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Abstract

:

Aqueous zinc ion batteries are considered to be one of the most promising battery types for stationary energy storage applications. Due to their aqueous electrolyte, they are inherently safe concerning flammability and environmentally friendly. In this work, the strong influence of the particle size of manganese sesquioxide on the performance of the battery is investigated. Ball milling was used to decrease the particle diameter. The resulting powders were used as active material for the cathodes, which were assembled in coin cells as full cells together with zinc foil anodes and aqueous electrolyte. It was shown that about one third of the original particle size can nearly triple the initial capacity when charged with constant current and constant end-of-charge voltage. Additionally, smaller particles were found to be responsible for the collapse of capacity at high current densities. By means of electrochemical impedance spectroscopy, it was shown that particle size also has a large impact on the internal resistance. Initially, the internal resistance of the cells with small particles was about half that of those with big particles, but became larger during cycling. This reveals accelerated aging processes when the reactive surface of the active material is increased by smaller particles.
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1. Introduction


Rechargeable batteries with aqueous electrolytes have recently received much attention because of their inherent safety, fast ion kinetics, low cost materials and environmental friendliness [1,2,3]. With these qualities, they are well suited for large-scale energy storage applications, where gravimetric and volumetric parameters of the battery are playing a minor role compared to mobile and automotive applications. Recently, many different aqueous cell chemistries have been investigated [4]. Aqueous lithium [5,6], sodium [7,8,9], zinc/sodium hybrid batteries [10,11,12,13,14] and multivalent ion batteries [15,16] have been discovered. Together with magnesium, calcium and aluminum, zinc ion batteries belong to the class of metallic multivalent ion batteries. Metallic multivalent ion batteries are among the most promising rechargeable aqueous batteries due to their high energy density, which can be two to three times higher than that of monovalent aqueous batteries like lithium and sodium aqueous batteries [4,17]. In aqueous zinc ion batteries, the use of a metallic zinc anode is possible. This is a great advantage compared to aqueous lithium and sodium batteries because of the relatively high theoretical specific capacity of about 820 mAh/g [18,19], the resource abundance and the safety of zinc (unlike magnesium or lithium, there is no rapid oxidation of zinc when exposed to ambient air). On the other hand, zinc tends to build up dendrites and may be passivated by the precipitation of zinc oxide [20]. The risk of dendrite growth may be reduced by using zinc foams as anodes [21,22,23]. The precipitation of zinc oxide may be handled by adjusting an acidic pH value [24]. The exact pH value avoiding zinc oxide or zinc hydroxide precipitation can be determined using potential-pH diagrams [25,26].Manganese oxide, in general, is seen as a promising host material to insert these multivalent ions into because of its high capacity and energy density [4]. Recently, the investigation of new materials has attracted much attention in this field of research. In order to find high capacity cathode materials, manganese oxides like α-MnO2 [27], δ-MnO2 [28], Mn3O4 [29], α-MnO2 nano rods [30,31,32], β-MnO2 nano rods [33] and electrodeposited MnO2 [34] have been investigated. In this work, we would like to take an initial step that focuses on the production parameters for such large-scale energy storage battery cells. It is well known that battery production parameters like the water content of the electrode slurry, the electrode coating thickness and the particle size of the active material affects the electrode morphology and therefore the overall battery performance. In particular, the particle size influences capacity, coulomb efficiency as well as ion-diffusion and electron transport [35,36,37,38]. Comparable studies show that smaller manganese dioxide particles may have an even higher open circuit voltage but a strongly accelerated capacity drop [39]. Moreover, the mean particle size of manganese dioxide can change during cycling, depending on the reduction or oxidation state of the cathode [40]. In this study, we investigate the impact of particle size of the active material in the cathode on the performance and internal resistance of aqueous zinc ion batteries with a metallic zinc anode and a manganese sesquioxide cathode. Manganese sesquioxide was chosen because of its promising characteristics and high specific capacity of 150 mAh g−1 [41]. In the work by Jiang et al. (2017) [41] the zinc ion storage mechanism was revealed. Manganese sesquioxide faces a phase transition from bixbyite structure to layered birnessite. Zinc ions are inserted between those layers. In the work by Jiang et al. (2017) [41] the chemical reaction is described as follows:




	
Cathodic reaction: xZn2+ + 2xe− + Mn2O3 ⇌ ZnxMn2O3



	
Anodic reaction: xZn ⇌ xZn2+ + 2xe−



	
Overall reaction Mn2O3 + xZn ⇌ ZnxMn2O3








According to Faraday’s law, the theoretical capacity of manganese sesquioxide is 340 mAh g−1 if two electrons are exchanged per structural unit (reduction of Mn(III) to Mn(II)), whereas manganese dioxide is theoretically limited to 308 mAh g−1. This shows that the theoretical capacity of manganese sesquioxide has clearly not yet been exploited, so further investigations are important.




