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Abstract

Agueous rechargeable Zn/MnO- batteries are attractive due to their low-cost, high safety and use of
non-toxic materials. In terms of electrolyte materials, it is anticpated that an aqueous electrolyte with a
wider electrochemical window will improve the stablity and energy density. In this work, we
investgated salt-concentrated electrolytes based on relatively inexpensive acetate salts. An
electrochemical window of 3.4 V was achieved in salt-concentrated 1 m Zn(OAc),+31 m KOAc
electrolyte. Its total ionic conductivity is 2.96x10 S-cm™* while the ionic conductivity of Zn?* ions is
7.80x10 S-cm?, estimated by a current interrupt method. This electrolyte is regarded as a mild alkaline
enviroment with a pH value of 9.76, resulting in a different storage mechanism for anode with Zn
stripping/deposition and cathode with proton intercalation/deintercalation. A Zn/MnO; battery was
assembled using 1 m Zn(OAc).+31 m KOACc electrolyte, self-supported a-MnO,-TiN/TiO- cathode and
Zn foil anode. The Zn/MnO; battery can be charged to 2.0 V versus Zn/Zn?* and delivers a discharge
capacity and energy density of 304.6 mAhg™® (MnO) or 0.32 mAh-cm (calculated on the area of
electrode), and 368.5 (based on MnQ,) or 232.7 Wh-kg? (calculated on the total active mass of
electrodes and electrolyte) in the first cycle under a current density of 100 mA-g* (~ C/3, based on
MnQO,) or 0.1 mA-cm (based on the area of electrode). During cycling, the coulombic efficiency can
be maintained around 99% and reached 99.9 % during the 14-340th cycles. After the cycling tests,
almost no dendrites were observed on the Zn foil anode attributing to the super-high salt concentration

in that acetate-based electrolyte, which will benefit the stability of aqueous Zn/MnQO; batteries.
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1. Introduction

Batteries are important electrochemical devices for energy storage [1, 2]. Of the various
developed batteries, lithium ion batteries (LIBs) are the most popular due to their high energy
density [3-6]. The electrolytes for conventional LIBs usually consist of LiPFs, LICF3SO3, or
LiBF4 salts and propylene carbonate, ethylene carbonate, polyethylene oxide and dimethyl
carbonate organic solvents, which are expensive, flammable and not environmentally benign
[6, 7]. Considering this associated challenge on both cost and safety, in 1994, the first aqueous
lithium-ion battery using 5 M LiNOs aqueous solution as the electrolyte was developed [8],
with great progress made in recent years [9, 10]. However, element lithium on the earth is a
limited resource, which could create an issue for large scale applications of LIBs. The biggest
advantage of LIBs is their high energy density, which is desired for transport applications. For
stationary energy storage, such as grid-scale energy storage, the requirement on energy density
is not as high with cost and safety being the key aspects[11]. Therefore researchers have
extended their research to include batteries based on earth abundant elements such sodium (Na),
potassium (K), zinc (Zn) etc. [1, 12-14]. Among these elements, Zn?*-ion based batteries,
particularly aqueous rechargeable batteries (ARBs) using Zn?* ions as the charge carriers, have
attracted great attention. This is due to their low-cost, high safety, low redox potential (-0.76

V vs. standard hydrogen electrode (SHE)), and potentially high energy density [5, 15, 16].

As for the electrode materials for aqueous rechargeable Zn?*-ion batteries (ARZiBs), the
negative electrode is normally Zn foil or Zn powders. The typical positive electrode materials
for ARZiBs can be classified into manganese-based oxides, vanadium-based materials and
Prussian blue analogues [17-19]. Among these positive electrode materials, manganese-based
oxides such as MnO; have been shown to be good candidates for assembling ARZiBs with
relatively high voltages (around 1.8 V for neutral or mild acidic electrolytes and around 1.6 V
for alkaline electrolytes) [20, 21]. As the energy density of a battery is related to the cell voltage,
these aqueous Zn/MnO- batteries have relatively high energy densities [5]. However, the
charge/discharge mechanism and performance of MnO is dependent on the particle size and
the difference in crystallographic polymorphs (a, B, vy, 8, A, and amorphous)[22]. In addition,
aqueous rechargeable Zn/MnO: batteries usually exhibit poor stability and restricted energy
density due to water splitting in the aqueous electrolytes providing further challenges [23, 24].

To handle these challenges, a core-shell structure was designed and applied into the MnO;



cathode[25]. A quasi-solid state electrolyte was also employed by introducing poly(vinyl
alcohol) (PVA) into the aqueous electrolyte to minimize the water content and enhance the
cyclic stability of the Zn/MnQO: battery[26]. In general, minimising the water splitting reaction
during the charge/discharge of a battery can provide an excellent strategy to widen the
electrochemical stability window of the aqueous electrolyte. Recently, a new type of salt-
concentrated battery electrolyte moved to the forefront by simply increasing the salt
concentration in suitable salt—solvent combinations, which can bring about an excellent rate
capability, high energy density and stable operation to various electrochemical storage
devices[27]. For ARBs, salt-concentrated electrolytes with 21 m (molality, mol-salt in kg-
solvent) lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) salt dissolved in water were also
proposed as ‘water-in-salt’ electrolytes (WISE) to widen its stability window to 3.0 V [28].
Meanwhile, hydrate-melt electrolytes which were reported by Yamada’s group, which are
optimized eutectic systems of LiTFSI and lithium bis(perfluoroethysulfonyl)imide (LiBETI),
showed that a room-temperature hydrate melt of Li salts can be used as a stable aqueous
electrolyte (and even can reach 3.8 V operation voltage) in which all water molecules
participate in the Li* hydration shells while retaining fluidity [29].

