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Abstract

:

Three major components in a cathode of aqueous rechargeable lithium batteries are the active material, the polymer binder, and the carbon conductive additive. The stability of each component in the battery is the key to long service life. To evaluate the stability of the carbon component, we introduce here a quick and direct testing method. LiMn2O4 is chosen as a typical active material for the preparation of the cathode, with polyvinylidene fluoride (PVdF), and a commercial carbon, which is chosen among Acetylene black, superP, superP-Li, Ketjen black 1, Ketjen black 2, Graphite, KS-6, splintered glassy carbon, and splintered spherical carbon. This method reveals the correlation between the electrochemical stability of a carbon and its physical and structural properties. This helps researchers choose the right carbon component for a Li-ion cathode if they want the battery to be robust, especially at near full state of charge.
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1. Introduction


LiMn2O4 is a very common Li-ion intercalation-type cathode for both aqueous and non-aqueous batteries [1,2,3,4,5]. The aqueous rechargeable LiMn2O4 battery has been developed extensively with different types of anodes [6,7,8,9,10,11,12,13,14,15,16]. Considering cost, operational safety, and environmental issues, aqueous rechargeable lithium batteries (ARLBs) are more attractive than their non-aqueous analogues [6]. Moreover, the ionic conductivity of typical aqueous electrolytes is about two orders of magnitude higher than those of non-aqueous analogues, leading to better rate capability of the aqueous-based battery [6]. In addition to the development of ARLBs conducted by several research groups [7,9,10,11,12,13,14,15,16], Chen’s group has introduced the rechargeable hybrid aqueous battery (ReHAB), which combines an intercalation cathode (LiMn2O4, LiFePO4) with a metal (first order electrode such as zinc) anode and an aqueous electrolyte containing both Li+ and Zn2+ [17,18,19,20,21,22].



During the realization of rechargeable hybrid aqueous batteries (ReHABs) [17,18,19,20,21,22] as commercial energy storage, several major operational problems have been determined and studied. One of them is the oxygen evolution while the battery is working near full state-of-charge, e.g., during float charge or overcharge. This is the consequence of water decomposition at high operational potentials [6,7]. As a result, the carbon conductor component in the cathode is oxidized gradually, resulting in a loss of materials, and subsequently, the conductivity and the physical contacts between cathode particles. Theoretically, the LiMn2O4 electrode has an intercalation potential [6,7,17] below the oxygen evolution potential, especially in low-pH electrolytes. In reality, oxygen evolution always happens but only at a small rate in normal operating conditions (such as at ambient temperature within normal charge–discharge windows). This affects the longevity of the battery. In critical operation conditions such as float charging or at elevated temperature, oxygen evolution is more serious, leading to significant carbon consumption via oxidation [23,24]. Thus, a stable carbon conductor choice for cathode fabrication is very important to achieve a long working lifetime for the battery, especially in applications such as uninterruptible power supply (UPS) systems, which require float charging constantly over time and that the battery is always working at near full state-of-charge.



Development of simple and accurate evaluation methods is crucial since these methods are effective tools to evaluate and optimize battery systems. Several complicated methods for studying carbon corrosion have been reported, requiring sophisticated setups and characterization methods [23,24,25]. Those methods are mainly for academic research, but may not be suitable for industrial testing, which requires simplicity and accuracy at the same time. In this work, we evaluate the carbon stability by operating batteries under extreme conditions, such as employing the oxygen-saturated aqueous electrolyte, which is created by overcharging the batteries for a period of time. Then, amount of carbon loss is identified and calculated. From this study, we found some relationships between the electrochemical stability of a carbon with its physical properties.