2. Experimental Setup


The manganese sesquioxide material was purchased from Alfa Aesar (Ward Hill, MA, USA). The particles were downsized by ball milling using zirconium oxide balls with a diameter of 2 mm. A 250 mL grinding beaker was filled with water, manganese sesquioxide and zirconium balls with a mass ratio of 4:1:10. The circumferential speed was fixed at 500 rounds per minute. The total grinding time was subdivided into one-minute intervals, with a pause of 30 s to avoid any undesirable heating. The net grinding time was 15 min. The particle size was analyzed using the laser diffraction analyzer LS 13320 by Beckman Coulter, with a 5 mW laser diode of 750 nm wavelength. The Fraunhofer optical model (forma factor 1) was used. The sample powders were mixed in water (refractive index 1.332). Afterwards, the manganese sesquioxide was mixed with binder (LA133) and carbon black with a mass ratio of the solid components of 7:1:2 and water (350 wt % based on the mass of the solid components) to get a slurry. The cathode slurry was coated on a stainless-steel foil. The wet coating thickness of about 200 µm was controlled by the coating mask: the coating knife was installed in a height of 200 µm. Subsequently, the coating was dried in an oven at 80 °C overnight under ambient conditions. The dried cathodes had a thickness of ~60 µm and a mass load of ~4.25 mg cm−2. The cathodes were put into CR2025 coin cell cases with a glass fiber separator and metallic zinc foil as the anode. The zinc foil was cleaned, in advance, with diluted salt acid. The electrolyte consisted of an aqueous solution of 2 M zinc sulfate and 0.1 M manganese sulfate as an additive. Subsequently, the battery cells were cycled with different current densities in a BioLogic Science Instruments BCS battery tester. The electrochemical impedance spectroscopy (EIS) was performed on the same potentiostat with an amplitude of 10 mV in the frequency range from 10 kHz down to 50 mHz. The cells were examined in charged state and rested for 5 min after charging. The EDX measurements were conducted using a Bruker Nano GmbH-Quantax EDX with an acceleration voltage of 5 kV. On the same device, the SEM pictures were recorded in 2000-fold magnification.




3. Results and Discussion


The particle size distribution was analyzed by laser diffraction analysis. In Figure 1, the results of the two samples are shown. The ball milling time of 15 min net, led to an average particle size of about one third compared to the original size. For further information of the mean particle size values see the Supplementary Information (Table S1).



In order to test the quality of the coated electrodes, scanning electron microscope (SEM) images were taken of both electrodes. Figure 2a shows the electrode with the original particle size. Energy-dispersive X-ray spectroscopy (EDX) revealed that the larger particles are made of manganese sesquioxide (Supplementary Information Figures S1 and S2).



Figure 2b displays the structure of the unmilled manganese sesquioxide, before cycling, in a close-up view. In Figure 2c, the image of the coated electrode with small particles is shown. Both electrodes (Figure 2a,c) show a homogenous particle distribution and no major cracks. Some particle samples were sized optically to verify the laser diffraction analysis measurements. In Figure 2d, a close-up view of the ball milled manganese sesquioxide particles is revealed. This structure is comparable to the unmilled one in Figure 2b, so the ball milling process did not significantly change the surface structure of the particles.