Although wide electrochemical stability windows for aqueous electrolytes have been achieved
on these expensive organic salts, the high cost could be a potential obstacle for large scale
application of these electrolytes. Therefore, in terms of cost, aqueous electrolytes based on
inexpensive salts would be a better choice. Aqueous solutions of salts such as LiNiOz and
KOACc have been investigated as the potential electrolytes for ARBs [8, 30-32]. It has been
reported that cost-effective concentrated potassium acetate (KOACc) aqueous solution (31 m)
exhibits an electrochemical stability window of 3.2 V [31]. LiOAc was added into the
concentrated KOACc solution to form 32 m KOAc+8 m lithium acetate (LIOAc) mixed cation
acetate ‘water-in-bisalt’ electrolyte (WiBSE). This electrolyte has an electrochemical stability
window of ~ 3.0 V providing a Li*-ion based ARB [32]. Based on a similar strategy, in this
study, we develop aqueous Zn?*-ion conductors with wide electrochemical stability windows
to be used as electrolytes for high voltage Zn/MnO- batteries. Both zinc acetate (Zn(OAc)z2)
and KOAc were dissolved in water at room temperature to forma 1 m Zn(OAc)2 + 31 m KOAc
aqueous acetate solution. The as-formed salt-concentrated aqueous electrolyte also meets the
definition of WiBSE [28]. The electrochemical stability window at room temperature of the
mixed 1m Zn(OAc)2 + 31 m KOAc electrolyte is around 3.4 V. This electrolyte is assembled
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with a self-supported a-MnO2-TiN/TiO: cathode (nanosized a-MnQO> particles grown on the
porous TiN/TiO> substrate directly via a hydrothermal reaction) and polished zinc foil as the
anode, completing the Zn/MnO; battery. The Zn/MnOQO> battery was demonstrated as a hybrid
battery, in which Zn?* was stripped/deposited on the Zn foil anode with a slight reaction
between Zn and OH" and proton intercalated/deintercalated in the MnO; cathode. Through the
electrochemical characterization, the Zn/MnO: battery delivered a discharge capacity of 304.6
mAh-g? (1.2 mg MnO2) or 0.31 mAh cm (1.13 cm? electrode area) and an energy density of
232.7 Wh-kg* (based on the total active mass of electrodes and electrolyte) on the first cycle,
and a discharge capacity of 243.1 mAh-g* or 0.26 mAh cm and an energy density of 175.5
Wh-kg? after 600 cycles, with capacity retention of 79.7% when charged/discharged at a
current density 100 mA-g? (0.1 mA cm). The cut-off voltage was 2 V which is higher than
the normally reported values 1.8 VV or 1.6 V [17, 20, 21, 26, 33]. Dendrite was not observed at
the Zn foil anode after cyclic and rate performance, attributing to the superiority of salt-
concentrated electrolytes. This is a promising type of high voltage agueous Zn/MnQO: battery,

having the potential for stationary energy storage.

2. Experimental

2.1. Preparation of 1 m Zn(OAc),+31 m KOAc salt-concentrated electrolytes and self-
supported a-MnQO3 - TIN/TiO> cathode

The electrolyte (1 m Zn(OAc).+31 m KOACc) was prepared by dissolving Zn(OAc)2-2H.0
(Sigma Aldrich, ACS, 98.0-101.0%) and KOACc (Alfa Aesar, 99%) in deionized water at room
temperature to get a transparent saturated aqueous solution. Before synthesizing the self-
supported MnO2-TiN/TiO2 cathode, TiN/TiO2 porous substrate was prepared with titanium
powder (Alfa Aesar, -200 mesh, 99.5%), KCI (Alfa Aesar, 98%), polyethylene glycol (Alfa
Aesar, PEG 1500), poly methyl methacrylate (Alfa Aesar, PMMA) and stearic acid (Alfa Aesar,
Reagent Grade) by hot press at 150 C firstly to obtain pellets followed by calcination under N2
at 1200 C for 2 hours [34]. In order to grow nanosized MnO2 on porous TiN/TiO> substrate,
0.04 g sodium dodecyl sulfate (SDS, Sigma-Aldrich, ACS reagent) was dissolved in 10 mL
deionized water, then 20 ml of 0.02 g-mL™* KMnO, (Sigma-Aldrich, ACS reagent) solution
was added dropwise and stirred for 15 min to gain a homogeneous solution. Subsequently, the

mixed solution was transferred into a 40 mL polytetrafluoroethylene (PTFE) liner. The
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TiN/TiO2 porous substrate was transferred to the PTFE liner. The sealed autoclave was kept at
130°C for 10 h. The autoclave was then cooled to the room temperature and the prepared
electrode was washed by deionized water several times before drying in a vacuum oven at 50C
for 24 h. Finally, the sample was annealed in 99.99% Ar (BOC) at 400 C for 2 hours to achieve

a better crystallized phase [35]. Finally, the active mass of MnO, was determined as 1.2 mg.

2.2. Assembly of Zn|1 m Zn(OAc)2+31 m KOAc|MnO2-TiN/TiO- full cell

Commercial zinc foil was polished by zinc powder (Alfa Aesar, median 6-9 micron, 97.5%)
for approximately 10 min, then washed with soap and deionized water, rinsed with 2-proponal
and dried at 60 C in a vacuum oven for 3 h [36]. Both the Zn anode and MnOz on TiN/TiO>
porous substrate were cut into round shape discs with 12 mm in diameter using a precision disc
cutting machine (Kejing, MSK-T10), while the glass microfiber filter (Whatman) was cut into
a 16 mm-diameter disc to be used as a separator. Finally, the anode, cathode and separator were
assembled together in the CR2016 coin cell by the hydraulic crimping machine (Kejing, MSK-
110) with 350 uL 1 m Zn(OAc).+31 m KOACc electrolyte.

2.3. Material Characterization

Thermo Scientific STAR A214 pH meter was employed to test pH values of different acetate-
based aqueous solutions. Fourier-transform infrared spectroscopy (FTIR) measurements were
carried out on a Bruker Vertex 70V IR spectrometer. The X-ray diffraction (XRD) patterns of
zinc foil and TiN/TiO2 porous substrate were collected on a PANanalyticalX’Pert Pro in the
Bragg-Brentano reflection geometry with a Ni-filtered Cu Ka source (1.5405 A), fitted with
the X’Celerator detector and an Empyrean CuLFF xrd tube. In order to collect the XRD data
of MnO> nanoparticles, Panalytical Empyrean equipped with a Co target was employed to
avoid the fluorescence. For both XRD devices, absolute scans in the 20 range of 10-90° with
step sizes of 0.0167° were used during data collection. Small-angle X-ray scattering (SAXS)
and wide-angle X-ray scattering (WAXS) were utilized for detecting the particle size and phase
of nanosized MnO- before and after charge-discharge reaction with a 5m Xenocs Xeuss 2.0
SAXS instrument, equipped with Mo sources and a Pilatus 300K hybrid photon counting
detector. Scanning electron microscopy (SEM) measurements were carried out on a ZEISS
SUPRA 55-VP Field Emission Scanning Electron Microscope equipped with an energy
dispersive X-ray (EDX) spectrometer for elemental composition analysis.
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2.4. Electrochemical measurements

A Solartron 1470E multichannel cell test system was employed to test both cyclic
voltammogram (CV) to determine the redox peaks of the anode and cathode. Linear sweep
voltammetry (LSV) curves of the acetate-based electrolytes were measured to determine their
electrochemical windows. For LSV tests, two commercial Ti foils were ultrasonically washed
in 5 wt% hydrochloric acid and 2-propanol before insertion into the acetate-based electrolytes
as the working and counter electrodes respectively, while Ag/AgCI (in saturated KCI) was used
as the reference electrode. Electrochemical impedance spectroscopy (EIS) was employed to
obtain the total conductivity of various electrolytes through an integrated Solartron 1455A
frequency response analyzer with 10 mV bias and a frequency range of 100 kHz-0.1 Hz. The
geometry factor of the cell for conductivity measurements was predetermined at 25 C using 0.1
M aqueous KCI standard solution. To determine the real ionic conductivity of Zn?* ion in the
1 m Zn(OAc)+31 m KOAc electrolyte owning various kinds of charge carriers, a current
interrupt method was utilized with 1.0 V vs. Zn/Zn?* applied voltage to a Zn/Zn symmetric cell
based on that electrolyte. In comparison of the resistance of the acetate-based electrolyte and
0.1 M KClI standard solution with same dimensions, the ionic conductivity of Zn?* ion can be
estimated. After the CR2016 coin cells were assembled, they were relaxed under prescribed
cut-off conditions for 8 h until they obtained a relative equilibrium condition. Galvanostatic
cycling and rate capability measurements with potential limitation (2.0 — 0.8V versus Zn/Zn?*)
were carried out using an 8-channel Land CT2001A battery test system at room temperature.
The capacity and energy density of the Zn/MnO: cells were calculated based on the mass of
MnO: following the previous reports [26, 37, 38], finally, their energy density was obtained

through integration of the discharge curve.