2. Results


Nine types of carbon were used in the stability test. Figure 1 represents the XRD patterns of all carbon materials. The XRD patterns of the carbon graphite and the KS-6 can be indexed to the hexagonal P 63 mc structure [26]; there are two XRD peaks at 43.60° and 46.4°, which do not reflect the P 63 mc structure and they may be attributed to the rhombohedral R-3 m structure of carbon [27]. The layered structures of the graphite and KS-6 are further observed on SEM (Figure 2h,k). The broad peak at 26 two-theta degree on the XRD pattern of acetylene black is responsible for the (002) plan of the graphitic structure [28]. This feature is also observed on SuperP-Li, SuperP, and Ketjen Black 1 types. The XRD pattern of the Ketjen Black 2 does not show any distinctive peak, thus this material is completely amorphous. The (002) peaks of the Splintered Glassy Carbon and the Spherical Glassy Carbon are shifted to the left at different degrees, reflecting higher (002) lattice spacing compared with that of the other carbon materials. Glassy carbon materials are different from the rest as they inherit the structure of fullerene [29].



The nine carbons also have different particle size and surface morphology, observed by scanning electron microscopy, and presented in Figure 2. Their sizes range from few tens of nanometers (AB, KB1, KB2, superP, and superP-Li) to few tens of micrometers (graphite). For micrometer-sized carbons, their surface morphology is varied from smooth (splintered glassy carbon and spherical glassy carbon) to rough surfaces (graphite). The surface roughness of KS6 could be classified in between the very smooth and very rough surfaces, with its unique flake-like morphology. The specific surface areas of carbon samples are also different, as shown in the experimental part, from as low as ~4.1 m2 g−1 for graphite powder to ~1400 m2 g−1 for KB2 carbon.



In the carbon stability test (Scheme 1), the designed cathodes contain large carbon content (15 wt%) and a minimum amount of PVdF binder (5 wt%). Due to the difference in the specific surface area of carbon conductors, each type of cathode has its own slurry preparation recipe (or amount of NMP solvent required). In particular, it is impossible to prepare the cathode with KB2 because of its very high specific surface area (~1400 m2 g−1), thus 5 wt% of PVdF is not enough to bind all particles together. Therefore, this carbon is removed from our consideration because the preparation consuming high quantities of PVDF and NMP is not considered as environmentally friendly nor economical and it requires a very long time for full evaporation of the solvent afterward. In addition, it is interesting to see that carbon distribution on the cathode made with spherical glassy carbon is not uniform, which may be because of the spherical shape and size of the spherical glassy carbon, since cathodes could be well made with splintered glassy carbon.



Since both the current collector (PE film) and binder (PVdF) are hydrophobic, the hydrophobicity of the carbon conductor used in the cathode composite may play an important role in defining the wettability of the cathodes. Wettability of the cathodes was measured using the contact angle technique, as shown in Figure 3. Water was used for the contact angle measurements. Advancing contact angles indicate that all the cathodes are hydrophobic except the one containing KS6. The unique flake shape of KS6 may be the key to significantly change the intrinsic hydrophobic nature of the composite electrode.



To confirm that there is no precipitated salt remaining inside the porous cathodes after washing, a blank test was performed. A number of cathodes were kept inside the batteries at open circuit voltage (OCV) conditions for 24 h at room temperature, followed by heating in an oven for 18 h at 50 °C. After the cathodes were washed thoroughly with deionized water and vacuum dried, the carbon contents of the fresh and used cathode powders were determined accurately by elemental analysis. The carbon contents of fresh and used cathodes are identical, indicating that the salt precipitation on the cathode is fully eliminated by our washing process.



The charge profiles of cathodes with different carbon types are presented in Figure 4. In most cases, the oxygen evolution potential is about 2.5–2.6 V vs. Zn2+/Zn°. However, the KB1-containing cathode has oxygen evolution potential of about 2.25–2.3 V vs. Zn2+/Zn°. This phenomenon is related to the large specific surface area (about 800 m2 g−1) and non-graphitic structure of KB1. In general, amorphous carbons with larger surface area may host a high number of active sites for the evolution of oxygen, thus reducing the oxygen evolution voltage by lowering the reaction energy barrier. Cathodes with lower surface area and higher graphitic content (e.g., cathodes with graphite, KS-6, or superP-Li) tend to achieve higher oxygen revolution potentials. The others stand in between. The initial resistance of the graphite-containing cathode against oxidation is the best in the series.



