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Abstract

:

The search for a high-energy-density alternative to lithium-ion batteries has led to great interest in the lithium sulfur battery (LSB). However, poor cycle lifetimes and coulombic efficiencies (CEs) due to detrimental lithium polysulfide (LiPS) shuttling has hindered its widespread adoption. To address this challenge, a modified sodium carboxymethyl cellulose (CMC) polymer with integrated dopamine moieties and polydopamine nanoparticles was created through a facile one-pot dopamine (DOP) amidation reaction to strengthen noncovalent interactions with LiPSs and mitigate the shuttling effect. The resulting CMC-DOP binder improved electrode wettability, adhesion, and electrochemical performance. Compared to LSBs with a standard CMC binder, CMC-DOP 5:1 (with a 5:1 weight ratio of CMC to dopamine precursor) improves the specific capacity at cycle 100 by 38% to 552 mAh g−1 and CE from 96.8 to 98.9%. LSBs show good stability, even after 500 cycles. Post-mortem electrochemical impedance spectroscopy (EIS) and energy-dispersive spectroscopy (EDS) studies confirmed the effectiveness of the CMC-DOP in confining LiPS in the cathode. This simple but effective nature-inspired strategy promises to enhance the viability of LSBs without using harmful chemicals or adding excess bulk.
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1. Introduction


Stagnating innovation in lithium-ion batteries (LIBs) and movement towards electrification has sparked a search for new electrode materials [1,2]. Further improvement in the energy density of state-of-the-art LIBs is limited by the theoretical capacity of the graphite anode and metal oxide cathode [3]. The transformative effect higher energy density batteries could have therefore led to extensive research on alternative materials for rechargeable batteries [4,5]. Lithium sulfur batteries (LSBs) have emerged as a leading area of investigation since sulfur cathodes offer a theoretical capacity of 1675 mAh g−1, whereas lithium cobalt oxide cathodes offer a maximum of 274 mAh g−1 [6]. LSBs are often additionally paired with a lithium metal anode, which is unmatched in terms of its energy density [7]. Sulfur is also more abundant and economical than cobalt [1,8]. Despite these advantages, there are still fundamental challenges to be addressed before LSBs are marketable.



The two main challenges with LSBs are low electronic conductivity of elemental sulfur and the shuttling of lithium polysulfides (LiPS). Poor electron transfer through sulfur limits the practical capacity of the cathode, resulting in high overpotentials and low active material utilization. The migration of soluble LiPS intermediaries to the lithium anode also causes the formation of unfavorable solid-electrolyte interphases (SEI), high impedances, active material loss, and poor cycle lifetimes [1,9,10]. To address these issues, researchers have composited sulfur with carbon to provide a high surface area and electrical conductivity for increased sulfur utilization. Carbon also shows a moderate affinity for LiPS species, thereby improving both the capacity and capacity retention [9,10,11,12]. Further advances are needed, however, to meet the energy densities and cycle lifetimes required for practical applications. Synergistic strategies such as active material coatings [13,14] and modified separators [15,16,17] have demonstrated efficacy, but come with the drawback of lower volumetric and gravimetric energy densities due to the inclusion of electrochemically inactive species.



An alternative solution is to use a multifunctional polymer binder, which offers the advantage of not adding unnecessary weight or bulk [18,19]. These polymers can be grafted with various nucleophilic functional groups such as carboxylates, alcohols, or amines which strongly interact with LiPS and hinder their diffusion and migration out of the porous cathode [20]. Some of the polymers studied for this purpose include polyvinyl alcohol, polyvinyl pyrrolidone, polyacrylic acid, and sodium carboxymethyl cellulose (CMC) [20,21,22,23,24]. As a water soluble polymer, CMC has seen much interest in battery research for its low environmental impact and sustainability. Its versatile functional groups and tunable structure has led to applications as a platform for multifunctional binders and ion conducting membranes [25,26,27].



Bio-inspired polydopamine (PD) is also known for its strong non-covalent interactions and metal chelating capabilities [28,29]. PD has proven to be effective as an LSB active material coating [30], as well as a separator coating to confine LiPS in the cathode and improve surface properties [15]. The oxidative self-polymerization of dopamine into PD is facilitated by a weakly alkaline buffer solution [31]. However, preparing PD requires several steps including addition, separation, and purification.