3. Results and discussion

3.1. Properties of mixed cation acetate salt-concentrated aqueous electrolytes

In order to investigate the relationship between the salt concentrations and electrochemical
stability windows of the mixed cation acetate-based aqueous electrolytes, 1 m Zn(OAc)2 (1.5
m of which already had some precipitation shown in Supporting Information, Fig. S1), 1 m
Zn(OAC)2+5 m KOACc, 1 m Zn(OAc)2+10 m KOAc, 1 m Zn(OAc).+20 m KOAc and 1 m
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Zn(OAc)+31 m KOAc were tested respectively via LSV at a scanning rate of 1 mV-s™. The
measured electrochemical stability windows are shown in Fig.1a. Clearly, the stability window
becomes wider with increased salt concentration, from 2.6 V for 1 m Zn(OAc)2 to 3.4 V for 1
m Zn(OAc)2+31 m KOAc (Table S1). In the investigated samples, 1 m Zn(OAc)>+31 m KOAc
exhibits the widest stability window thus is selected as the electrolyte for an aqueous Zn/MnO;
battery. The rate performance under various scanning rates from 1 to 20 mV-s?t of 1 m
Zn(OAc)2+31 m KOAc electrolyte was measured through an LSV method (Supporting
Information, Fig. S2). The onset of negative Zn plating does change at different scanning rates
while the onset for negative oxygen evolution reaction (OER) decreases at higher scanning
rates. This indicates that it is required to keep the scanning rate low in order to have a wide
electrochemical stability window. The ionic conductivity of these electrolytes was measured
by EIS, utilizing 0.1 m KCI aqueous solution (the conductivity of 0.1 m KCI aqueous solution
is 1.28x102 S-cm™* at room temperature[39]) with the same dimensions (20 mL) and same set-
up as the calibration sample. The recorded a.c. impedance spectra are shown in the Supporting
Information, Fig. S3a. The ionic conductivity is 1.53x102 S-cm™ for 1 m Zn(OAc),, to
2.96x102 S-cmt for 1 m Zn(OAc)2+31 m KOAc (Table S1). To get an accurate tendency of
ionic conductivity with the raising of KOAc concentration, ionic conductivity of 1 m
Zn(OAC)2+3 m KOAC (8.68x102 S-cm™), 1 m Zn(OAC)2+7 m KOAc (1.11x101 S-cm™), 1 m
Zn(OACc)+15 m KOAc (7.57x102 S-cm™) and 1 m Zn(OAc)2+25 m KOAc (2.43x102 S-cm”
1y were measured by EIS and added in Fig. S3a, while the relevant tendency is shown in Fig.
S3b. With increased KOAc concentration, the ionic conductivity increases at first achieving a
maximum at 1 m Zn(OAc)2+7 m KOACc due to the raising of charge carriers in the electrolytes,
then decreases due to the soaring of viscosity of electrolytes [40]. It is noteworthy that, the
conductivity of 1 m Zn(OAc).+31 m KOAc electrolyte measured by EIS is the total
conductivity which included the conductivity of all the charge carriers such as Zn?*, K*, OAc,
H* and OH" ions. Therefore, to confirm the ions interaction effect caused by ions other than the
Zn* ion, the transference number of Zn?* (T ,,2+) of various electrolytes was tested by the
current interrupt method. This was carried out in a Zn/Zn symmetric cell with various
electrolytes using Zn foils working as reversible electrodes for Zn?* ions, while also serving as
blocking electrodes for other ions. T ,,,2+ can be determined by the initial current (lo) and final

steady-state current (Is) of current interrupt method with the following equation[41]:

Typ2+ = — (1)



As shown in Supporting Information, Fig. S3c, after applying 1.0 V vs. Zn/Zn?*, the current of
all the Zn/Zn symmetric cells with various electrolytes drops except for the cell with 1 m
Zn(OAC): electrolyte, the current of which remains around 0.025 A. In Fig. S3d, T2+
decreased with the increased concentration of KOAc, from 1 for 1 m Zn(OAc). to 0.38 for 1 m
Zn(OAc),+31 m KOAc. The activity of Zn?" ions in the electrolyte is suppressed in the
presence of a high concentration of KOAc. From the current interrupt method, conductivity of
Zn?* ions can be estimated by comparing the resistance of Zn/Zn symmetric cells with 1 m
Zn(OAC)2+31 m KOAC electrolyte, keeping the same set-up and dimension of 0.1 m KClI
standard solution. The ohmic resistance caused by Zn?* ion migration can be calculated as 83.3
Q, hence the ionic conductivity of Zn?* ions can be estimated as 7.80x10 S-cm™. The Zn?*
ionic conductivity is high enough to be used as an electrolyte for Zn?* ion batteries. The ionic
conductivity of Zn?* ions in the salt-concentrated 1 m Zn(OAc)2+31 m KOAc solution is lower
than the total ionic conductivity of 1 m Zn(OAc)z, which is 1.53x10? S-cm™ (Table S1).
Whereas, the conductivity of Zn?* ions in 1 m Zn(OAc): is estimated as 1.66x102 S-cm™ by
the current interrupt method, which is comparable to the value of 1.53x102 S-cm™ obtained
through EIS measurement. The activity of Zn?* ions decreases in the presence of a high
concentration of other ions such as K* and OAc™ ions, leading to reduced Zn?* ionic

conductivity.

