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            Abstract
          
        

        
          The combination of different concentrations of ZnSO4 in acidic solution as electrolyte in Zn-air batteries was investigated by Zn symmetrical cell test, half-cell and full cell tests. Using 1 M ZnSO4 + 0.05 M H2SO4 as electrolyte and MnO2 as air cathode catalyst with Zn foil anode, this combination had a satisfactory performance with balance of electrochemical activity and stability. Its electrochemical activity was matched to or even better than the PtRu catalyst in different current density. And its cycle life was improved (more than 100 cycles stable) by suppressing the growth of zinc dendrites on anode obviously. This electrolyte overcame the shortcomings of alkaline electrolyte that are easy to react with CO2 in the air, severely growth of Zn dendrites caused by uneven plating/stripping of Zn.
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      1. Introduction
      Most Zn-air batteries are using alkaline solution as electrolyte, such as KOH and NaOH, in order to ensure the high activity of both the Zn anode and air cathode1-5). Though the electrochemistry of Zn in alkaline electrolytes is easily reversible, the alkaline solution can react with CO2 of atmosphere to form carbonate or bicarbonate, this will decrease the electrolyte conductivity. The formed carbonate and bicarbonate are precipitated in the pores of the air electrodes, and this also make negative affect on the performance of air electrodes and batteries, because of the high solubility of its discharge product i.e. zincate in alkaline electrolytes. Upon recharging, the reluctance of zincate to fully return to the same location at the electrode surface triggers electrode shape change or dendritic growth by Zn deposition (Fig. 1), which gradually degrade the battery performance. Due to the dendrite growth of Zn, the surface of the anode increases and this causes an increase in the surface area. Therefore, the corrosion and other surface reactions are accelerated. More seriously, the dendrites will pierce the separator and the batteries will have a sudden short circuit. Hence, dendrite growth is one of the key obstacle factors influencing the cycle life of batteries, and the life time problem of rechargeable Zn-air batteries limit their commercial application. How to inhibit the growth of the dendrites in rechargeable Zn-air batteries has always been a challenge for researchers.

      
        
        

        Fig. 1. 
				
        

        
          Schematic diagrams of Zn dendrite growth in KOH with Zn2+ salt (left) and ZnSO4 with H2SO4 (right) solution
        
        

        

      

      Many strategies have been used to suppress the Zn dendrite growth on the anode. Such as changing the structure of the electrode, addition of additives to the electrolyte to modify the deposition characteristics6,7), and protecting the layer of the Zn metal anode by surface coating8-10). An effective method is using Ni(OH)2 as a counter electrode, meantime, through a 3-dimensional Zn sponges to force Zn deposited on the backside of the Zn sponges11,12). However, because of the complicated process and high cost, there is almost no possibility of large-scale application of this technology. To the best of our knowledge, there is no method that can balance effectiveness, convenience and economy until now. And, most literature regarding dendrite elimination have been focusing in alkaline electrolyte. There is little knowledge about dendrite suppression for secondary Zn batteries using neutral or mild acidic media as electrolytes. In addition, the shortcomings of the alkaline electrolyte mentioned above also need to be overcome, this makes the technical difficulty significantly increased. Recently, many researchers have paid attention to near-neutral and acidic aqueous electrolytes to suppress the dendrites growth and improve electrochemical performance in Zn ion batteries13-15). But relevant research on Zn-air batteries in neutral and acidic aqueous electrolytes is still blank.

      In this work, we developed a weak acid electrolyte, different concentration ZnSO4 & H2SO4 used as electrolyte in Zn-air rechargeable batteries and it exhibits a high cycle life by suppressing the growth of Zn dendrites (Fig. 2), while maintaining relatively satisfactory activity.

      
        
        

        Fig. 2. 
				