This study improves the polysulfide trapping abilities and physical properties of CMC-based binder by modifying it with dopamine. The composite binder is synthesized through a simple one-pot aqueous reaction, enhancing its LiPS affinity. The thermal amidation and substitution reaction produces CMC modified with dopamine moieties and PD nanoparticles without the need for purification. The resulting CMC-DOP composite binder demonstrates improved adhesion, wettability, and LiPS retention compared to standard CMC. Optimal electrochemical performance is observed with a 5:1 weight ratio of CMC to dopamine precursor in LSB full cells. Galvanostatic cycling of LSBs with CMC-DOP 5:1 binder at cycle 100 shows 38% improvement in specific capacity over CMC from 399 to 552 mAh g−1, enhanced average coulombic efficiency (CE) from 96.9 to 98.7%, and lower SEI resistance in electrochemical impedance spectroscopy (EIS) investigations. Post-mortem energy dispersive spectroscopy (EDS) analyses mechanistically support sulfur confinement at the cathode. This strategy provides a simple and effective way to enhance the viability of LSBs without using harmful chemicals or adding bulk. Further improvements can be made by combining the binder system with corrosion-inhibiting current collectors.




2. Results and Discussion


2.1. Synthesis


Dopamine-modified carboxymethyl cellulose binder (CMC-DOP) was synthesized in a simple one-pot thermal amidation reaction. In a slurry cup, CMC and dopamine HCl precursor are dissolved in water. The clear aqueous solution is then transferred to a sealed Teflon autoclave reactor and heated to 100 °C for 24 h. FTIR spectra of precursors and binder solutions before and after the reaction are shown in Figure 1a. Successful acidification of Na carboxylate on CMC and CMC/DOP 2:1 into carboxylic acid in CMC-DOP 2:1 is evidenced by a new peak at 1725 cm−1, which corresponds to the C=O stretching of the newly formed COOH group, as well as the diminished asymmetric and symmetric COO- stretching band at 1585 and 1410 cm−1, respectively [32,33]. Thermal amidation of the carboxyl groups occurs via self-oxidation of dopamine under acidic conditions, creating dopamine moieties grafted to the CMC backbone (Figure S1) [32,34]. Evidence of successful amidation is evidenced by a color change of CMC/DOP solutions from clear to dark brown (Figure 1b) [35,36]. FTIR results herein are consistent with previously reported dopamine-functionalized CMC [34].



Despite the clear visual transformation, NH bending at 1610 cm−1 evident in dopamine HCl precursor cannot be resolved due to overlap with the strong and wide COO- peak at 1585 cm −1 [32,34]. Visible in all FTIR spectra except CMC, however, are peaks at 1520 cm −1 which correspond to C=C stretching in the aromatic ring of dopamine [37]. Despite the high ratio of dopamine precursor in CMC/DOP 2:1 mixture as well as reacted CMC-DOP 2:1, strong C signals still mask the amine and amide groups. The integrity of the polymer backbone is verified by heating a CMC solution at 100 °C for 72 h (Figure S2). After this time elapsed, there are no significant changes which would indicate degradation, such as the thermal breakdown into formate. This is supported by negligible changes in the peak at 1010 cm−1 corresponding to the COC bonds in the CMC backbone after heating (Figure 1a) [34]. These findings are consistent with the literature expectations [38].