On the LSV curves shown in Fig. 1a, the onsets (rapid accelerating) of the negative side (Zn
plating) can be differentiated easily, whereas onsets at the positive sides (OER), especially for
those of samples 1 m Zn(OAc).+5 m KOAc and 1 m Zn(OAc)2+10 m KOAc, 1 m
Zn(OAC)2+20 m KOAc and 1 m Zn(OAc)2+31 m KOAc, are very difficult to distinguish.
Therefore, Tafel curves in high polarization areas were used to study OER kinetics of Ti foil
electrodes in these four electrolytes. Based on the EIS plot in Supporting Information, Fig. S3a,
the series resistance of those electrolytes can be determined as 6.27, 6.47, 11.86 and 21.26 Q
for samples 1 m Zn(OAc).+5 m KOAc and 1 m Zn(OAc)2+10 m KOAc, 1 m Zn(OAc)2+20 m
KOAc and 1 m Zn(OAc)2+31 m KOAC respectively. They are converted into the relevant IR
to calculate their Tafel slopes. The Tafel curves derived from the corresponding LSV curves
within the potential ranging from 1.95 to 2.0 V were converted into versus reversible hydrogen
electrode (RHE) with IR eliminated are shown in Fig.1 b. The Tafel slopes of 1 m Zn(OAc)2+5
m KOAc, 1 m Zn(OAc).+10 m KOAc, 1 m Zn(OAc)2+20 m KOAc and 1 m Zn(OAc)2+31 m



KOAC electrolytes are calculated as 114.9, 136.1, 141.1 and 147.6 mV-dec™ respectively,
indicating decreased OER Kkinetics from 1 m Zn(OAc)2+5 m KOAc to 1 m Zn(OAc)2+31 m
KOAC (the larger the slope, the lower the activity[42]). The high concentration of acetates
present supress the OER reaction thus extend the electrochemical stability window. The
exchange current densities of all these electrolytes at theoretical potential for both OER (Fig.
S4a) and HER (Fig. S4b) were investigated through the corresponding low polarization area of
their Tafel curves to demonstrate their stability. The exchange current densities of 1 m
Zn(OAC)2, 1 m Zn(OAc)2+5 m KOAc, 1 m Zn(OAc).+10 m KOAc, 1 m Zn(OAc).+20 m
KOAC and 1 m Zn(OAc)2+31 m KOAc at the OER side are 4.37x10°, 6.17x10®, 2.09x10°,
4.68x10° and 1.78x10° A-cm respectively, while those at the HER side are 8.91x107,
3.80x10°, 2.45x10°, 1.32x10° and 1.23x10° A-cm respectively. The exchange current
density of HER gradually decreases with increased KOAc concentration indicating the HER
reaction is suppressed. However, the data for exchange current density of OER is not
conclusive indicating the suppressing effect on the OER reaction is less significant, compared
to that for HER.

According to previous reports, a local structure of intimate Li*-water interaction will be
enhanced at high salt concentrations in the Li*-ion aqueous electrolytes, generating
(Li*(H20)2)n polymer-like chains, solidifying as the hydrates melt and induce wider stability
windows[43]. Similar situations may happen on the salt-concentrated 1 m Zn(OAc)2+31 m
KOACc electrolyte. FTIR was used to characterize the liquid structure of these agueous
electrolytes in order to confirm the relationship between their structures and stability windows.
The FTIR spectra of these aqueous electrolytes are exhibited in Fig.1c while those of the
original chemicals are shown in Supporting Information, Fig. S5. The peaks observed from ca.
2900-3600 cm™ in Fig.1 c represent the O-H stretching vibration bands involved in the
hydrogen bonding[44], which gradually decrease when the concentration of salts in the aqueous
electrolytes are increased. The peaks of ca. 1560, 1390 and 1330 cm™ are assigned to
asymmetric and symmetric stretching vibrations of the carboxylate group from the acetate
anions. CHs asymmetric deformation[44] is increased and sharpened, coupling the increased
concentration of the solution. Both changes indicate the phase out of hydrogen bonds and semi-

solidification of salt-concentrated electrolytes[43].

Among the investigated salt-concentrated electrolytes, 1 m Zn(OAc)2+31 m KOAc solution
also meets the definition of WiBSE [31, 32] and is therefore a kind of WiBSE too. For ARBsS,
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the pH value of aqueous electrolytes can significantly affect their performance[45]. As for
Zn/MnO2 ARBs, depending on their pH value, there are two kinds of reaction mechanisms,
Zn?* (with H*) ion insertion/desertion for neutral or mild acidic electrolytes and OH-
conversion for alkaline electrolytes[17, 20]. Therefore, the pH value of those aqueous
electrolytes was measured by a Thermo Scientific STAR A214 pH meter (Fig. 1 d). The pH
value of 1 m Zn(OAc): is 5.71, which gradually increases with the increased concentration of
alkaline KOAc solution, reaching 9.76 for the sample 1 m Zn(OAc)>+31 m KOAc. This is a
mild alkaline condition, which may induce OH" as charge carriers in this electrolyte[46].
However, the real mechanism of Zn/MnO2 ARBs, based on 1 m Zn(OAc).+31 m KOACc salt-
concentrated electrolyte, can be determined by the CV and charge-discharge curves of both the

MnO: cathode and Zn anode.

3.2. Redox mechanism and reversibility of Zn anode

To study the redox mechanism and reversibility of the Zn anode, a Zn/Ti coin cell (12 mm in
diameter) was prepared based on the various electrolytes to discover the influence KOAc
concentration has on the CE of Zn stripping/plating. CV tests were carried out within the
potential range of -0.6 to 0.6 \V versus Zn/Zn?*, at a scanning rate of 1 mV-s™. The CV curves
and relevant chronocoulometry curves of Zn/Ti coin cell with 1 m Zn(OAc)2+31 m KOA
electrolyte are shown in Fig. 2a and b, respectively. In the first CV cycle, the redox peaks are
at 0.26 and -0.22 V versus Zn/Zn?* coupling with 82.1% coulombic efficiency (CE) derived
from chronocoulometry curves, while the peaks shifted to 0.2 and -0.2 V versus Zn/Zn?* in the
second CV cycle and stayed at that position in the following cycles. This indicates that the Zn
stripping/plating reaction is achieved in this electrolyte, which is a mild alkaline
environment[47]. Meanwhile, the CEs increase from 91.2% in the second CV cycle to 99.0%
in the 5" CV cycle, which demonstrates the feasibility and reversibility of Zn stripping/plating
(Fig. 2b). The CV curves and relevant chronocoulometry curves of Zn/Ti coin cells with other
electrolytes are shown in Fig. S6. In general, the CEs increases with the increased concentration
of KOAc. To confirm the reversibility and stability of Zn in the 1 m Zn(OAc)2+31 m KOAc
electrolyte, Zn/Zn symmetric cell was made and tested for 200 cycles (ca. 2000 min) under
galvanostatic condition with a current density of 5 mA-cm2. Before the test, the polished Zn
foil is characterized via SEM with a smooth surface exhibited as shown in Supporting
Information, Fig. S7. In Fig. 2c, the charge-discharge curves are displayed with potential

