1, about 10 mAh g−1 higher than PVDF electrodes coated on bare Al-CC as well as 10 mAh g−1 higher than all water-based electrodes with primary binder compositions that were coated on C-coated Al-CC.



Notably, 3CMC/C-Al and 3PAA/C-Al also showed higher initial capacity than 3CMC/Al and 3PAA/Al at C/10; this is due to the lower interfacial resistance with C-Al-CC [32].



Water-based electrodes showed the same capacity between C/5 and C/2, with a decrease in capacity of 2–3% for each rate increase, leading to capacities between 182 and 184 mAh g−1 at C/2, which was ~91.5% of the initial capacity. Once the current rate was increased to 1C, the 3Alg/C-Al electrodes were the best-performing water-based electrodes, showing a capacity of 169 mAh g−1. When compared to the relative capacities of the 3PVDF/C-Al electrodes, which yielded a capacity of 176 mAh g−1, the relative capacity of the 3Alg/C-Al electrodes was found to be the same as 3PVDF/C-Al electrodes, i.e., 84%. In addition, 3CMC/C-Al and 3PAA/C-Al electrodes, with a capacity of around 160–165 mAh g−1, showed a considerable improvement in performance in comparison to the 3CMC/Al and 3PAA/Al coating configurations, highlighting once again the important contribution of the C-coated current collector in water-based slurries. Surprisingly, at 2C, the 3Alg/C-Al electrodes performed better than the 3PVDF/C-Al electrodes, yielding around 35% (70 mAh g−1) of the initial capacity.



All water- and NMP-based electrodes returned to their initial capacities during the recovery cycle at C/10. Furthermore, the capacity fading phenomenon observed for 3CMC/Al did not occur for 3CMC/C-Al, probably due to the much better adhesion of the electrode material to the current collector when a carbon coating was used. Generally, by comparing Figure 1 and Figure 3, we can conclude that a clear improvement in specific capacity occurred at all rates for all binder compositions, an indication that the C-coated current collector had an overall positive effect on the performance.




3.4. Influence of Binder Mixture–Current Collector Interaction


Electrodes with binary and ternary binder compositions coated on C-coated Al-CC were also tested and compared with PVDF electrodes on C-coated Al-CC. The first-cycle CE was 88.7% for 1CMC:2SBR/C-Al, 90.0% for 1CMC:2PAA/C-Al, and 89.5% for 1CMC:1PAA:1SBR/C-Al (Figure S1). While the C-coated Al-CC did not improve the first-cycle CE of 1CMC:2SBR/C-Al and 1CMC:1PAA:1SBR/C-Al in comparison to bare Al-CC, a considerable improvement in CE was observed for 1CMC:2PAA/C-Al, i.e., ~2.5%.



The rate capability performance is shown in Figure 4, and the potential profiles are presented in Figure S3. Similar to the electrodes with primary binder compositions, the initial specific capacity at C/10 was around 200 mAh g−1 for all binary and ternary binder composition electrodes. Specifically, 1CMC:2PAA/C-Al and 1CMC:2SBR/C-Al showed higher initial capacities than the 1CMC:2PAA/Al and 1CMC:2SBR/Al electrodes with bare Al-CC, while the 1CMC:1PAA:1SBR/C-Al and 1CMC:1PAA:1SBR/Al coating configurations showed the same capacity. Therefore, the influence of the use of carbon-coated Al current collectors on capacity was higher for binary binder combinations than for ternary combinations at low current rates.



The 1CMC:2PAA/C-Al and 1CMC:1PAA:1SBR/C-Al electrodes showed the same performance from C/5 to C/2, while 1CMC:2SBR/C-Al yielded a lower capacity at C/3 and C/2. At C/2, the capacities of 1CMC:2PAA/C-Al and 1CMC:1PAA:1SBR/C-Al were around 183 mAh g−1, which was 92% of the initial capacity, while the capacity of 1CMC:2SBR/C-Al was 170 mAh g−1, 86% of the initial one.



When the rate was increased to 1C, the best-performing water-based electrodes were 1CMC:2PAA/C-Al. These electrodes had a capacity of 172 mAh g−1, which was 86% of the C/10 capacity. A relative capacity value of 84% was instead attained for the 3PVDF/C-Al electrodes. The capacity of 1CMC:1PAA:1SBR/C-Al and 1CMC:2SBR/C-Al at 1C was 162 mAh g−1 and 73 mAh g−1, respectively. Interestingly, with bare Al-CC, the ternary binder compositions resulted in higher capacities, whereas with the C-coated Al-CC, the electrodes with a binary composition containing only CMC and PAA binders performed better. Also, the current collector did not seem to have any influence on the performance of the 1CMC:2SBR binary composition above C/10 rates since the electrodes coated on both current collectors showed very similar performance. Once the rate was increased to 2C, 1CMC:2PAA/C-Al electrodes yielded the highest capacity of 88 mAh g−1, about 30 mAh g−1 higher than PVDF electrodes, with a relative capacity of 44%.



All electrodes returned to 98–99% of the initial capacity during the final five recovery cycles at C/10. The use of C-coated Al-CC improved the performance of not only NMC electrodes with primary binder compositions but also those with binary and ternary binder compositions.



The rate capability tests of the electrodes revealed that the C-coated Al current collector affected battery performance differently when using different binder combinations. Furthermore, beyond the factors previously discussed regarding electrodes on bare Al-CC, a new factor comes into play: the interaction between C-coated Al-CC and aqueous binders. This factor is believed to be the key to explaining some performance differences.