Typically, oxidative polymerization of dopamine requires an alkaline environment [31]. To protect the precursor from unwanted reactions, it is stabilized as dopamine HCl salt by the manufacturer. However, heat-activated polymerization of dopamine into PD in acidic solutions has been previously reported [39]. This is likely aided by the carboxyl substitution as well. It is evident that excess dopamine precursor leads to the formation of PD in addition to grafted dopamine moieties. HR-SEM images of CMC, CMC-DOP 10:1, CMC-DOP 5:1, and CMC-DOP 2:1 films are shown in Figure 1c–f. In contrast to the heterogeneous CMC film, the CMC-DOP films show the presence of small, well-dispersed nanoparticles. The size and morphology of the particles are consistent with previous studies on solution synthesis of PD nanoparticles, providing strong evidence of concurrent PD formation [31,39]. Further, the quantity of the particles increases with the increasing amount of dopamine precursor. A detailed analysis of the images (Figures S3 and S4) reveals that all the prepared binders have PD particles of roughly the same size, at 49.5 ± 21.9, 52.1 ± 17.1, and 53.5 ± 23.6 nm for CMC-DOP 10:1, 5:1, and 2:1, respectively (Table S1). This also reveals that 5:1 has the most regular morphology and narrowest standard deviation of particle size. Despite an approximately two-fold increase in the amount of precursor in CMC-DOP 10:1 to 5:1, we observe an approximately four-fold increase in the number of particles, showcasing the effect of adding excess precursor (Table S1). We can also observe additional irregularities for CMC-DOP 2:1, which has started to aggregate PD into larger micron-scale secondary particles (Figure 1f). Larger particles and aggregates would decrease the effective surface area per mass of the PD, hindering its ability to interact with the LiPS. Due to the ratio of the components, the relatively strong carbon signal of CMC, and peak overlap, we are still unable to identify the PD in the FTIR spectrum, however, despite clear evidence of its presence in the HR-SEM images.




2.2. Electrode Characterizations


S cathodes are prepared by combining the aqueous binder dispersion with S/C composite and blade-coating. The resulting electrodes have an active loading of approximately 1 mg cm−1 and binder ratio of 15 wt.%. SEM images with overlayed EDS mapping of the electrodes are shown in Figure 2, where S, Na, and Cl are represented by the colors yellow, red, and blue, respectively. Immediately noticeable is the low S intensity for CMC-DOP 2:1 (Figure 2d). Enhanced surfactance of the electrode composite enabled by the CMC-DOP may more thoroughly coat the S and larger graphene composite particles. This is supported by a trend of decreasing apparent S wt.% as measured with the EDS quantitative analysis with the increasing PD ratio. Results show 13.7, 12.7, 12.6, and 8.3 wt.% S for CMC and CMC-DOP 10:1, 5:1, and 2:1 electrodes, respectively (Table S2). It is also likely that a thin NaCl coating over the electrode lowers the apparent S intensity. Also noticeable in the mapping for CMC-DOP 2:1 electrode are purple particles 5–10 μm in size corresponding to NaCl that has precipitated upon drying as a byproduct of the acidification of the Na carboxylate functional group. Compared to the standard CMC electrode, the CMC-DOP electrodes show micron-sized holes distributed throughout. This is likely an effect of residual HCl corroding the Al foil and evolving H2 gas. Assuming equimolar quantities of dopamine and HCl as well as the complete dissociation of HCl, this would form acidic solutions with pHs of 2.01, 1.75, and 1.41 for CMC-DOP 10:1, 5:1, and 2:1, respectively, in the binder solution. SEM/EDS of the reverse side of the electrode foil shows signs of corrosion with corresponding intensities from Cl and O for the CMC-DOP electrodes (Figures S5–S8). The comparatively high intensity of O suggests that hygroscopic AlCl3 has formed hexahydrate [Al(H2O)6]Cl3. This can potentially add weight to the current collector and result in the underestimation of the specific capacity in later cycling studies. It is worth noting in passing that CMC can mitigate the corrosive effect of HCl on the Al foil [40].



Dopamine integrated into the electrode is demonstrated to enhance its physical properties [34]. Poor electrode wettability can hinder the electrolyte permeation, resulting in high impedances and poor electrochemical performance. It may also complicate the manufacturing process by requiring longer times for electrolyte filling [41]. Strongly polar catechol groups can interact with polar electrolyte solvents and improve wettability. This is demonstrated in Figure 3a–d, which shows contact-angle measurements for a liquid droplet on the prepared S/C composite electrodes. Water was used in place of the DOL:DME solvent since low viscosity of the ethers resulted in rapid adsorption of the droplet, which complicated quantitative measurements. A smaller contact-angle indicates good wettability and high compatibility of the electrode and electrolyte [18]. For S/C electrodes with CMC and CMC-DOP 10:1, 5:1, and 2:1 binders, we observe contact-angles of 43°, 35°, 29°, and 23°, respectively. Results are consistent with findings from similar investigations [34]. In electrochemical tests, good electrolyte contact may facilitate good ion conduction, low impedances, and high active material utilization [41].