Figure 5 shows the remaining carbon percentage of cathodes using different types of carbon after the stability test. The standard deviation of the result of cathodes containing spherical glassy carbon is larger than the others. This value comes from the non-uniform carbon distribution in the cathode composite. Thus, the stability measurement of spherical glassy carbon is unreliable and should be removed from consideration. Among the characterized carbon materials, graphite is the most stable one: after the stability test, 96.4 wt% of graphite carbon remains. This is correlated with the previous results in Figure 4 that the graphite-containing cathode exhibits high initial resistance to overcharging. On the other hand, acetylene black is the least stable carbon, with a loss of up to 54.2 wt%. The self-discharge period has no significant effect on the carbon loss because carbon contents measured before and after self-discharge are similar. It is concluded that most carbon loss happens in the over-charge process, which has significantly higher current density and potential than those of the self-discharge one. Figure 6 presents the remaining carbon percentages of four types of carbon materials, which have similar particle shapes and particle sizes of ~35–40 nm: KB1, AB, superP, and superP-Li. The specific surface area of AB (~60 m2 g−1), SuperP, and SuperP-Li are at the same magnitude, and they are much smaller than that of KB1 (~800 m2 g−1). However, AB is less stable than KB1, while superP and superP-Li are more stable.



In addition, it is obvious that although AB has a similar X-ray pattern compared to superP and superP-Li, the previous one has inferior carbon stability. It is a similar case when comparing KS-6 to graphite. The stability of carbon is definitely one of the most important factors to consider for the right choice of carbon conductor for the cathode of ReHABs. Other important factors are carbon distribution within the cathode composite, the wettability of the cathode, the electronic conductivity of the carbon and the cathode.




3. Discussion


Nine different commercially available carbon materials have been used to make cathodes containing LiMn2O4 and PVdF. The physical parameters are all different. Firstly, diffraction results show that KS-6 and graphite are highly crystalline, while others are not. High-quality graphitic carbon powders exhibit a conductivity in the 103 S⋅m−1 order under pressing pressure of 5 MPa [30]. The highly pressing pressure was used to deliver sufficient contact of the powders and the electrodes during measurement. Low-crystalline synthetic acetylene black and Ketjen black have conductivity in the same magnitude with other types of carbon black and carbon nanotubes—at the 102–103 S⋅m−1 level [31,32,33]. Glassy carbon types are non-graphitic, possessing fullerene-related structures; they possess mostly sp2-bonded carbon, which justifies the high chemical and thermal stabilities [34].



The scanning electron microscopy results reveal three distinct families of carbon materials; from Figure 2a–e, the carbons are non-graphitic and possess small primary particle sizes of 35–40 nm, which are aggregated to create larger secondary particles and some levels of porosity. The surface areas of the carbons in this group are varied, while acetylene black, superP, and superP-Li have low surface area of about 60 m2⋅g−1, and carbon KB1 and KB2 exhibit 800 and 1400 m2⋅g−1. High surface area carbons are useful in fabricating cathodes with nanosized and especially low-conducting materials, such as LiFePO4, but these carbons also possess a higher number of active sites for oxidation. This renders the low potential obtained on the KB1-containing cathode in Figure 4; this will be discussed further below. The SEM images of the two glassy carbons and the two graphitic carbons are different from the first non-graphitic group. KS-6 has a loose flake-like surface vs. graphite. The spherical glassy carbon exhibits near-uniform rounded particle shape, while the splintered glassy carbon shows the large particle-type—it is, however, not a graphitic crystalline material, as confirmed by the powder diffraction method.



Pure carbon materials should be hydrophobic in nature. All carbons studied in this work exhibit high contact angles, except carbon KS-6. KS-6 is graphitic with a high surface area and contains thin flakes vs. the surface texture of graphite. In a study by Parobek and Liu, thinner flakes and graphene-like materials exhibit lower contact angles [35]. When increasing the number of graphene layers, the contact angle increases and approaches the contact angle of graphite. Additionally, the higher surface area may provide a little more adsorption of water through the slit-type openings. In general, this is good for aqueous batteries because the surface of the prepared cathodes can be more hydrophilic and have better interfacial contact with aqueous electrolytes. Many of our projects related to aqueous batteries use carbon KS-6 in the formulation of cathodes.



