brn00 | ACSJCA | JCA11.1.4300/W Library-x64 | research.3f (R4.1.i3 HF01:4938 | 2.1) 2018/08/24 11:08:00 | PROD-WS-118 | rq_1049987 |

IEENAPPLIED MATERIALS

9/30/2019 11:54:31 | 7 | JCA-DEFAULT

Research Article

INTERFACES

www.acsami.org

. Electrolyte Effect on the Electrochemical Performance of Mild
. Aqueous Zinc-Electrolytic Manganese Dioxide Batteries

3 Huilin Pan,*% Jacob F. Ellis, Xiaolin Li, Zimin Nie, Hee Jung Chang, and David Reed

4 Energy & Environment Directorate, Pacific Northwest National Laboratory, Richland, Washington 99354, United States

S

© Supporting Information

EMD

Zn

and H* and diffusion-free “pseudocapacitance”-like reactions. This mechanism enables excellent cycling stability of an EMD
cathode over 5000 cycles with a capacity retention of 94.6%. This study provides a useful insight into developing reversible

6 ABSTRACT: Recently, mild aqueous rechargeable Zn-MnO, batteries
7 have attracted increasing interest for energy storage due to the low cost
8 of Zn and Mn resources, high safety, and environmental benignity.
9  Extensive types of MnO, have been proposed as the cathodes in the
10 literature, but the different reported performance and lack of a thorough
11 understanding of reactions in MnO, cathodes greatly hinder the practical
12 applications of mild aqueous Zn-MnO, batteries. Here, we revealed the
13 correlation between the reaction mechanisms and the used electrolytes
14 for the mild aqueous zinc-electrolytic manganese dioxide (EMD)
15 Dbatteries. In optimal Zn(TFSI),-based electrolyte, the EMD cathode
16  exhibits a mixed diffusion-controlled conversion reaction between EMD
17

18

19

MnO, cathodes through rational control of reaction mechanisms for high performance mild aqueous Zn-MnO, batteries.

20 KEYWORDS: mild aqueous Zn-MnO, batteries, electrolytic manganese dioxide, reaction mechanism, mixed charge storage,

21 electrolyte effect

2> l INTRODUCTION

23 Aqueous Zn-MnO, batteries, first recognized in the 1950s in
24 primary alkaline batteries,"”” have recently regained increasing
25 interest for the applications of the large-scale grid energy
26 storage because of low cost, high energy density, and high
27 environmental benignity.”~® The extensive effort of converting
28 primary alkaline Zn-MnO, batteries to be rechargeable goes
29 back to the 1970s through a shallow discharge protocol and
30 optimized MnO, cathodes, etc.°”® The cycling stability of
31 rechargeable alkaline Zn-MnO, batteries is still challenging for
32 their practical applications due to Zn dendrite formation and
33 passivation and the crystal structure degradation of the MnO,
34 cathode during the deep discharge process in alkaline
35 electrolytes.'’

36  Recently, mild aqueous electrolytes have attracted increasing
37 interest for rechargeable Zn-MnO, batteries, which present
38 attractive advantages, such as no limitation of the depth of
39 discharge (DOD) and highly reversible Zn anode reac-
40 tion.”"' ™" MnO, with different morphologies and crystal
41 structures, for example, various nanostructured a- s /7’-,4
42 7,'° 8-," and akhtenskite'® phases, have been proposed as
43 cathode materials for mild aqueous rechargeable Zn-MnO,
44 batteries. Nevertheless, the synthesis method of MnO,
4s cathodes and their performance vary remarkably in the
46 literature. Furthermore, the reaction mechanisms for poly-
47 morph MnO, remain controversial and complex, for example,
48 Zn*" ion intercalation in different phases of MnO, forming
49 spinel ZnMn,O,,'* buserite ZnMnO,,"> tunnel-type -
50 Zn,MnO, and layered-type L-Zn,MnO,, etc.,,'® H* ion reaction