PD is a bio-inspired polymer adhesive adapted from the glue mussels used to adhere to rocks [28,29]. Its application in electrodes may similarly provide advantages in mechanical properties. Figure 3e shows results of a tape-peel test. Cellulose tape was placed on top of the S/C composite electrode and adhered by rolling a 1 kg cylindrical weight over the surface. The tape was then peeled off, removing some of the composite electrode in the process. It is visually evident that PD is effective in enhancing adhesion of the S/C composite to the current collector, with the effect increasing with dopamine ratio. Enhanced adhesion can facilitate higher capacity retention by mitigating the delamination of active materials from the current collector and the formation of electronically isolated dead material [42,43].




2.3. Electrochemistry


Coin-cell LSBs are cycled 500 times at C/5 rate with composite S/C cathode (Figure 4a) in Li metal anode. Specific capacity is reported with respect to the mass of active S material. Although the cell with the CMC-DOP 5:1 binder retains the highest specific capacity after 500 cycles, it is not highest initially, with cycle 1 showing capacities of 1058, 1083, 1045, and 870 mAh g−1 for CMC and CMC-DOP 10:1, 5:1, and 2:1, respectively. A low capacity is particularly observed for CMC-DOP 2:1. It is likely that the ether-insoluble NaCl coating of the electrode observed in Figure 2d hinders active material contact with the electrolyte and lowers the effective S utilization, despite its enhanced wettability. Between cycles 10 and 100, CMC-DOP 5:1 shows superior capacity retention. For CMC and CMC-DOP 10:1, 5:1, and 2:1, capacity retention between cycles 10 and 100 are 61.5, 63.9, 85.9, and 59.2%, respectively. CMC-DOP 10:1 performs similarly to the control CMC, suggesting low amounts of dopamine may be insufficient in markedly improving capacity. Conversely, CMC-DOP 2:1 shows exacerbated capacity fading, which is likely a symptom of corrosion and excess contamination with synthesis byproducts. Clearly a balance in these factors is required without additional purification.



CEs are also represented in Figure 4b for the cycling study, where   C E = D i s c h a r g e   C a p a c t i y / C h a r g e   C a p a c i t y .   Large changes in the CE and capacity are observed in the first 10 cycles as LiPSs initially dissolve into the electrolyte and S redistributes in the cathode or is lost to SEI formation [44]. After this period, the performance stabilizes. Over the initial 100 cycles, average CEs for CMC and CMC-DOP 10:1, 5:1, and 2:1 are 96.9, 97.5, 98.7, and 96.1%, respectively. The high CE for CMC-DOP 5:1 indicates that dopamine modification is successful in mitigating overcharging due to LiPS shuttling.



Select voltage profiles are also represented in Figure 4c. At the start of the initial discharge, there is dip due the activation barrier towards solubilizing S via electrochemical reactions [9,45]. For CMC and CMC-DOP 10:1, 5:1, and 2:1, this dip reaches 2.15, 2.17, 2.17, and 2.21 V, respectively. High wettability and enhanced electron transfer, which have been reported in PD/C composites for electronics, may lower this activation barrier [46]. The barrier is noticeably lower for CMC-DOP 2:1, suggesting that it initially enables lower impedance. This trend is mirrored in the first voltage plateau corresponding to the solid-to-liquid reaction of cyclic S8 to form Li2S8. At 50 mAh g−1, the plateaus for CMC and CMC-DOP 10:1, 5:1, and 2:1 occur at 2.22, 2.24, 2.23, and 2.29 V.



In cycle 3 (Figure 4d), CMC provides the highest capacity, although this is not indefinitely maintained. By cycle 10 (Figure 4e), all cells give a similar capacity of ~650 mAh g1 despite minor differences in the profiles. As in cycle 3, CMC-DOP 5:1 again shows greater capacity from the solid-to-liquid plateau between 2.4 and 2.1 V and the liquid-to-solid voltage drop-off of for Li2S2 precipitating into resistive Li2S below 2.1 V. The sloping profile below 2.1 V for CMC-DOP 5:1 cycle 10 discharge also indicates more complete conversion of Li2S2 into Li2S, demonstrating effective retention of the soluble species. Meanwhile, CMC derives a proportionately greater amount of capacity from the long, flat plateau at 2.1 V corresponding to the liquid-to-liquid reactions of Li2S8 reduction into Li2S4 and Li2S2, suggesting excess LiPS generation. During charging there is an activation barrier to resolubilize insulating Li2S. A large activation barrier additionally indicates a more complete reduction of soluble LiPSs into insoluble Li2S. As such, during activation in cycle 10, the voltage peaks at 2.24, 2.25, 2.27, and 2.23 V for CMC and CMC-DOP 10:1, 5:1, and 2:1, respectively. These factors indicate that the CMC-DOP 5:1 binder most effectively retains soluble LiPSs, hindering their diffusion out of the porous cathode and increasing active material utilization [9,45].