Considering the electrodes with primary binder compositions, the main difference in performance was observed at 1C or 2C, i.e., only at high rates. The difference between 3Alg, 3PAA, and 3CMC can be related to the different functional groups of the binders and their ability to crosslink with the current collector. The specific capacities at 1C and 2C were in the order 3Alg > 3PAA > 3CMC; PAA and alginate have carboxylic groups directly connected to the backbone of the polymer. Therefore, the binder backbone in Alg and PAA is closer to the CC than for CMC, ensuring a stronger adhesion between the binder and CC. In addition, alginates, which have different spatial orientations (D-L), are expected to be more efficiently bound to the C-coated Al-CC in comparison to PAA, resulting in even better performance.



Considering instead the electrodes with secondary and ternary binder compositions, a difference in performance was also observed in these cases, mainly at higher rates, except for 1CMC:2SBR, which showed poor performance at high rates with both Al and C-Al-CC. This is probably related to the use of the SBR binder. The better performance of 1CMC:2PAA in comparison to 1CMC:1PAA:1SBR can be related to the higher amount of PAA in the electrode formulation, which may lead to an enhanced crosslink between CMC and PAA and between binders and C-Al-CC.





4. Conclusions


In this work, we investigated the rate capability of high areal capacity, water-based NMC811 electrodes with primary, binary, and ternary binder compositions on bare and C-coated Al-CC. It was found that the inactive electrode components strongly influenced the performance. Using a bare Al-CC, NMC811 electrodes with primary binder composition showed relatively poor rate capability. However, when CMC was combined with PAA, significantly better performance was achieved. Further improvement in rate capability was attained with a ternary binder composition of PAA:CMC:SBR. These electrodes showed the same capacity values as PVDF electrodes from C/10 to C/2, achieving around 150 mAh g−1 at the 1C rate.



When switching to a C-coated Al-CC, an overall improvement in first-cycle coulombic efficiency, absolute capacity, and rate capability was observed for water-based electrodes as well as for NMP-based electrodes. Electrodes with the primary binder composition were able to achieve 160–170 mAh g−1 at 1 C. Specifically, electrodes with 3 wt.% Na alginate were the best-performing electrodes with the primary binder composition, maintaining 85% of the relative capacity at 1C, similar to the PVDF electrodes. Values of 35% at 2C were attained, which were about 10% better than the PVDF electrodes at a higher rate. The use of C-coated Al CC also prevented capacity fading after faster rates for electrodes with the 3 wt.% CMC binder. Electrodes with binary (CMC:PAA) and ternary (CMC:PAA:SBR) binder compositions showed a relative capacity comparable to the PVDF electrodes between C/5 and C/2 current rates. These electrodes were also able to achieve around 160–170 mAh g−1 at 1C, similar to the discharge capacities of the electrodes with the primary binder composition. Moreover, electrodes based on CMC:PAA binders showed a relative capacity of 86% at 1C and 44% at 2C, the highest among the binary and ternary binder compositions and 20% higher than the PVDF electrodes at the faster rate.
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Figure 1. (a) Discharge capacity vs. cycle number; (b) relative capacity vs. C rate of 3CMC/Al, 3PAA/Al, 3PEO/Al, and 3PVDF/Al electrodes. 
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Figure 2. (a) Discharge capacity vs. cycle number; (b) relative capacity vs. C rate of 1CMC:2PAA/Al, 1CMC:2SBR/Al, 1CMC:1PAA:1SBR/Al, and 3PVDF/Al electrodes. 
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Figure 3. (a) Discharge capacity vs. cycle number; (b) relative capacity vs. C rate of 3CMC/C-Al, 3PAA/C-Al, 3Na-Alg/C-Al, and 3PVDF/C-Al electrodes. 
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Figure 4. (a) Discharge capacity vs. cycle number; (b) relative capacity vs. C rate of 1CMC:2PAA/C-Al, 1CMC:2SBR/C-Al, 1CMC:1PAA:1SBR/C-Al, and 3PVDF/C-Al electrodes. 
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Table 1. An overview of the investigated electrodes.
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	Electrode Name
	Binder Type
	Binder Amount (wt.%)
	Current Collector Type





	3CMC/Al
	Na-CMC
	3
	Al



	3PAA/Al
	PAA
	3
	Al



	3PEO/Al
	PEO
	3
	Al



	1CMC:2PAA/Al
	Na-CMC:PAA
	3 (1:2)
	Al



	1CMC:2SBR/Al
	Na-CMC:SBR
	3 (1:2)
	Al



	1CMC:1PAA:1SBR/Al
	Na-CMC:PAA:SBR
	3 (1:1:1)
	Al



	3PVDF/Al
	PVDF
	3
	Al



	3CMC/C-Al
	Na-CMC
	3
	C-coated Al



	3PAA/C-Al
	PAA
	3
	C-coated Al



	3Alg/C-Al
	Na-Alginate
	3
	C-coated Al



	1CMC:2PAA/C-Al
	Na-CMC:PAA
	3 (1:2)
	C-coated Al



	1CMC:2SBR/C-Al
	Na-CMC:SBR
	3 (1:2)
	C-coated Al



	1CMC:1PAA:1SBR/C-Al
	Na-CMC:PAA:SBR
	3 (1:1:1)
	C-coated Al



	3PVDF/C-Al
	PVDF
	3
	C-coated Al
















	
	
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.