limitation of -0.2 to 0.2 V versus Zn/Zn?* according to the position of redox peaks on CV
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curves[47], and CE of every cycle is shown in its inset figure, in which the CE of the first cycle
is 64.2% increasing to 99.1% in the 19" cycle. The CEs maintains around 99.0% in the
following cycles until the 200" cycle (99.2% CE). This delivers the desired reversibility and
stability. The average capacity for the Zn stripping/plating is about 0.8 mAh-cm2 which is enough
to assemble a full cell with our a-MnO,-TiN/TiO- cathode (no more than 0.5 mAh-cm2 capacity), while
that Zn stripping/plating capacity is still considerable according to previous reports [47, 48].
The tested Zn foil was characterized by SEM, EDX and XRD with the results shown in
Supporting Information, Fig. S8. After the test, no dendrites on the Zn foil were found (Fig.
S8a). The EDX element analysis (Fig. S8b), mapping (Fig. S8c) and XRD patterns of Zn foil
of Zn/Zn symmetric cell after the cycling test (Fig. S8d), jointly confirm the major phase is Zn
(ICDD: 04-003-5561) despite the presence of a small amount of ZnO due to the slight reaction
between Zn foil and limited amount of OH" ions (~6x10° mol-L* calculated with the pH value
of 9.76). Normally, the electrolyte of alkaline Zn/MnO- batteries induce considerable ZnO on
Zn foil in a strong alkaline environment with OH- concentration higher than 1 mol-L™ [46, 49-
51]. The concentration of OH™ ions in our electrolyte is four orders of magnitudes lower thus
the reactivity will be reduced. These results demonstrate that the major reaction between Zn
foil and 1 m Zn(OAc)+31 m KOAc salt-concentrated electrolyte is reversible Zn

stripping/plating as shown in the following equation:

Zn— Zn?** + 2¢ 2

In order to further investigate the reaction mechanism, 31 m KOAc was prepared with the pH
value of 11.05 then adjusted with acetic acid back to a pH value of 9.56, similar to that of 1 m
Zn(OAC)2+31 m KOAc. Zn/Zn symmetric cell was assembled with the pH value-adjusted 31
m KOACc electrolyte. The CV curves, galvanostatic Zn stripping/plating and XRD pattern of
Zn in this cell are shown in Fig. S9. No considerable reaction between Zn and 31 m KOAc
electrolyte with the adjusted pH value can be observed, and the reaction occurs when Zn(OAc)2,
especially Zn?* ions are introduced, compared with the CV curves and galvanostatic Zn
stripping/plating test on Zn/Zn symmetric cell using a 1 m Zn(OAc)2+31 m KOA electrolyte
in Fig.2. XRD was employed on the Zn foil of that Zn/Zn symmetric cell for post-mortem
analysis with the result shown in Fig. S9d, demonstrating single phase of Zn (ICDD: 01-078-
9363). The absence of ZnO in the XRD result indicates that the reaction between Zn and OH"
ions in the 31 m KOAC electrolyte is negligible, while the difference regarding the existence

of ZnO between Fig. S8 and Fig. S9 is caused by the various time length of galvanostatic
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charge-discharge test. The capacity limit of 2 mAh-cm2 is set by us for the cycling test on the
Zn symmetric cell under various current densities from 0.5 (5 cycles with 2 activation cycles),
1 (5 cycles), 2 (5 cycles) to 5 (10 cycles) mA-cm respectively with 94 h test time in total to
further demonstrate its stability and mechanism (Fig. 2d). After the symmetrical cell
measurements, the tested Zn foils were characterized by SEM and XRD (Fig. 2d). No obvious
dendrite was observed on Zn foil while the small (202) peak of ZnO (ICDD: 01-075-1526) can
be found, attributing to the possible slight reaction between Zn foils and OH", while the main
reaction between the Zn foil and electrolyte should still be Zn stripping/depositing due to the

limited amount of OH" ions in this salt-concentrated electrolyte.

3.3. Characterization on self-supported a-MnO2-TiN/TiO> cathode

In our study, we choose MnO: as the positive electrode as it has a high capacity and can build
a battery with relatively higher voltage. MnO2 was directly grown on a home-made TiN/TiO>
porous substrate which has been utilized in lithium-sulphur batteries with excellent redox
stability [52]. The morphology of the as-prepared TiN/TiO> substrate is shown in the
Supporting Information, Fig. S10a. It is composed of TiO, phase (ICDD: 03-065-1119) and
TiN phase (ICDD: 04-069-8169) (Fig. S10b). XRD analysis on the deposited powders after
hydrothermal reaction indicates a-MnO> (ICDD: 04-005-4884) was successfully grown on the
TiN/TiO2 porous substrate (Supporting Information, Fig. S11). SAXS was also utilized to
analyse the particle size of a-MnO2 powders in Supporting Information, Fig. S12 with
lognormal distribution, showing a 24 nm mean size and 18 A full width at half maximum
(FWHM). The morphology and elements of MnO.-TiN/TiO2 cathode are characterized by
SEM/EDX (Fig. 3). In Fig. 3a, the image with 50 um resolution displays the morphology of
nanosized MnO: particles on porous substrate whilst peaks for Ti, O, N, Mn and Si (caused by
the conductive polymer film used to stick samples to the sample stage of SEM device), as
exhibited in the inset EDX analysis. The particle size of nano-MnQO: is less than 100 nm (Fig.
3b). The corresponding element mappings are shown in Fig 3c-f for elements Mn, O, N and Ti,
respectively. Element Mn is distributed in the same location as the nanoparticles while

elements N and Ti are evenly distributed on the whole substrate.

3.4. Performance of Zn/MnO; battery
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Based on the results above, two half cells and a full Zn/MnO coin cell based on 1 m
Zn(OAC)2+31 m KOAC electrolyte were fabricated, the properties of each electrode plus the
whole cell were investigated as well. The CV curves of both the Zn anode and MnO»-TiN/TiO>
cathode were collected respectively (Supporting Information, Fig. S13), these were recorded
at a scanning rate of 1 mV-s within 5 cycles in a three-electrode cell separately. 1 m
Zn(OAC)2+31 m KOACc was used as the electrolyte, Ti foil as counter electrode, and Ag/AgCl
as reference electrode. In Fig. 4a, the 5" cycle of CV curves, both Zn anode and MnO--
TiN/TiO> cathode, exhibit a pair of redox peaks happening at ~-0.95 and ~-1.1 V vs. Ag/AgClI
(~0.03 and ~-0.12 V vs. Zn/Zn?*), representing for the Zn plating/striping[53]. Meanwhile, the
other pair of redox peaks at ~0.6 and ~0.3 V vs. Ag/AgCI (~1.58 and ~1.28 vs. Zn/Zn?*) is due
to the reversible conversion between MnO, and MnOOH caused by the proton
intercalation/deintercalation in the alkaline environment [21, 33], which is proven by its
charge-discharge curves and material characterization on the cathode after electrochemical
measurements. To investigate the reaction mechanism of the cathode in 1 m Zn(OAc),+31 m
KOAC electrolyte further, MnO2-TiN/TiO, Ti foil and Ag/AgCI were utilized as working,
counter and reference electrodes respectively. 31 m KOAc electrolyte adjusted by acetic acid
to have similar pH value with that of the 1 m Zn(OAc).+31 m KOAc electrolyte, was utilized
as electrolyte in the three-electrode system. As shown in Fig. S14, the redox couple around
0.6/0.3 V vs. Ag/AgCI, which coincides with the redox couple of MnO.-TiN/TiO> cathode in
the 1 m Zn(OAc)2+31 m KOAc electrolyte (Fig.4a). The presence or absence of Zn?* ions has
little effects on the redox reaction at the MnO-TiN/TiO, cathode, indicating that Zn?* ions
may not participate in the reaction of MnO-TiN/TiO2 cathode in our salt-concentrated
electrolyte. Therefore, both Zn** and OH- ions serve as charge carriers with hybrid mechanism
for Zn-MnO- batteries based on the mild alkaline salt-concentrated electrolyte. Unlike the
traditional ‘rocking-chair’ cathode for LiBs which works on the basis of the immigration of Li*
ions between cathode and anode, this Zn/MnQ: battery can be regarded as a hybrid ion battery
as it involves the immigration of more than one type of ions between the electrolyte and
electrodes with the total concentration of hybrid ions fixed to ensure the charge neutrality of
the electrolytes[54]. Zn?* ions take part in the Zn plating/stripping reaction on the anode side
while H20 in the aqueous electrolyte is the proton source for the intercalate/deintercalate in
MnO; with the generation or depletion of OH™ ions on cathode side. In our Zn/MnO: battery,
the charge carriers are Zn?* ions between the anode and electrolyte, and OH ions combined