The effect of successfully mitigated LiPS migration can be seen in cycle 100 (Figure 4f). By hindering active material loss to LiPS shuttling, CMC-DOP 5:1 maintains a high capacity of 552 mAh g−1. Additionally, the sloping profile for Li2S formation and the activation peak during charging can still be observed. Active material lost to shuttling will result in unfavorable passivation of the anode, causing high impedances. The smaller voltage hysteresis between the charge and discharge for CMC-DOP 5:1 suggests lower impedance and a more favorable SEI.



To provide additional mechanistic insight into SEI formation and observed performance, LSBs were removed after 500 cycles for electrochemical impedance spectroscopy (EIS). The resulting Nyquist plots for EIS spectra before and after cycling are shown in Figure 5a,b. To extract relevant parameters, spectra are fit to the equivalent circuit in Figure 5c. A resistor (R) in the high frequency region corresponds to bulk electrolyte (e) resistance. The two semicircles are fit using two sets of a constant phase element (CPE) and resistor in parallel to account for pseudocapacitance and resistance for interphase (int) contact in the bulk electrode at a high frequency (left) as well as the charge-transfer process (ct) and electric double-layer (dl) at the middle frequency (right) [47]. Another CPE at a low frequency represents diffusion (dif) in the electrolyte, although this is neglected in the fitting in Figure 5a due to poor convergence. A summary of all Z-fit parameters can be found in Tables S3 and S4.



Prior to cycling, low Rct is observed for CMC-DOP 2:1 (Figure 5a). In excess, the dopamine precursor causes unfavorable physical properties and side reactions, leading to high Rct by cycle 500. In Figure 5b, CMC-DOP 5:1 offers exceptionally low Re and Rct, showcasing the importance of electrode wettability at advanced cycle numbers. The lower Re for CMC-DOP 5:1 may additionally indicate a lower polysulfide concentration in the electrolyte, which negatively impacts ionic conductivity [48]. Further, both CMC-DOP 10:1 and 5:1 facilitate lower Rint than the LSB with the CMC binder, further providing evidence of effective protection of the Li anode from LiPSs (Table 1). Overall, results correlate well with observed cycling performance and the proposed mechanism.




2.4. Post-Mortem Analysis


In LSBs, LiNO3 additive alone is inadequate to protect the Li anode and maintain an effective SEI. LiPSs can be irreversibly reduced to Li2S on the anode surface, forming a thick, resistive SEI which is more prone to fracturing and nucleation of dendrites [49]. In comparison to a dense, dendrite-free Li anode, this will further increase the anode surface area and exacerbate issues with SEI formation, electrolyte consumption, active material loss, and high impedance [50]. We therefore employed SEM/EDS imaging on the cycled LSB anodes and cathodes to investigate the impact of LiPS shuttling on the electrode morphology (Figure 6). A summary of quantitative EDS results can be found in Tables S5 and S6. The Li anode from LSB with the CMC binder shows an irregular morphology (Figure 6a). Some regions show dense Li, but in other areas, glob-like Li dendrites have formed, likely due to irregular Li deposition through the resistive SEI. White areas indicate charging effects from either electrically insulated dead Li or resistive Li2S deposits. The cathode for the CMC binder cathode appears comparatively absent of smoother S and instead reveals the barren C scaffold (Figure 6b). This is supported by quantitative EDS results showing a higher intensity for C (Table S5). CMC-DOP 10:1 anode shows a comparatively dense morphology with smaller Li globules and a cathode with smooth S on the surface (Figure 6c,d). The optimal morphology is observed for CMC-DOP 5:1, with Li densely packed into a regular morphology, indicating favorable SEI formation and even Li deposition (Figure 6e). The cathode similarly shows signs of excellent S retention (Figure 6f). Poorest Li morphology is observed for CMC-DOP 2:1, which shows large, irregular dendrites (Figure 6g). The cathode also reveals signs of degradation and large cracks due to corrosion of the foil (Figure 6h).