        

        
          Galvanostatic Zn deposition/dissolution in a symmetrical cell in 4.0 M and 1.0 ZnSO4 solution at 2 mA/cm2 current density, (a) 100 cycles test and (b) enlargement of Fig. 2(a)
        
        

        

      

    

    

  
    
      2. Experimental
      Zn foil (0.01 in thick, 99.98%), Zn wire (a diameter of 1.0 mm, 99.95%) and Pt mesh were obtained from Alfa Aesar Co., Korea. MnO2 flakes and zinc sulfate heptahydrate (ZnSO4 · 7H2O, 99%) were purchased from Samchun Chemicals, Korea. Sulfuric acid (H2SO4, 95%) was purchased from Duksan pure chemicals Co., Korea. For comparison, PtRu/carbon electrode (Fuel cell store, 2.0 mg/cm2) was used. All chemicals were used as received without further purification. The electrolytes were prepared by dissolving the calculated amount of ZnSO4 and/or H2SO4 into deionized water.

      In symmetric cell test, Zn foil was used as anode and cathode, and the different concentration of ZnSO4 & H2SO4 as electrolyte solution. Galvanostatic Zn deposition/dissolution investigations were done using a battery tester (WBCS3000, WonATech Co. Ltd., Seoul, Korea) at room temperature with different current density. Every cycle was consisted of 1 hour charging process and 1 hour discharging process.

      The half-cell test of cathode for oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) was conducted in the prepared solution using a three-electrode system. The working electrode was cut into a round shape which area is 1cm2. The counter and reference electrodes were used a Pt mesh and a Zn wire, respectively. The linear sweep voltammetry (LSV) was conducted to measure current according to cell potential using a potentiostat/galvanostat. The cell potential was scanned at a scan rate of 1mV/s for 20 times between 0.5 and 2.4 V (vs. Zn/Zn2+), which were assigned to -0.263 and 1.637 V vs. a standard hydrogen electrode (SHE). The charge/discharge test of the catalysts was carried out at certain current16). Every cycle was consisted of 1 hour charging process and 1 hour discharging process. The tests were conducted and recorded using a potentiostat/galvanostat.

      In the full cell test, Zn foil was used as anode, MnO2 or PtRu/C was used as cathode, and electrolyte was 1.0 M ZnSO4 + 0.05 M H2SO4. Galvanostatic charge/discharge investigations were done using a battery tester at room temperature in different current density. Every cycle was consisted of 1 hour charging process and 1 hour discharging process.

      The XRD patterns were characterized by the X-ray diffractometer produced by PANalytical Corporation. The X-ray source is using a Cu-Kα (λ = 0.15406 Å), and the operating voltage was 40 kV, the operating current was 100 mA, the scanning range 2θ was 10° to 90°. Scanning electron microscope (Hitachi SU8220) was used to analyze the surface morphology and the particle size of the sample.

    

    

  
    
      3. Results and discussion
      To investigate the electrochemical performance of Zn plating/stripping, the Zn//Zn symmetrical cell was assembled. As shown in Fig. 2(a), the voltage of the cell which use 1.0 M ZnSO4 as electrolyte toggles within a narrow voltage range (-0.06 mV) at 2.0 mA/cm2, and it can maintain stability for more than 230 hours. The cell has the characteristics of highly stable, less polarized, and highly reversible Zn deposition/dissolution. However, using 4.0 M ZnSO4 as electrolyte, the cell reached the cut-off threshold near 200 h and the polarization potential increased rapidly. Compared with 1.0 M ZnSO4, there was a significant gap in stability. The polarization potential drop in a symmetrical cell in using 1.0 M ZnSO4, as shown in Fig. 2(b), which may be ascribed to the resistive losses across the cell from a uniform and stable Zn deposition/dissolution17,18).