—

o

-
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with a-MnO, forming MnOOH,’ and coinsertion of Zn>* and s1
H* ions.”'® We recently found that the charge storage s2
mechanisms and transport properties in nanoflake 6-MnO, s3
could be manipulated through the used electrolyte, through s4
which a joint charge storage reaction was identified in ss
appropriate electrolyte, enabling a highly reversible 6-MnO, s6
cathode."” Among various MnO, materials, electrolytic s7
manganese dioxide (EMD) has been used as a cathode ss
material in commercial alkaline batteries, which shows s9
significant advantages for practical applications such as low 6o
synthesis cost and large-scale commercial availability.”>*" It 61
will be worth investigating the electrolyte effect on the 62
electrochemical performance of EMD as a cathode for mild 63
aqueous Zn-MnO, batteries from a practical perspective. 64

In this work, we demonstrate the EMD material as a 65
promising cathode material for the application of long-life and ¢s
high-rate aqueous rechargeable Zn-MnO, batteries. The 7
effective redox reactions in EMD cathodes were systematically 68
investigated in different electrolytes, showing a strong e
correlation with the employed electrolytes. A mixed 70
diftusion-controlled conversion reaction between EMD and 71
H* and diffusion-free “pseudocapacitance”-like reactions were 72
revealed. With appropriate Zn(TFSI),-based electrolyte, the 73
EMD cathode shows high-rate and ultrastable cycling over 74
5000 cycles with no visible degradation based on the mixed 75
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76 charge storage mechanism. The electrolyte-dependent mixed
77 charge storage reactions in the EMD cathode in this work are
78 similar to the joint charge storage in a layered 6-MnO, cathode
79 in a previous report."” Interestingly, the electrolyte-dependent
80 mixed charge storage seems not limited to a special crystal
81 phase or morphology of MnO, material. This study provides
82 useful guidance to develop a highly reversible MnO, cathode
83 through the control of the reaction mechanisms for high
84 performance mild aqueous Zn-MnO, batteries.

ss I EXPERIMENTAL PROCEDURES

86 EMD material was obtained from TRONOX LLC. The ZnSO,-7H,0
87 (99%, Sigma-Aldrich), MnSO,-H,0 (99%, Sigma-Aldrich), Zn-
88 (TFSI), (99.5%, Solvionic), and Mn(TFSI), (99.5%, Solvionic)
89 were used as the electrolyte salts and additives. Zinc salt electrolytes
90 (I M and 3 M) were prepared by dissolving 1 and 3 mol zinc slats
91 into 1 L of deionized water (DI water), respectively. Electrolytes with
92 0.1 M manganese salt additive were prepared by adding 0.1 mol of
93 manganese salt into electrolyte containing 1 L of DI water. Zinc foil
94 (99.9%, Alfa Arsar) was punched into a 9/16” disk and used as the
95 anode. X-ray diffraction (XRD) for cycled EMD electrodes before and
96 after DI water rinsing was conducted on a Rigaku Miniflex II
97 diffractometer (Cu Ka radiation, A= 1.5406 A). Scanning electron
98 microscopy (SEM) images were performed using a helium ion
99 microscope.

100 EMD electrodes were prepared by mixing EMD, acetylene black,
101 and PVDF binder at a weight ratio of 60:30:10 in NMP solvent and
102 casting the mixture onto carbon paper. The EMD electrodes were
103 dried at 80 °C under vacuum for 10 h before assembling cells. The
104 EMD mass loading in electrode is ~1 mg cm™ 2032 coin cells were
105 prepared using an EMD electrode (1/2” in diameter) as the cathode,
106 Zn foil (9/16” in diameter) as the counter electrode, and a glass fiber
107 disk (3/4” in diameter) as the separator. Symmetrical EMD||[EMD
108 and Zn||Zn cells were assembled with fresh EMD and Zn anode
109 electrodes, respectively. The charge—discharge was performed on a
110 LANHER battery tester (Wuhan) during 1-1.8 V. Cyclic
111 voltammetry (CV) measurements were carried out for Zn-EMD
112 coin cells using CHI660E in a scanning rate of 0.1—10 mV s~
113 Electrochemical impedance spectra (EIS) measurement was con-
114 ducted on Bio-Logic Instruments (VSP) for EMD||EMD, Zn||Zn, and
115 EMD||Zn cells.