The results of the rate capability tests are shown in Figure 3. Different current densities were applied to the coin cells. The current densities were calculated according to the mass of the active material in the electrode. Figure 3a shows the voltage curves of the batteries. An initial discharge/charge step with an applied current density of 50 mA g−1 was performed. The initial discharge step includes the typical formation process. In the following, charge and discharge capacities were recorded at current densities of 100, 200, 300, 500, 1000, 2000 and again at 100 mA g−1. Regarding the capacity curves of the rate capability test in Figure 3b, the initial capacity of the battery cell with the smaller particles was nearly tripled in comparison to the one with the original particle size. During the first 30 cycles, a significant capacity loss occurred for the ball milled particles. Only 65% of the initial capacity remained, whereas the electrode with particles of the original, larger size kept its capacity and even increased. During the cycles with higher current densities, the specific capacity of the electrode with small particles broke down at 10 mAh g−1 at 500 mA g−1. At 1000 mA g−1 it was not possible to save any charge in the battery because the end-of-charge voltage was reached immediately.



In contrast, the battery cell with larger particles remained stable during the cycles with high current densities; at least 10 mAh g−1 remained at 2000 mA g−1. After the cycles with high current densities, the low current density of 100 mA g−1 was applied again, for ten cycles, to test the state of health of the battery cells. It was revealed that the battery with smaller particles was still working but suffering strong capacity losses, whereas the battery cell with the larger particles had an increasing specific capacity and showed no signs of aging but on a lower level of capacity. The generally lower capacity of the larger active material particles can be ascribed to longer diffusion paths within the particles, causing longer processing time. Due to the fixed voltage limits, less capacity can be transferred into the active material during the provided processing time.



During the last cycles, the specific capacity of the battery cell with the larger particles was approximately 10% higher than that of the smaller particles.



Coulombic efficiencies above 100% can be observed right after switching the current density to a higher level (Figure 3b). This means that the discharge capacity exceeds the charge capacity during these first cycles of the higher current density phase. During the low current densities, the specific capacity of the active material is significantly higher than that at high current densities (cf. e.g., 100 mA/g to 200 mA/g). The next current density phase (with a higher current density) starts with a discharge phase (this is because the first formation step of this battery chemistry is always a discharge step). At this moment, the battery has a relatively higher charge, and the discharge capacity is higher than the following charge capacity by which the discharge capacity is compared in the coulombic efficiency equation. This surplus charge from the previous lower current density phase fades during the following, higher current density phase.



In order to analyze the reason for these strong capacity losses of smaller particles, and the capacity growth of larger particles, the internal resistance of the battery cells was measured with electrochemical impedance spectroscopy (EIS). EIS measurements were applied after the 1st (current density 50 mA g−1), 31st (100 mA g−1), and 97th (100 mA g−1) cycle to note any changes during cycling. The first EIS measurement at a low current density of 50 mA g−1 should show the initial state of the battery without any aging and cycling effects. The results of the measurements are plotted as Nyquist-Diagrams in Figure 4.



These experimental results were fitted by an equivalent circuit model to obtain a better understanding of the changes in the internal resistance during cycling. The equivalent circuit model can be seen in Figure 5. The values of every element are shown in the Supplementary Information (Table S2). Rct1 describes the charge transfer resistance of the zinc anode and was kept constant after the first fit. This is due to the assumption that the aging process is mainly visible at the cathode, which is described by the Rct2.



Figure 4 demonstrates that the resistive component of the impedance (Re, where the left side of the semi circles intercept the x-axis) in the battery cell with the small particles is slightly smaller than the one with larger particles. This can be explained by the higher electrical conductivity of the electrode with small manganese sesquioxide particles. The better distribution of these low conductive active materials in the bulk electrode shortens the electronic paths of the carbon black by lowering their tortuosity. This ohmic part stays constant during cycling, which means that the structure of the electrode is not destroyed or damaged during cycling. Regarding the entire resistive component of the battery cell, (Re+Rct1+Rct2, x-axis intercept with the semicircles, Table 1) the initial internal resistance of the battery with the ball milled particles is about 50% smaller than that of the battery with the original particle size. The main reason can be seen in the changed charge transfer resistance. The higher exchange surface in the electrode with the small particles decreases the charge transfer resistance during the first cycle.