      Fig. 3 shows the SEM images of the Zn foil after 100 plating/stripping cycles in 4.0 M and 1.0 M ZnSO4 electrolyte. The surface of fresh Zn foil was flat and smooth with some defects (holes), which may be produced during manufacturing process. In Fig. 3(b) which is showing the surface of Zn foil cycled 100 times in 4.0 M ZnSO4 electrolyte, some large-scale plate-like structure was observed on the surface, and lots of vertical-like structured morphology indicating formation of Zn dendrites on the surface. While the cell was cycled in 1.0 M ZnSO4 electrolyte (Fig. 3[c]), the Zn surface was relatively uniform, with only a few plate-like structure materials dotted on the surface. Fig. 4 shows the current-potential curves of PtRu/C between 0.5 and 2.4 V of 20th cycle for the ORR and OER by LSV in 1 M ZnSO4, 1M ZnSO4 + 0.1 M H2SO4 and 1 M ZnSO4 + 0.5 M H2SO4. From the figure, it clearly shows that the cell at higher concentration of acid has better ORR & OER performance than in 1M ZnSO4 electrolyte. This means that neutral or low acid solutions give low ORR and OER performance. However, in electrolyte containing above 0.5 M H2SO4, we found severe hydrogen evolution at Zn anode. So, lower concentration of H2SO4 than 0.5 M H2SO4 was adopted for next experiment.

      
        
        

        Fig. 3. 
				
        

        
          SEM images of surface of Zn foils for 100 plating/stripping cycles, (a) fresh Zn foil, (b) using 4.0 M ZnSO4, and (c) 1.0 M ZnSO4
        
        

        

      

      
        
        

        Fig. 4. 
				
        

        
          Current-voltage profiles of PtRu/C for ORR and OER at 20th cycle by linear sweep voltammetry in 0.5 M H2SO4 and 1.0 M ZnSO4 + 0.5 M H2SO4
        
        

        

      

      Fig. 5 shows the galvanostatic Zn plating/stripping in a symmetrical cell at 2 mA/cm2 of current density in different electrolytes. In the symmetrical cell tests, the cell potentials in all electrolytes were stable. Between them, the cell using 1.0 M ZnSO4 + 0.05 M H2SO4 as electrolyte has the best performance with the smallest voltage gap and lowest voltage change rate (Table 1). There is little difference between 1.0 M ZnSO4 + 0.005 M H2SO4 and 1.0 M ZnSO4 + 0.0005 M H2SO4 samples. The order of their performance is as follows: 1.0 M ZnSO4 + 0.05 M H2SO4 > 1.0 M ZnSO4 + 0.005 M H2SO4 > 1.0 M ZnSO4 + 0.0005 M H2SO4.

      
        
        

        Fig. 5. 
				
        

        
          Galvanostatic Zn deposition/dissolution in a symmetrical cell at 2 mA/cm2 current density in different electrolytes. (a) 1.0 M ZnSO4 + 0.05 M H2SO4, (b) 1.0 M ZnSO4 + 0.005 M H2SO4, (c) 1.0 M ZnSO4 + 0.0005 M H2SO4
        
        

        

      

      
        Table 1. 
				
        

        
          Summary of galvanostatic Zn deposition/dissolution symmetrical cell test in different electrolytes
        
        

      

      
        
          
            	Electrolyte
            	Initial voltage (V)
            	Final voltage (V)
            	Voltage change rate (mV/h)
          

          
            	OER
            	ORR
            	V gap
            	OER
            	ORR
            	V gap
            	OER
            	ORR
            	V gap
          

        
        
          	1.0 M ZnSO4
+ 0.05 M H2SO4
          	0.058
          	-0.057
          	0.115
          	0.068
          	-0.066
          	0.134
          	0.043
          	0.039
          	0.081
        

        
          	1.0 M ZnSO4
+ 0.005 M H2SO4
          	0.062
          	-0.070
          	0.132
          	0.076
          	-0.086
          	0.162
          	0.060
          	0.069
          	0.129
        

        
          	1.0 M ZnSO4
+ 0.0005 M H2SO4
          	0.074
          	-0.062
          	0.136
          	0.084
          	-0.082
          	0.166
          	0.043
          	0.086
          	0.129
        

      

      