116 l RESULTS AND DISCUSSION

117 Figure la shows the XRD pattern of EMD material with a
118 defect crystal phase that can be adequately described as y-
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3
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Figure 1. (a) XRD pattern and (b), (c) SEM images of EMD powder.

MnO, or &MnO,** The SEM images of EMD material 119
indicate a particle size of 5—20 pm which is built up with 120
nanoparticles (Figure 1b and 1c). The hierarchical structure of 121
EMD is ascribed to the electrodeposition process of the 122
material,”> which could be beneficial to the transport of 123
electrons and ions inside the EMD particles. 124

The electrochemical and structural stability of the EMD 125
cathode strongly associates with the redox reactions occurring 126
in the electrode and electrode/electrolyte interface, in which 127
the electrolyte components play a key role in determining the 128
practical reactions. The impact of different electrolytes on the 129
electrochemical performance of EMD was investigated in 130
Figure 2. The cyclic voltammetry (CV) measurements for 131
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Figure 2. (a) Cyclic voltammetry of Zn-EMD batteries in 1 M ZnSO,
and 1 M Zn(TESI), electrolytes (0.1 mV s, second cycle). (b)
Charge—discharge profiles for Zn-EMD cells in 1 M ZnSO, and 1 M
Zn(TFSI), electrolyte, respectively, at C/3 (second cycle). (c), (d)
Cycling performance of EMD cathodes in different electrolytes at 5 C
after the first 3 cycles at a lower rate of C/3 (Figure S4). (e) Long-
term cycling performance of the Zn-EMD cell at 10 C in 3 M
Zn(TESI), + 0.1 M Mn(TFSI), electrolyte.

EMD cathodes (second cycle) exhibit remarkably different 132
curves in electrolytes with different salts (Figure 2a). In 1 M 133
ZnSO, electrolyte, two obvious reduction peaks located at 1.40 134
and 1.219 V and one main oxidation peak at 1.59 V were 135
observed for the redox reactions in the EMD cathode. While in 136
1 M Zn(TFSI), electrolyte, the EMD cathode exhibits a 137
compressed CV shape with wider anodic peaks at 1.395 and 138
1.071 V and a cathodic bump starting from ~1.3 V and 139
followed by a bimodal peak around 1.6 V. In agreement with 140
the CV curves, the EMD cathode shows two plateaus during 141
discharge and one plateau during charge in 1 M ZnSO, 142
electrolyte (Figure 2b). In contrary, the charge—discharge 143
plateaus of EMD became less obvious in 1 M Zn(TFSI), 144
electrolyte, showing a slope-like behavior in the second cycle 145
(Figure 2b). (Note that the Zn-EMD cells show a difference in 146
the discharge curves during the first and second cycle as 147
reported in a previous report (Figure S1).*) This indicates 148
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Figure 3. XRD patterns of EMD electrodes in (a), (b) 1 M ZnSO, electrolyte and (c), (d) 3 M Zn(TFSI), electrolyte during charge and discharge
at C/3. Ti foil was used as a substrate for the EMD electrode for the XRD analysis. Circle, Ti; diamond, MnOOH; heart, EMD.

149 different redox reactions in EMD cathodes in different
150 electrolytes, which is similar to a previous report in the 6-
151 MnO, cathode."’

152 In addition, the electrochemical cycling performance of
153 EMD cathodes in different electrolytes was investigated in
154 Figure 2c. EMD cathodes show limited capacity of 100.3 and
155 69.3 mAh g™' at 5 C in 1 M ZnSO, (red curve) and 1 M
156 Zn(TFSI), (blue curve), respectively, in the first cycle under S
157 C rate. The capacities fade in initial cycles in both electrolytes
158 due to the Mn*" dissolution from the EMD cathode (Figure
159 S2), which is similar to the capacity degradation in other types
160 of MnO, cathodes.***** Interestingly, the capacity decay due
161 to Mn** dissolution in 1 M ZnSO, electrolyte (red curves) is
162 much faster than that in 1 M Zn(TFSI), electrolyte (blue
163 curve). The total mass loss from the EMD cathode after 50
164 cycles in 1 M ZnSO, electrolyte is about 6 times larger than
165 that in 1 M Zn(TFSI), electrolyte as shown in Figure S2. This
166 indicates that the specification of zinc salt in aqueous
167 electrolyte could strongly affect the stability of reactions in
168 EMD cathodes.