EDS quantitative S analyses in Figure 7 provide robust mechanistic support of conclusions from SEM and electrochemical tests. High CE, good capacity retention, low impedance, and dense Li morphology are correlated with low S wt.% at the anode and high S wt.% in the cathode. As such, CMC-DOP 5:1 shows the lowest S intensity at the anode and highest at the cathode. Quantitative S analysis for CMC and CMC-DOP 10:1, 5:1, and 2:1 cathodes show 5.85, 8.90, 12.15, and 3.25 wt.%, respectively (Table S5). Anode quantitative S analysis conversely reveals 19.09, 15.77, 13.82, and 30.18 wt.%, respectively (Table S6). Results for CMC-DOP 10:1 suggest effective LiPS retention despite comparable cycling performance to CMC. The mechanism for the lower-than-expected capacity may warrant further investigation. Analytical results overall, however, provide conclusive physical evidence of effective LiPS trapping via dopamine modification of CMC.





3. Conclusions


The dopamine-modified CMC-DOP binder exhibits exceptional electrochemical performance, providing a promising solution to the LiPS shuttling problem that hinders the commercialization of LSBs. This binder system is eco-friendly, inspired by nature, and easy to synthesize in a one-step amidation reaction. The results demonstrate the effectiveness of dopamine catechol functional groups in mitigating the LiPS shuttling effect. A ratio of 5:1 CMC to a dopamine precursor provides optimal performance, balancing the benefits of improved wettability, enhanced adhesion, and superior LiPS retention with the drawbacks of excess NaCl byproduct and current collector corrosion. The optimized CMC-DOP 5:1 binder outperforms the unmodified CMC, with a 38% improvement in capacity at cycle 100 to 552 mAh g−1 and increased average CE from 96.9% to 98.7% over the same period. The prepared LSBs even retain a high efficiency after 500 cycles. Further optimization of the synthesis method has the potential to address the highlighted issues and could lead to LSBs becoming the next-generation battery technology, surpassing the limitations of LIBs. This binder may also be investigated in more sustainable and cost-effective sodium or potassium sulfur batteries, which similarly suffer from capacity loss due to polysulfide shuttling.




4. Materials and Methods


4.1. Synthesis


Na carboxymethyl cellulose modified with dopamine (CMC-DOP) is synthesized in a simple on-pot reaction. In a slurry cup, CMC (Aldrich, MW 700,000) and dopamine HCl (Fisher, 99%) precursor are combined and dissolved with 1000 mg of water in a planetary mixer (Thinky). For CMC-DOP 10:1, 5:1, and 2:1, the numbers represent weight ratios of CMC to the dopamine HCl precursor. The clear aqueous solution is then transferred to a sealed Teflon autoclave reactor and heated to 100 °C for 24 h. After this time, the solution turns a dark brown, indicating successful amidation. The CMC binder is prepared similarly, but without the addition of dopamine HCl or the heating step.




4.2. Electrode and Cell Preparation


S/C was composited by ball-milling 2 g of nanosulfur (SkySpring Nanomaterials, 99.99%, <55 nm) with 1 g of graphene nanopowder multilayer flakes (Graphene Supermarket, AO-4) for 30 min at 20 Hz, followed by sifting to 75 μm. The S/C composite was combined with carbon black (Timcal Super P) and the binder solution/dispersion at dry material weight ratios of 60:25:15, respectively. The mixture was homogenized in a planetary mixer for 30 min, blade-coated onto C-coated Al foil, and vacuum dried for 12 h at 45 °C. A 12 mm punch was used to make cathodes for coin cells. In an Ar glovebox (VAC) with H2O and O2 kept below 0.1 and 0.5 ppm, Li anodes were prepared by rolling Li rods (Aldrich, 99.9%) into a foil inside a polyethylene bag and hand punched into 14 mm disks. The electrolyte used for all cells was 1:1 by volume 1,3 dioxolane (DOL, Aldrich, anhydrous 99.8%) with cosolvent 1,2-dimethoxyethane (DME, Aldrich, anhydrous 99.5%) and salts 1 M bis(trifluoromethane)sulfonimide lithium (LiTFSI, Aldrich, anhydorus 99.99%) as well as 0.3 M LiNO3 additive (Alfa Aesar, anhydrous 99%). Cells were assembled by layering electrodes in CR2032 coin casings (MTI) with Celgard 2500 separator and 25 μL of electrolyte inside an Ar glovebox.