with H20 between the electrolyte and the cathode.
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For the full cell test, the assembled Zn/MnO; coin cell was activated under 20 mA-g* current
density within 20 charge-discharge cycles, as shown in Supporting Information, Fig. S15. The
cyclic charge-discharge test was carried out under galvanostatic conditions in the potential
range between 2.0 and 0.8 V vs Zn/Zn?*, The initial specific charge/discharge capacity during
activation was 299.1/480.1 mAh-g* (on the basis of 1.2 mg MnO2 mass) with 62.3% CE. The
capacity maintained around 315/308 mAh-g* with about 98.5% CE after the 15" cycle. The
capacity is slightly higher than the theoretical capacity of 308 mAh g for MnO,, based on the
molecular weight of MnO> and one electron transfer [20]. This extra storage capacity could be
related to the nano-sized a-MnO> cathode prepared in this study. This kind of interfacial ion
storage mechanism has been observed in LIBs [55, 56]. However, it cannot be ruled out that a
tiny amount of Zn?* may also react with MnO; to realise two electron transfer leading to higher

capacity.

The activated coin cell is further characterized by a cyclic charge-discharge test for 600 cycles
under galvanostatic conditions with 100 mA-g* (1/3 C, on the basis of 1.2 mg MnO,) current
density (Fig. 4b). Its specific charge/discharge capacity in the first cycle is 309.4/304.6 mAh-g
! with 99.0 % CE which is further improved to 99.9% after the 14™ cycle and maintained until
the 340" cycle, after which it slowly decreased to ~ 98% for the last 260 cycles. The specific
charge/discharge capacity of the 600" cycle is 247.5/243.1 mAh-g* with 98.2% CE, which
displays 79.7% capacity retention, compared to the capacity of the first cycle. The slightly
decreased CE after the 340" cycle could be related to side reactions which need further
investigation. In order to shorten the gap between our Zn/MnQ; battery and battery industry,
the specific capacity is converted into areal capacity on the basis of TiN/TiOz porous substrate
and Zn foil with 12 mm diameter, thus, the areal capacity of first cycle and last cycle can be
determined as 0.31 and 0.26 mAh cm, respectively. The relevant charge-discharge curves of
the cyclic test are shown in Fig. 4c. The corresponding capacity is consistent with the values
shown in Fig. 4b. The charge/discharge flat plateau are ~1.4-~1.7 and ~1.2-~1.55 V vs. Zn/Zn?*
respectively, which are consistent with the redox couple of CV curve on the MnO2-TiN/TiO-
cathode shown in Fig. 4a. This is believed to be due to the proton intercalation/deintercalation
in the MnO electrode [33, 57]. The corresponding energy density is calculated via integrating
the discharge curves in Fig. 4c, which is 368.5, 364.0, 360.6, 351.9, 321.4, 301.9 and 277.8
Wh-kg? (based on MnOy) for first, 51, 10™, 20™, 100™, 200", 400" and 600" charge-discharge
cycles respectively. In this work, the cell voltage was further extended to 2.0 V, taking
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advantage of the wide electrochemical stability window of the salt-concentrated 1 m
Zn(OAC)2+31 m KOAC used as the electrolyte. The energy density of that cell was therefore
improved to 368.5 Wh-kgin the first cycle, which is comparable to some recently published
papers about Zn/MnO; batteries in mild acid and neutral environments based on MnO>
cathodes, [11, 20, 58, 59] however, it is lower than the agueous Zn-MnO; battery based on an
acidic sulfate electrolyte [60]. In reported works, the typical discharge/charge voltage range is
1.8V —1.0V for aqueous Zn-MnO; batteries except for recent work based on an acidic sulfate
electrolyte [11, 20, 59, 60] . Taking advantage of the wide electrochemical stability window of
the salt-concentrated electrolyte, our Zn-MnO: battery still exhibits good stability at a
discharge-charge voltage of 2.0 V to 0.8 V. Compared to the reported aqueous Zn-MnO;
batteries, this is a kind of over-charge and over-discharge. From this point of view, aqueous
Zn-MnO: batteries based on salt-concentrated electrolytes are more robust.

The rate performance of the Zn-MnO- coin cell was tested under current densities of 100, 200,
400, 800, 1600 mA-g! (based on MnO,) respectively. Accordingly, the specific
charge/discharge capacity of the last cycle for each current density was determined as
240.1/237.6, 220.2/216.9, 190.5/187.5, 159.8/156.8 and 120.6/117.3 mAh-g* (based on MnO5)
respectively (Fig. 4d). It has been reported that, at mild acidic conditions, the stability of Zn-
MnO:> batteries at low C-rate is poor because of the irreversible conversion reaction at ~ 1.26
V, whilst the battery is much more stable at high C-rate [11]. In our Zn-MnO2 coin cell, the
electrolyte is a weak alkaline, the cycling stability of the battery at a current density of 100
mA-g?* (~ C/3) is still quite good (Figure 4b). This may be related to the different reaction

mechanisms in different reaction environments, which are discussed below.