160 According to a previous report, an optimal amount of
170 preaddition of Mn** ions in electrolyte would facilitate the
171 MnO, cathode, reaching stability by providing an equilibrium
172 between Mn?* dissolution and reprecipitation.” 0.1 M MnSO,
173 and 0.1 M Mn(TFSI), were added into 1 M ZnSO, and 1 M
174 Zn(TFSI), electrolytes, respectively, in this work. The capacity
175 of EMD significantly increased to 212 mAh g™* (yellow curve)
176 and 123 mAh g™ (purple curve) after Mn®" addition,
177 respectively (Figure 2c). The EMD cathode exhibited
178 remarkable improvement to the cycling performance in 1 M
179 Zn(TFSI), + 0.1 M Mn(TESI), electrolyte, whereas capacity
180 fading of the EMD cathode in 1 M ZnSO, + 0.1 M MnSO,
181 electrolyte was not improved obviously. The different
182 improvement in the cycling stability for EMD cathodes after
183 preaddition of Mn®" in electrolytes could be related to varying
184 kinetics of Mn?>* dissolution/precipitation in different con-
185 ditions, such as the electrode structure and surface properties

—

—

—_

of the MnO, cathode and concentrations of salts in different 1s6
electrolytes.”* >’ 187

Based on the better cycling stability of EMD in Zn(TFSI),- 1ss
based electrolyte, a different concentration of Zn(TFSI), salts 1s9
was further investigated in Figure 2d. It was found that higher 190
concentration of Zn(TFSI), salt (green curve) can further 191
enhance the cycling stability and capacity of EMD compared 192
with those in electrolyte of 1 M Zn(TFSI), + 0.1 M 193
Mn(TESI), over 1000 cycles at S C. This could be ascribed 194
to the further stabilized EMD cathode against Mn*" dissolution 195
by reducing the activity of water-based electrolyte under higher 196
salt concentration.’® The charge—discharge curves of the EMD 197
cathode retain overlapping during cycling (Figure S3). 198
Furthermore, the EMD cathode also demonstrates high rate 199
performance with a reversible capacity of 105 mAh g™ at 10 C, 200
Coulombic efficiency of ~100%, and excellent cycling stability 201
with a capacity retention of 94.6% over S000 cycles (Figure 202
2e). 203

To understand the reactions for EMD cathodes in different 204
electrolytes, the structural evolution of EMD along cycling was 20s
investigated in Figure 3. Electrolytes without Mn*" addition 206 f3
were used for EMD electrodes to simplify the XRD analysis by 207
avoiding the interference from oxidation of the Mn** additive 20s
in electrolytes. The XRD patterns of EMD electrodes in 1 M 209
ZnSO, electrolyte for the first cycle were shown in Figure 3a 210
and 3b after rinsing with DI water. Note that DI water rinsing 211
does not change the XRD patterns of EMD electrodes as 212
shown in Figure S5. Newly formed discharged products of 213
ZnSO,[Zn(OH),];-nH,0 (n = 3, 4, and/or 5) were clearly 214
observed in an EMD electrode at 1 V. This is consistent with 215
the previous report on the reversible formation of ZnSO,[Zn- 216
(OH),]5-nH,0 on a-MnO, and 5-MnO, cathodes in ZnSO,- 217
based electrolyte.”** The reversible formation of ZnSO,[Zn- 21s
(OH),];'nH,0 is accompanied by the reversible redox 219
reaction between the H' ion and EMD cathode to form 220
MnOOH during charge and discharge through the following 221
reactions: 222
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Figure 4. CV curves of Zn-EMD batteries at different scan rate in electrolytes of (a) 1 M ZnSO,, (c) 3 M Zn(TFSI),, and (e) 3 M Zn(TFSI), +
0.1 M Mn(TESI),, respectively. The b-value of each peak is fitted according to i = av® (i is current; a, b are varying values; v is scanning rate) for an
electrolyte of (b) 1 M ZnSO,, (d) 3 M Zn(TFSI),, and (f) 3 M Zn(TFSI), + 0.1 M Mn(TFSI),, respectively. The value of b, (n = 1—4) is the

fitted b value for redox peak n in the CV curves.