4.3. Electrochemical Characterizations


The prepared LSB coin cells were cycled on an MTI BST8-3 Battery Analyzer. EIS was performed with a Gamry Reference 600 potentiostat. EIS was taken between 1 MHz and 1 Hz with a 10 mV amplitude.




4.4. Materials Characterizations


Scanning electron microscopy (SEM) images as well as energy dispersive spectroscopy (EDS) mapping and quantitative analysis of electrodes were provided by JEOL 600+ benchtop SEM. Cycled cathodes were soaked in 3 mL of DOL for 30 min and dried to remove residual salt prior to imaging and analysis. Fourier-transform infrared (FTIR) spectra were obtained using an Agilent Cary 630 spectrometer with diamond ATR. Nova Nano SEM 200 collected high-resolution SEM (HR-SEM) images of the prepared binders. Prior to imaging, the samples were cast onto Cu foil and Pt coated.



For tape-peel testing, cellulose tape (Scotch) was placed on top of the S/C composite electrode and adhered by rolling a 1 kg cylindrical weight over the surface. The tape was then peeled off, removing some of the composite electrode in the process.



Optical images for contact angle measurements were taken using a Nikon D3200 camera with a 55 mm lens and macro attachment.
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Figure 1. (a) FTIR spectra of precursors and binders. (b) Photos showing the change in color of binder solutions before and after amidation reaction. (c−f) SEM images of prepared binders cast on foil. 
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Figure 2. SEM images prepared composite cathodes with overlayed EDS mapping of S (Yellow), Na (Red), and Cl (Blue) for (a) CMC, (b) CMC-DOP 10:1, (c) CMC-DOP 5:1, and (d) CMC-DOP 2:1. 
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Figure 3. Contact-angle measurements for water dropped onto composite electrodes with (a) CMC, (b) CMC-DOP 10:1, (c) CMC-DOP 5:1, (d) and CMC-DOP 2:1 binders, respectively. (e) Tape peel measurements performed on prepared composite electrodes. 
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Figure 4. Constant current C/5 cycling of prepared LSBs with various binder compositions plotted as (a) discharge capacity and (b) CE versus cycle number. Select voltage profiles are represented from cycles (c) 1, (d) 3, (e) 10, and (f) 100. 
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Figure 5. EIS spectra collected from LSBs (a) before and (b) after cycling study in Figure 4. Spectra are Z-fit using the equivalent circuit in (c). 
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Figure 6. Post-cycled SEM images of (a,c,e,g) Li anode and (b,d,f,h) S cathodes of post mortem LSBs with (a,b) CMC, (c,d) CMC-DOP 10:1, (e,f) CMC-DOP 5:1, and (g,h) CMC-DOP 2:1 binders. 






Figure 6. Post-cycled SEM images of (a,c,e,g) Li anode and (b,d,f,h) S cathodes of post mortem LSBs with (a,b) CMC, (c,d) CMC-DOP 10:1, (e,f) CMC-DOP 5:1, and (g,h) CMC-DOP 2:1 binders.



[image: Batteries 09 00525 g006]







[image: Batteries 09 00525 g007] 





Figure 7. Quantitative S EDS results for LSB electrodes. 
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Table 1. Important Z-fit parameters from EIS spectra in Figure 5.
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Before

	
After




	
Re (Ω)

	
Rint (Ω)

	
Rct (Ω)

	
Re (Ω)

	
Rint (Ω)

	
Rct (Ω)






	
CMC

	
3.00

	
14.37

	
1104

	
7.05

	
2.49

	
14.12




	
CMC-DOP 10:1

	
2.98

	
34.91

	
693

	
7.01

	
1.30

	
9.56




	
CMC-DOP 5:1

	
3.94

	
27.99

	
1116

	
3.45

	
0.86

	
4.83




	
CMC-DOP 2:1

	
2.06

	
28.10

	
800

	
6.15

	
10.41

	
33.83
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