The EIS spectra of the coin cell before and after cyclic and rate performance tests are compared
in Supporting Information, Fig. S16. The series resistance of the electrolyte and interfacial
resistance between electrolyte and electrode slightly increased after the measurements. After
the electrochemical tests, both the cathode and anode are taken apart for post-mortem analyses.
The FTIR spectra of the MnO.-TiN/TiO> cathodes before and after the cycling are shown in
Supporting Information, Fig. S17. The additional peaks at 490, 645 and 1620 cm™ on the
spectrum for the cathode after-cycling tests are attributed to the bands of the Mn-O vibrations
and OH bending mode, indicating the possible presence of MNOOH [61]. Meanwhile, WAXS
was employed to detect the phase transformation of that cathode before and after charge-
discharge reaction (Supporting Information, Fig. S18). The groutite a-MnOOH (ICDD: 04-
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010-4787)[62] was detected although the signal was quite weak. This indicates that, in our

aqueous Zn/MnO; battery, the cathode reaction on discharge is [21],

MnO: + H20 + e— MnOOH + OH" (3)

However, in the real process, it is intercalation of protons into the MnO> to form MnOOH,
even when a strong alkaline solution such as mixed KOH-LiOH was used as the electrolyte
[33]. The source of proton is from neutral H>O instead of H* ions. Negatively charged OH" ions
are formed through the intercalation of proton into MnO., therefore, OH" ions are the charge
carriers at the cathode. To further reveal this, the pH variation data of electrolyte during
charge/discharge has been obtained in three-electrode cell with MnO2-TiN/TiO2 work
electrode, Zn foil counter electrode and Ag/AgCl reference electrode as listed in Supporting
Information, Fig. S19. It is observed that the pH value of that electrolyte is increased after the
discharge reaction and decreased after the charge reaction except the first cycle charge-
discharge reaction as there is no MnOOH to be oxidized into MnO: at the beginning, thus the
charge capacity (93.1 mAh-g) is much lower than discharge capacity (415.3 mAh-g?). The
tendency of the pH value is consistent with proton insertion mechanism in MnO.. The optical
image of the pH meter is shown in Supporting Information, Fig. S19c. Due to the small quality
(~350 uL) of the electrolyte used in the CR2016 coin cell, it is not enough to be directly
measured by the pH meter therefore a three-electrode cell with 5 mL of electrolyte was utilized

to demonstrate the trend of the pH value.

According to previous reports, under acidic or medium environment, Zn?* ions (or combined
with H* ions) will take part in the reaction at the cathode. The corresponding cathode reaction

on discharge is[59]:

2MnO; +Zn?*+2e" — ZnMn,04 (4)

Under this reaction mechanism, it is expected that ZnMn>O4 will be generated at the cathode.
However, in our research, ZnMn»O4 was not observed. From the results of FTIR and WAXS,

the reaction at the cathode involves proton intercalation which yields MnOOH instead. This is

consistent with the reaction mechanism shown in equation (2).
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In the work of Liu’s group, the mass of cathode, anode and electrolyte inclued in the
electrochemical reaction was counted together for caculating the energy density, which is more
relevant to industry[63]. Therefore, the energy density is re-calculated with the mass of active
water and active zinc, after confirming reaction mechanism of our Zn/MnO: battery as
equations (1) and (2). The mass of active water and active zinc are estimated under the

circumstance of complete reaction through the following equation:

Mactive water = Mmno, X MHZO/MMTLOZ ~ 0.25mg (%)

Mzn
MMTI.OZ

~ 0.45mg (6)

Myctive zinc = Mumno, X

Hence, 0.25 mg active water and 0.45 mg active zinc is involved for calculating energy density
of our Zn/MnO: battery. Finally, the energy density of first and last cycles is re-calculated as
232.7 and 175.5 Wh-kg?, which is impressive among the recent works about Zn/MnO-
batteries using various calculation methods (as shown in the Supporting Information, Table
S2)[26, 33, 60, 63-69]. Technically, there is still a gap between our Zn foil/nanosized MnO3-
TiN/TiO2 battery and industrial application due to the low mass loading of MnO2, which will
be the task in our future work.

After the cycling test, the cathode was observed by SEM/EDS (Supporting Information, Fig.
S20). The slight growth of the MnO: particles was observed after cycling, which may lead to
the slow fade in capacity during the cycling. XRD spectra of Zn foil anodes before and after
cycling are compared (Fig, 5a). No obvious difference in morphology was observed. For Zn
foil anodes before and after the test, it is composed of Zn (ICDD: 01-078-9363) with a couple
of weak peaks of ZnO (ICDD: 04-020-0364) due to the long-time slow reaction between Zn
and OH". The SEM image of the cross section of the Zn anode after cycling is shown in Fig.
5b. The SEM image and corresponding layer mapping of Zn and O elements are shown in Figs.
5c¢ and 5d respectively. Dendrite was not observed on the Zn anode after the cyclic test. For
rechargeable batteries with metal anodes, dendrites induced by the uneven metal deposition
can lead to thermal runaway and explosion hazards, which may limit their applications. The
use of salt-concentrated 1 m Zn(OAc)2+31 m KOACc electrolyte in our Zn/MnQO; battery
enhances the threshold of critical current density for cation depletion in the electrolyte thus
suppressing the formation of zinc dendrites [70]. This is a key advantage of zinc batteries using

salt-concentrated electrolytes, which may improve the stability and safety of aqueous batteries.

17



4. Conclusions

In this study, a new salt-concentrated 1 m Zn(OAc).+31 m KOAc electrolyte has been
developed. It has an electrochemical stability window of 3.4 V. At room temperature, the mixed
ionic conductivity of 1 m Zn(OAc)2+31 m KOAc aqueous solution is 2.96x102 S-cm™, while
the ionic conductivity of Zn?* ion measured by current interrupt method is 7.80x102 S-cm™,
which is high enough to be used as the electrolyte for batteries. Compared with other expensive
organic salts, the acetate based salt-concentrated electrolyte has low cost and reduced toxicity.
LSV, Tafel curves, EIS, FTIR and pH value tests were employed to investigate the properties
of salt-concentrated 1 m Zn(OAc).+31 m KOAc electrolyte. A CR2016 coin cell using 1 m
Zn(OAC)2+31 m KOACc electrolyte, Zn foil anode and MnO2-TiN/TiO cathode was assembled.
The battery can be charged to 2.0 V, taking advantage of the wide electrochemical stability
window of the salt-concentrated 1 m Zn(OAc).+31 m KOAc electrolyte. The reaction and
storage mechanisms of both anode and cathode were investigated in detail. The reaction
mechanism of the investigated Zn/MnO; battery is a hybrid one with both Zn stripping/plating
and proton intercalation/deintercalation involved due to the mild alkaline environment of this
electrolyte. On the anode side, Zn?* experiences Zn plating/stripping with slow reaction
between Zn and OH", while proton intercalation/deintercalation in MnOz is used to achieve the
reversible conversion between MnO2 and MnOOH on the cathode side. The Zn/MnQO; battery
is characterized by cyclic and rate performance tests, which delivers desired stability, energy
density and rate capability. Dendrite-free Zn foil anode is confirmed after cycling, attributing
to the improved threshold critical current density for cations depleting in the new acetate-based
salt-concentrated electrolyte.
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Fig. 2. (a) CV curves of Zn plating/stripping in Zn/Ti cell under 1 mV-s scanning rate. (b)
Chronocoulometry curves derived from the CV curves of that Zn/Ti coin cell. (c) Galvanostatic
Zn stripping/plating in a Zn/Zn symmetrical cell under 5 mA-cm2 current density with -0.2 to
0.2 voltage limitation. (d) Galvanostatic Zn stripping/plating in a Zn/Zn symmetrical cell under
0.5, 1, 2 and 5 mA-cm current density with 2 mAh-cm capacity limitation.
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Fig. 3. (a) SEM image of self-supported MnO»-TiN/TiO> cathode under 50 um resolution with
EDX element analysis as inset. (b) SEM images of self-supported MnO>-TiN/TiO, cathode
under 10 um resolution and according EDX mappings of (c) Mn, (d) O and (e) N and (f) Ti

elements.
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Table S1. Summary on electrochemical windows and ionic conductivity of various electrolytes.