Cathode: EMD (MnO,) + H" + ¢~ <> MnOOH

1/6ZnS0O, + OH™ + 1/2Zn** + n/6H,0
< 1/6ZnS0O,[Zn(OH), ];-nH,0

Anode: 1/2Zn < 1/2Zn*" + &~

223 XRD peaks for MnOOH in the discharged EMD electrodes
224 were submerged in the strong peaks from ZnSO,[Zn(OH),],-
225 nH,0 (Figure S6). When charged back to 1.8 V, the XRD
226 pattern shows that Zn,SO,(OH)¢nH,0 reversibly decom-
227 posed, and the EMD electrode changed back to its original
228 crystal phase in Figure 3b.

220 The discharge and charge products on EMD electrodes in 3
230 M Zn(TFSI), electrolyte were investigated after DI water
231 rinsing in Figure 3¢ and 3d. Complete water rinsing for EMD
232 electrodes effectively avoids the interference of XRD peaks
233 from Zn(TFSI),-based discharge products as shown in Figure
234 S7. After discharging to 1 V, the original EMD peak
235 disappeared along with the formation of MnOOH as shown
236 in Figure 3c. The formation of the discharge compound
237 MnOOH was further confirmed in the following cycles in
238 Figure 3d. The MnOOH phase and the accompanied
239 compound Zn(TFSI),[Zn(OH),];>mH,0 reversibly disap-
240 peared, and the EMD electrode recovered back to the original
241 EMD phase (Figure 3c) after charging back to 1.8 V. Zinc
242 hydroxyl compounds such as ZnSO,[Zn(OH),];:nH,0 have
243 been widely investigated as precursors for ZnO synthesis in the
244 literature,” ~>* in which the ZnSO, can be replaced by ZnCl,
us or ZnCO; salts, etc.”™ The discharge product Zn-
246 (TFSI),[Zn(OH),];>mH,0 is considered to be an analogy
247 compound of ZnSO,[Zn(OH),];nH,0,"” which is formed
248 through the proposed reactions in an electrochemical process:

—

Cathode: EMD(MnO,) + H' + ¢~ <& MnOOH

1/6Zn(TESI), + OH™ + 1/2Zn** + m/6H,0
< 1/6Zn(TFSI),[Zn(OH), ];-mH,0

Anode: 1/2Zn < 1/2Zn*" + ¢~

The XRD results for EMD electrodes indicate the same 249
reversible reaction between EMD and H' ion forming 250
MnOOH in both ZnSO, and Zn(TFSI),-based aqueous 251
electrolytes. In addition, the preaddition of Mn®' ions in 252
aqueous electrolytes does not affect the structural evolution of 253
EMD cathodes during charge and discharge, indicating the 254
same phase change redox reactions in EMD cathodes with and 25
without Mn>" addition as discussed in Figure S8 and Figure S9. 2s6
Interestingly, small XRD peaks at 36.56° and 59.6° from the 257
original EMD phase were still observed besides the formation 258
of MnOOH at the discharged state in Zn(TFSI),-based 250
electrolyte as shown in Figure 3d. This could be from the 260
EMD not participating in redox reactions or from special redox 261
reactions in EMD material that is free of crystal phase change 262
during the charge—discharge process (to be discussed later). 263