      SEM images of the Zn after 100 plating/stripping cycles in different electrolyte are shown in Fig. 6 In 1.0 M ZnSO4 + 0.05 M H2SO4 electrolyte, Zn surface was covered by plate-like structure material that size is around 10 nm. And vertical-like structured morphology material was observed on the surface. In 1.0 M ZnSO4 + 0.005 M H2SO4 electrolyte, the size of plate-like structure material was obviously increased to around 20-30nm. Lots of vertical-like structured morphology material has also begun to appear. While in 1.0 M ZnSO4 + 0.0005 M H2SO4 electrolyte, the size of material on the surface was decreased to below 10 nm, but vertical-like structured material also appeared in large numbers. The Zn surface cycled in 1.0 M ZnSO4 + 0.05 M H2SO4 was uniform compared with the other electrolytes.

      
        
        

        Fig. 6. 
				
        

        
          SEM images of the Zn after 100 plating/stripping cycles in different electrolytes. (a) 1.0 M ZnSO4 + 0.05 M H2SO4, (b) 1.0 M ZnSO4 + 0.005 M H2SO4, (c) 1.0 M ZnSO4 + 0.0005 M H2SO4
        
        

        

      

      XRD results of the Zn anode electroplated after 100 cycles in different electrolytes are shown in Fig. 7. According to the XRD results, the Zn crystals grow in various orientations. For all samples, the highest intensity peak is around at 42°, indicating the Zn growth in (101) orientation. The other significant planes are (002), (100), (102), (103), (112), (200), and (201). In order to facilitate comparison, the peak intensities of all patterns are normalized, taking the intensity of the (101) peak as the reference. Compared with fresh Zn foil, the peak intensity of the (002) and (103) plane were enhanced, while peaks at (100) and (102) plane were weak. This means using 1.0 M ZnSO4+0.05 M H2SO4 electrolyte, the preferential growth on Zn surface has changed from (100) and (102) plane to (002) and (103) plane. The Zn growth on the (100) is perpendicular to the sample surface. However, the crystal growth on the (103) plane is nearly horizontal with the electrode surface, thus dendrites are much less likely to form on the (103) plane6,19). Moreover, Zn metal with exposed (002) plane has more resistance against dendrite formation while exposed (100) plane is prone to dendrite formation6). It is easy to speculate that the use of this electrolyte will have a better effect of inhibiting the formation of dendrites.

      
        
        

        Fig. 7. 
				
        

        
          XRD patterns of the Zn anode after 100 cycles in different electrolytes
        
        

        

      

      Using 1.0 M ZnSO4 + 0.005 M H2SO4 as electrolyte, the obvious changes in XRD results are preferential growth on Zn surface from (100) plane to (002) plane. According to the previous analysis, it also has the ability to inhibit the growth of Zn dendrites, but it is not as good as the 1.0 M ZnSO4 + 0.05 M H2SO4 because it has only (002) plane enhanced, the (103) plane is same with fresh Zn foil. For 1.0 M ZnSO4 + 0.0005 M H2SO4 electrolyte, nearly all peaks are weaker than the fresh Zn foil. In other words, it enhances the Zn growth only in one orientation of (101) plane. The dendrites were grown on the (101) plane with -70° to the surface of the electrode6,15). This makes it has less effect in inhibiting the growth of dendrites. These results are consistent with the symmetrical cell test.

      Fig. 8 shows the galvanostatic Zn plating/stripping in a symmetrical cell in 1.0 M ZnSO4 + 0.05 M H2SO4 as electrolyte at different current densities (2-10 mA/cm2). It can be clearly seen that as the current density increases, the potential also increases. At 2 mA/cm2 of current density, it had a narrow potential gap and performance in stability was very stable. When current density increased to 5 mA/cm2, the potential gap slightly increased comparing with 2 mA/cm2, but its stability has not changed significantly, as shown in Table 2. However, at high current density, 10 mA/cm2, the voltage has wave-like fluctuations. The possible reason may be that under this condition, the side reaction of Zn under acidic conditions by self-corrosion is accelerated, and the generated hydrogen periodically accumulates and desorbs on the Zn surface, resulting in voltage fluctuations.