Figure 4 provides the responses when eight different cathodes have been overcharged to 3 V. It is noteworthy that the cathode containing KB2 could not be prepared under the same condition; therefore, it was not tested. There are two areas to be considered here. The first area is between 1.4 and 2.1 V vs. Zn2+/Zn, where the Zn/LiMn2O4 battery is functioning regularly. The second area has voltage higher than 2.1 V vs. Zn2+/Zn, where the battery is not designed to work as this area is the overcharging zone. In the first area, the cathodes made from KB1, superP, or superP-Li take more than 5 h to be charged completely, while the cathodes containing AB, KS-6, graphite, or splintered glassy carbon take less charging time. The extra charge time needed for some cathodes may have been spent on side reactions (i.e., oxygen revolution and carbon oxidation). We should see two distinct plateaus corresponding to the two-step deintercalation of lithium ion out of the LiMn2O4 lattice. In Figure 4, however, the second plateau at higher voltage is varied vs. the type of cathode. Some carbons such as KB1 and superP-Li may be more susceptible to oxidation than others. When the potential exceeds 2.1 V, the cathodes made from graphitic and glassy carbons are generally more resistance toward oxidation than others. This may be due to the high concentration of sp2 carbon and higher resistance to chemical attack. Among the non-graphitic and non-glassy carbon, only AB shows decent electrochemical resistance toward oxidation at potential lower than 2.1 V. During overcharging, the AB-containing cathode just reaches 2.4 V, which is lower than the graphitic and glassy carbon-containing cathode. However, microanalysis of the post run electrode shows a huge decrease in carbon concentration of the AB electrode vs. others. This is still elusive while it is reasonable that the graphitic and glassy carbons may show higher retention. The retention of KS-6 is lower than graphite. This may be due to the higher surface area and better wettability of KS-6 vs. graphite. Furthermore, the KS-6 containing cathode requires less charging time than the other. This further confirms that KS-6 is a good choice for blending with LiMn2O4 during cathode fabrication.




4. Materials and Methods


4.1. Physical Characterizations


Nine different commercially available carbon materials were investigated, including: acetylene black (AB, 35–40 nm, ~60 m2 g−1, MTI, Richmond, VA, USA), superP (~40 nm, 60 m2 g−1, Timcal, Bodio, Switzerland), superP-Li (~40 nm, 60 m2 g−1, Timcal), Ketjen Black EC-300J (KB1, 35–40 nm, ~800 m2 g−1, Akzo Nobel Surface Chemistry LLC, Chicago, IL, USA), Ketjen Black EC-600D (KB2, 35–40 nm, ~1400 m2 g−1, Akzo Nobel Surface Chemistry LLC), graphite powder (~20 μm, ~4.1 m2 g−1, MTI), spherical glassy carbon (0.4–12 μm, SPI-Chem, West Chester, PA, USA), splintered glassy carbon (0.4–12 μm, SPI-Chem), and KS6 (~3 μm, 20 m2 g−1, Timcal). Their specific surface areas and porosity were characterized by the accelerated surface area and a porosimetry analyzer (ASAP2020, Micromeritics, Norcross, GA, USA) using a 20-point nitrogen adsorption and desorption program. The crystalline phase of all samples was studied by X-ray diffraction (XRD, D8 Discover, Brüker, Billerica, MA, USA) technique equipped with Cu-Kα radiation, with a scan speed of 1° per minute, ranging from 10° to 100°. The composite surface morphology was examined using Field Emission Scanning Electron Microscopy (FE-SEM, Leo-1550, Zeiss, Oberkochen, Germany).



Wettability of the cathodes containing different carbons was measured by contact angle technique. The contact angle measurements were carried out by forming an unconstrained sessile drop of pure water on a flat surface of the cathode material [36,37]. The entire system was placed on a vibration-free table. The images of the sessile drop were captured by a charge-coupled device (CCD) camera overtime and digitized for analysis. Axisymmetric drop shape analysis (ADSA) was used to determine contact angles from the shape of the sessile drops. Assuming the experimental drop profile to be axisymmetric and Laplacian, ADSA finds the theoretical profile that best matches the profile extracted from the image of a real drop. From the best match, the liquid–vapor interfacial tension, contact angle, volume and surface area of the drop, and the three-phase contact radius are determined [38,39,40].