The electrochemical reaction kinetics parameters were 264
symmetrically investigated to further understand the redox 265
reactions in EMD cathodes in Figure 4. The various sweep 266 4
rates of CV curves of EMD cathodes in 1 M ZnSO,, 3 M 267
Zn(TESI),, and 3 M Zn(TESI), + 0.1 M Mn(TESI), 26
electrolytes were presented in Figure 4a, 4c, and 4e, 269
respectively, and in Figure S10. It was noted that metal 270
oxide electrodes with a conversion reaction usually exhibit a 271
difference in the first and second charge—discharge curves due 272
to modification of thermodynamic energy of the electrode after 273
the first discharge (Figure S1),% and the reaction kinetics were 274
mainly determined after the first cycle. Therefore, the second 275
cycle charge—discharge curves and CV scanning curves were 276
employed to analyze the reaction kinetics in EMD in this work. 277
Significantly different CV curves for EMD electrodes in 278
different electrolytes suggest a different reaction pathway and 279
mechanisms. In addition, a new oxidation CV peak at 1.4 V 280
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Figure 5. (a) Wettability of different electrolytes on fresh EMD cathode and Zn anode. The electrochemical impedance of spectra for (b) fresh
symmetrical EMD||[EMD, (c) fresh Zn||Zn cell, and (d) EMD||Zn cell discharged to 1 V in the first cycle.

281 (peak 3 in Figure 4c and 4e) appeared in Zn(TFSI),-based
282 electrolytes, which is consistent with the observation in the
283 electrolyte of 1 M Zn(TFSI), in Figure 2a.

284 The current (i) of redox peak of CV scanning exhibits a
285 correlation with scanning rate (v) according to the equation of
286 i = av’,’”** where a and b normally vary in a range of 0.5—1,
287 depending on the charge storage mechanisms and reaction
288 kinetics of EMD cathodes. For a redox reaction that is limited
289 by solid-state diffusion of charge storage ions, the b value is 0.5,
290 whereas for a redox reaction that is a nondiffusion-controlled
291 electrochemical capacitive process, the b value is 1.”” The
292 correlation between log (i) and log (v) for redox peaks in
203 different electrolytes is presented in a sweep rate ranging from
294 0.1 mV s™" to 10 mV s/, respectively, in Figure 4b, 4d, and 4f.
295 The slopes of log (i)—log (v) dependence curves for peak 1
296 and peak 3 in 1 M ZnSO, electrolyte were shown in Figure 4b.
297 The curve for peak 2 is not plotted due to the inconspicuous
298 peaks under higher sweep rates (Figure S10). A two-region
299 feature for slopes is obviously observed. In region 1 (lower
300 scan rate: <0.2 mV s™'), the pair of redox peaks 1 and 3 shows
301 a higher b value close to 1, indicating the redox reaction is
302 diffusion-free. In region 2 (faster scan rate: >0.4 mV s™'), the
303 slopes changed significantly with a reduced b value of 0.5 for
304 peak 1 and peak 3, respectively. The b value of 0.5 indicates
305 diffusion constraints for redox reactions in EMD electrode in 1
306 M ZnSO, electrolyte in such a scan range. The diffusion-
307 controlled reaction is normally accompanied by a crystal phase
308 change of electrode material during charge and discharge.”” In
309 the faster scanning region 2, the effective capacity in EMD
310 electrode is contributed by the diffusion-controlled H* reaction
311 with EMD, forming a new crystal phase of MnOOH as
312 discussed in Figure 3. The main redox reactions with crystal
313 phase change in EMD material make the cycling stability of
314 EMD challenging in ZnSO,-based electrolyte, which could
315 account for the faster capacity degradation as discussed in
316 Figure 2c. In contrast, the two-region feature for the EMD
317 cathode in Zn(TFSI),-based electrolytes became not obvious
318 as shown in Figure 4d and 4f. The main redox peaks (peak 1
319 and peak 4) present higher b values than those in ZnSO,
320 electrolyte in a wide scan range (0.1—10 mV s™'), indicating
321 the increase of diffusion-free redox reactions in EMD with