The charge transfer resistance increased significantly after the 31st cycle in the battery cell with the ball milled particles (about 300%), whereas the battery cell with the bigger particles showed a decreasing charge transfer resistance. In the unmilled sample, the charge transfer resistance was halved by the 31st cycle. This tendency can also be observed at the last cycle (97th). This decrease in the battery with unmilled particles can be interpreted as the phase transformation of manganese sesquioxide, which was thoroughly explained by Jiang et al. (2017) [41]. The slowly changing manganese sesquioxide phase lowers the charge transfer resistance, whereas in the smaller particles this process must be finished during the first cycles and cannot be seen in further cycles. Clearly, the small particles start to age earlier. A possible explanation for the strong capacity losses of the smaller particles could be that the increasing internal charge transfer resistance is a reason for overpotentials. Charging/discharging with constant current up/down to fixed voltages limits the available time for the charge transfer. Consequently, an increasing charge transfer resistance leads to a decreasing cell capacity because the voltage limits are reached earlier.



After cycling, the coin cells were opened to examine the cathodes more closely. The cathodes were thoroughly washed with distilled water. Figure 6a,c shows no major cracks or damage of the electrode coating, which was already indicated by the constant Re resistance. The filaments on the SEM images are separator fibers. In Figure 6b, a close-up view shows that the unmilled particles formed a clear flake structure as described in Jiang et al.’s work (2017) [41]. In Figure 6d, the ball milled particles do not show a formation of such a flake structure which might explain the largely increasing charge transfer resistance. This indicates that the aging process of the material was heavily accelerated by ball milling the particles.




4. Conclusions


This work shows that ball milling, i.e., decreasing the particle size of manganese sesquioxide, has a large impact on the initial capacity of aqueous zinc ion batteries. The specific capacity can be nearly tripled (from 50 mAh g−1 to 140 mAh g−1) by ball milling the manganese sesquioxide particles down to about one third of the original size. Small particles show a greater reactive, or rather catalytic, surface leading to kinetically accelerated aging processes and an increasing charge transfer resistance. Consequently, the cell capacity decreases by reaching the voltage limits earlier. In contrast, bigger particles show a lower, but more stable, capacity development and even a decreasing internal charge transfer resistance. The formation of an already known flake structure on the particles might explain this decrease.
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Figure 1. Particle size distribution of the Mn2O3 in original state as purchased (original) and after the ball milling process (ball milled). 
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Figure 2. (a) Electrode surface with manganese sesquioxide particles in the original state, before cycling; (b) close-up view of manganese sesquioxide particle, unmilled/orignal state, before cycling; (c) electrode surface with mangenese sesquioxide particles after ball milling for 15 min net time, before cycling; (d) close-up view of manganese sesquioxide particle after ball milling for 15 min net time, before cycling. 
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Figure 3. Cell voltage curves of the rate capability test for the batteries with original and ball milled active material (a) are compared. Changes in specific capacity (b) are shown. The arrows mark the cycles when the potential curves (a) were registered. 
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Figure 4. Nyquist diagrams of the electrochemical impedance spectroscopy (EIS) measurements during cycling of the two battery cell samples. In the upper diagram, the results of the cell with the ball milled active material can be seen. In the lower part, the results of the cell with the unmilled particles are shown. 






Figure 4. Nyquist diagrams of the electrochemical impedance spectroscopy (EIS) measurements during cycling of the two battery cell samples. In the upper diagram, the results of the cell with the ball milled active material can be seen. In the lower part, the results of the cell with the unmilled particles are shown.



[image: Batteries 04 00044 g004]







[image: Batteries 04 00044 g005 550] 





Figure 5. Equivalent circuit model that was used for fitting the data of the electrochemical impedance spectroscopy. Re is dedicated to the electrolyte resistance, Rct and CPE (Constant Phase Element) show charge transfer reactions of the solid/solution interfaces and W (Warburg element) describes diffusion-controlled processes like the ionic diffusion in the porous cathode structure. 
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Figure 6. (a) Electrode surface with manganese sesquioxide particles in the original state, after cycling; (b) close-up view of manganese sesquioxide particles, unmilled, after cycling; (c) electrode surface with mangenese sesquioxide particles after ball milling for 15 min net time, after cycling; (d) close-up view of manganese sesquioxide particle, ball milled, after cycling. 
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Table 1. Sum of resistive components (Rct1+Rct2) of the impedance of the two battery cells at different cycle numbers.
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	Cycle Number
	Big Particles

(Ω)
	Small Particles

(Ω)





	1
	33.20
	18.48



	31
	17.47
	61.87



	97
	9.58
	85.46
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