4.2. Carbon Stability Testing Procedure


The flow chart of the carbon stability test is shown in Figure 1. Each cathode was prepared by casting the slurry containing commercial LiMn2O4 (MTI), carbon, and polyvinylidene fluoride (PVdF, Kynar®, HSV900) (80:15:5 wt%) in 1-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, St. Louis, MO, USA, ≥99.5% purity) on a conductive polyethylene (PE, All-Spec Industries, Wilmington, DE, USA) film, followed by vacuum drying at 50 °C for 12 h. Disks of 12 mm in diameter were cut (typical active material loading of 6.6 mg cm−2) and soaked in the electrolyte solution under vacuum for 30 min. Zinc disks 12 mm in diameter (Rotometals, ~99.6% purity, titanium added) were polished by 1-micron polish powder (Buehler), washed by deionized water, and then, used as anodes. The electrolyte was prepared by dissolving 1 M ZnSO4.7H2O (Alfa Aesar, Tewksbury, MA, USA, ≥98% purity) and 2 M Li2SO4 (Sigma-Aldrich, ≥98% purity) in deionized water and pH was adjusted to 4.00 ± 0.05 using 0.1 M H2SO4 solution or LiOH solution. An absorbed glass mat (AGM, NSG Corporation, Tokyo, Japan) was used as the separator. The carbon stability test was conducted using two-electrode Swagelok-type cells. The cells were charged galvanostatically on a multichannel battery tester (BTS-5V5mA, Neware, Shenzhen, China) at 0.2 C (1 C = 130 mA g−1) for 24 h, and then, kept in an oven at 50 °C for 18 h. Applied currents and specific capacities were calculated based on the weight of LiMn2O4 in the cathode. Oxygen evolution will occur at the overcharge stage [6,7] because the applied potential is higher than the potential required for oxygen revolution, which leads to the oxidation of the carbon conductor.



After that, the cells were cooled down to room temperature and disassembled. The cathodes were washed thoroughly by deionized water, and then, vacuum dried at 50 °C for 6 h. Carbon contents of pristine and used cathodes were determined by an elemental analyzer (CHNS, Vario Micro Cube, Elementar, Langenselbold, Germany). The remaining carbon percentages were calculated as following:


   C  remained ,    %    =    C  actual ,    %       C  ideal ,    %      100 %  











In which, Cactual,% is the carbon content measured after overcharge at ambient temperature and self-discharge at elevated temperature, and Cideal,% is calculated from the carbon content of the pristine sample, assuming that there is no carbon lost and all of the LiMn2O4 was converted to Mn2O4.





5. Conclusions


In this study, a simple method to evaluate carbon stability in a typical aqueous rechargeable lithium battery cathode is introduced. By employing this method, it is concluded that the electrochemical stability of carbon when the cathode is overcharged is strongly related to the its physical properties, such as crystallinity, morphology, specific surface area, particle size, and wettability of the cathodes. Further development of simple evaluation methods is helpful in the optimization and commercialization of the aqueous rechargeable battery systems.
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Figure 1. XRD patterns of different types of carbon. 
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Figure 2. SEM images of (a) AB, (b) KB1, (c) KB2, (d) SuperP, (e) SuperP-Li, (f) splintered glassy carbon, (g) spherical glassy carbon, (h) KS6, and (i) graphite. Magnification: ×20,000. 
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Scheme 1. Flow chart of the carbon stability test for a LiMn2O4 cathode. 
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Figure 3. Advancing contact angle measurement of water on the cathodes using different types of carbon. 
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Figure 4. Charge profiles of different types of carbon. 
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Figure 5. Remaining carbon percentage of cathodes using different types of carbon after the carbon stability test. 
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Figure 6. Remaining carbon percentage of cathodes using four types of carbon after the carbon stability test. Those carbons have similar particle shape and size (35–40 nm). 
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