Zn(TFSI),-based electrolytes. The addition of 0.1 M Mn- 322
(TFSI), further enhanced the nondiffusion redox reactions 323
with increased b values (Figure S10c and Figure 4f). 324
The b values in a range of 0.5—1 for the redox peaks in EMD 325
suggest a mixed charge storage mechanism with both diffusion- 326
controlled and diffusion-free redox reactions. The part of 327
diffusion-limited reactions in EMD-—conversion reaction 328
between EMD and H* forming MnOOH—is similar in both 329
ZnSO,-based and Zn(TFSI),-based electrolytes as discussed in 330
Figure 3. The part of diffusion-free capacity could be from 331
“pseudocapacitance”-like reactions in EMD electrode, such as 332
diffusion-free Zn** ion storage in the hierarchical nano- 333
composite EMD material."* The redox peak in CV curves 334
for EMD in Figure 2a and Figure 4a, 4c, and 4e should be 335
contributed by both diffusion-controlled conversion reaction 336
with H* and “pseudocapacitance” storage in EMD, for which 337
the electrolyte media and scanning rate are important to 338
determine the contribution for each redox peak in EMD 339
electrodes. The Zn(TFSI),-based electrolyte is beneficial to 340
the diffusion-free “pseudocapacitance” redox reactions that are 341
free of crystal phase change in EMD and thus favors the 342
structural stability of EMD and enables better cycling stability 343
as discussed in Figure 2. Such diffusion-free reactions could 344
account for the still observed EMD peaks after discharge in 345
Figure 3d in the Zn(TFSI),-based electrolyte. This is 346
consistent with our previous report on the electrolyte- 347
dependent ]omt charge storage reactions in a layered - 348
MnO, cathode,” suggesting the mixed charge storage in 349
MnO, is mainly related to the used electrolyte rather than a 3s0
special crystal phase of MnO,. 351
In addition, the electrode surface properties of the EMD 332
cathode and Zn anode were further investigated in Figure S. 35315
The electrolyte wettability on the EMD cathode and Zn anode 3s4
is shown in Figure Sa. It was found that the ZnSO,-based 3ss
electrolyte exhibits poor wettability on either a cathode or 3s6
anode, whereas the Zn(TFSI),-based electrolyte penetrates 357
into the EMD cathode immediately, showing excellent 3s8
wettability; the electrolyte wettability on Zn metal is also 3s9
improved compared with ZnSO,-based electrolyte. The 360
electrochemical impedance (EIS) measurements for EM- 361
D||[EMD and Zn||Zn cells show a lower system resistance 362
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363 (R,) and lower charge transfer resistance on the fresh Zn metal
364 side in 3 M Zn(TFSI), + 0.1 Mn(TFSI), electrolyte compared
365 with those in 1 M ZnSO, electrolyte (Figure Sb and Sc). The
366 EMD||Zn full cell presents S times lower overall charge transfer
367 resistance after the first discharge in 3 M Zn(TFSI), + 0.1
368 Mn(TFSI), electrolyte (Figure Sd). The reduced electro-
369 chemical impedance in Zn(TFIS),-based electrolyte could be
370 associated with the good electrolyte wettability on the EMD
371 cathode and anode, which further enhances the redox reactions
372 in EMD cathode and improves the cycling stability of Zn-EMD
373 batteries.

—

37+ l CONCLUSION

375 We demonstrate low-cost and commercially available EMD
376 material as a promising cathode material for the application of
377 long-life and high-rate mild aqueous rechargeable Zn-MnO,
378 batteries. The correlation between the effective redox reaction
379 mechanisms and the electrochemical performance of the EMD
380 cathode was identified. The EMD cathode exhibits a
381 controllable mixed diffusion-controlled conversion reaction
382 and diffusion-free “pseudocapacitance”like charge storage
383 mechanism according to the employed electrolyte. Zn-
384 (TFSI),-based electrolyte favors more diffusion-free redox
38s reactions in EMD and good electrolyte wettability, thus
386 improving the structural stability of EMD and cycling stability.
387 Highly reversible reactions for Zn-EMD batteries were
388 demonstrated with excellent cycling stability over 5000 cycles
389 and a capacity retention of 94.6% in optimal Zn(TFSI),
390 electrolyte. This study provides useful guidance to develop
391 high performance mild aqueous Zn-MnQO, batteries through a
392 rational control of the reaction mechanisms and electrode
393 surface properties in different electrolytes.
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