      
        
        

        Fig. 8. 
				
        

        
          Galvanostatic Zn plating/stripping in a symmetrical cell in 1.0 M ZnSO4 + 0.05 M H2SO4 as electrolyte at different current density
        
        

        

      

      
        Table 2. 
				
        

        
          Summary of galvanostatic Zn deposition/dissolution for symmetrical cell test in 1.0 M ZnSO4 + 0.05 M H2SO4 as electrolyte at different current density
        
        

      

      
        
          
            	Current density
(mAcm-2)
            	Initial voltage (V)
            	Final voltage (V)
            	Voltage change rate (mV × h-1)
          

          
            	OER
            	ORR
            	V gap
            	OER
            	ORR
            	V gap
            	OER
            	ORR
            	V gap
          

          
            	% to ini.
            	% to ini.
            	% to ini.
          

        
        
          	2.0
          	0.058
          	-0.057
          	0.115
          	0.068
          	-0.066
          	0.134
          	0.043
          	0.039
          	0.081
        

        
          	74%
          	68%
          	70%
        

        
          	5.0
          	0.099
          	-0.107
          	0.206
          	0.130
          	-0.132
          	0.262
          	0.133
          	0.107
          	0.24
        

        
          	134%
          	100%
          	116%
        

        
          	10.0
          	0.244
          	-0.232
          	0.476
          	0.293
          	-0.288
          	0.581
          	0.210
          	0.24
          	0.45
        

        
          	86%
          	103%
          	94%
        

      

      

      It is widely known that precious metals, especially Pt, are good catalysts for ORR. But it has showed a low performance in OER, because its surface will be passivated during reaction20). Thus, we choose the precious metal catalyst, PtRu/C, and the non-precious metal catalyst, MnO2, for investigation. Fig. 9 shows current density at 20th cycle for ORR and OER by LSV at 0.5 and 2.4 V. For PtRu/C, obviously, the increase in H+ concentration has a certain positive effect on the activity. As the concentration of H+ increases, the activity gradually increases. However, for MnO2 the reduction of H+ concentration has almost no effect on its activity. When using 1.0 M ZnSO4 + 0.05 M H2SO4 as electrolyte, both catalysts showed almost similar activity.

      
        
        

        Fig. 9. 
				
        

        
          Current density at 0.5 and 2.4 V by LSV in different electrolytes, (a) PtRu/C, (b) MnO2
        
        

        

      

      Fig. 10 shows the galvanostatic cell test of Zn/PtRu and Zn/MnO2 in 1.0 M ZnSO4 + 0.05 M H2SO4 as electrolyte at different current density. When current density was 1 mA/cm2, the Zn/MnO2 cell maintained a discharge voltage above 1 V for 100 cycles (over 200 hours). However, the Zn/PtRu cell maintained 0.75 V discharge voltage for nearly to 60 hours, and then the cell voltage continuously increased to 3.0 V for charging and below 0.0 V for discharging.

      
        
        

        Fig. 10. 
				
        

        
          Galvanostatic cell test in 1.0 M ZnSO4 + 0.05 M H2SO4 as electrolyte. (a) Zn/PtRu, and (b) Zn/MnO2
        
        

        

      

    

    

  
    
      4. Conclusions
      ZnSO4 with H2SO4 as acidic electrolyte in Zn-air rechargeable batteries was investigated. Using 1.0 M ZnSO4 + 0.05 M H2SO4 as electrolyte, and MnO2 as air cathode, this combination showed a good cell performance with the balance of electrochemical activity and cycle life. This electrolyte can greatly increase the cycle life (more than 200 hours stable) by suppressing the growth of dendrites significantly. In this electrolyte, the activity of MnO2 as a cathode is comparable to that of the precious metal PtRu in half cell test. In the full cell test, MnO2 with Zn foil anode showed much better cycle life than using PtRu catalysts as air electrode. This combination overcomes the many shortcomings of using alkaline solutions as electrolytes and has broad application prospects.
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