Electrochemical window

Sample (vs. Ag/AgCl) at 1 mV-s?  lonic conductivity (S-cm™)
V)
1 m Zn(OAC), -1t01.6 1.53x102
1 m Zn(OAc).+5 m KOACc -1.1to 1.7 1.01x10*
1 m Zn(OAC)2+10 m KOAc -1.3t0 1.7 9.70x107?
1 m Zn(OAc)+20 m KOAc -1.4101.95 5.29x107?
1 m Zn(OAc),+31 m KOAc -1.45t0 1.95 2.96x10?
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Table S2. Comparison of the performance of some recent works on Zn/MnO2 batteries
calculation by different methods.

Anode Cathode Electrolyte Voltage Capacit Energy References
Material Material Material limitation pacity density
233 mAh-g Energy
Zn MnO, powder- gm\fﬁ%‘g 1.0t0 1.8 | *(under1 Storage
powder-Zn carbon paper ' A0UEOUS 4 V vs. C, based on N/A Materials,
foil eleqctrol yte Zn/Zn?* | the mass of 2018, 15,
MnQ,) 351.
300.4
mAh.g*
7 2M an\S/IO4+O.1 (under 0.11 Energy
-1
nanosheet- | MnO; nanorods- MnSO4-Zn- O'S\)/tssl'g Ag N/A l\/?;?erggfs
CNT CNT paper alginate/PAAmM - current :
ZnlZn densit 2019, 23,
paper hydrogel Y,
electrolyte based on 636.
the mass of
MnO,)
IMKOH+3 | 316&?(@:‘ i Chenmistry of
Zn metal B-MnO2/Bi,03 M LiOH 0 1IV vs. | C. based on N/A Materials,
plate powder-Ni mesh agueous . / ' h f 2016, 28,
electrolyte HG/HgO | the mass o 4536
MnQ,) '
M 136.9
mAh.g* Advanced
) | Zn(TFSI)2+0.1 | 1.0t0 1.8 .
Zinc foil | 8-MnOz powder- | ) Mn(TFSI), Vs, (under 20 N/A Materials,
carbon paper 2+ | C, based on 2019, 31,
aqueous ZnlZn
electrolyte the mass of 1900567.
MnOZ)
366.6
mAh.g*
. 504.9
Zn 3MLiCl+2 M 101018 (unier_(l).m Whka? Advanced
nanosheet- | MnO.@PEDOT- ZnCl+0.4 M IV vs ' 9 based 9 h Materials,
carbon carbon cloth MnSO.-PVA | %, current (base onft €1 2017, 29,
cloth gel electrolyte density, mass 0 1700274.
based on MnO2)
the mass of
MnQO,)
~570
-1
1 M ZnSO,+1 mnAdhrgw ~409 Whkg A”gﬁ""rf]?dte
Zn- M MnSO+0.3 | 0.8t02.0 | (LNUEr60 11 cedon emie
raphite MnO,-carbon M H,SOs V Vs mA.cm, the mass of International
g fibre cloth . | based on Edition,
foam aqueous Znl/Zn MnO, and
electrolyte the mass of Zn) 2019, 58,
MnO; and 7823.
Zn)
0.31
mAh.cm™ | Functional
N-doped MnO; ZMMZ&Sn%gO.4 10t01.8 (under 2 115463W:'kg Materials
Zn foil nanorods-carbon a ueou54 V vs. mA.cm?, th( ase or} Letters,
cloth g Zn/Zn? | pased on € mass 0 2018, 6,
electrolyte MnOy)
the area of 2 1840006
electrode)
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0.29

a2
mAdh cr;r;] 0.20
(ucnurfgnt ° mwh.cm® Nano
Zine wi MnO particle- NH.CI+Zn(Cl); | 0810 1.5 density of | (Pasedonthe | oo
inc wire . aqueous V vs. volume of
carbon fiber electrolvte Zn/Zn2* 0.15 MnO 2013, 2,
n mA.cm?, %2 1242.
based carbon fiber
ased on electrode)
the area of
electrode)
1.44
mAh.cm
. (under the Journal of
0,
Zn 40 V\.'t.A’ KOH in 1.0t0o 1.6 current Materials
powder- MnO, powder- purified water- . .
. : V vs. density of 1 N/A Chemistry
textile textile mesh CMC hydrogel e -
mesh electrolyte Zn/Zn mA.cm, A, 2013, 1,
based on 5505.
the area of
electrode)
~170 Wh-kg"
285 mAh.g- | ! (based on
nanofiber o- 2MznSOa0.1 | 4 1919 1 (under 1/3 the total ature
. M MnSO, . Energy,
Zn foil MnO,-carbon V vs. C, based on | active mass
aqueous o4 2016, 1,
sheet electrolyte Zn/Zn the mass of of anode, 16039
MnQO,) cathode and '
electrolyte)
304.6
mAh.g* 368.5
(under 1/3 Whkg?
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the mass of mass of
nanosized MnO; im MnO), MnOs),
particle Zn(OAc)2+31 m 0.8102.0 031 232.7
. - ~m-2 Te-1 H
Zn foil TIN/TIO, porous | KOAG aqueous z\n//Z?{Z* mA:jh crgl Whkg This study
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mA-cm? total active
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density, anode,
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the area of | electrolyte)
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http://www.chemspider.com/Chemical-Structure.14113.html
http://www.chemspider.com/Chemical-Structure.937.html

Fig. S1. The optical image of nominal 1.5 m Zn(OAc). aqueous solution with some
precipitation observed.
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Fig.S6 (al-d1) CV curves of Zn plating/stripping in Zn/Ti cell under 1 mV-s* scanning rate
with 1 m Zn(OAc)2, 1 m Zn(OAc)2+5 m KOAc, 1 m Zn(OAc)2+10 m KOAc and 1 m
Zn(OAC)2+20 m KOAC electrolytes respectively. (a2-d2) Chronocoulometry curves derived
from the CV curves of that Zn/Ti coin cell with 1 m Zn(OAc)z2, 1 m Zn(OAc)2+5 m KOAc, 1
m Zn(OAc).+10 m KOAc and 1 m Zn(OAc)2+20 m KOAC electrolytes respectively.

39



Mag= 206K X
WD = 94mm s
WARWICK SUPRA 55VP- WARWICK SUPRA 55VP-23-99

Fig. S7. (a, b, ¢) SEM images of Zn foil electrode of Zn/Zn symmetric cell before cyclic test
with various magnifications.
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Fig. S8. (a) SEM image, (b) EDX element analysis, (c) corresponding layer mapping of Zn, O

and C elements, (d) XRD analysis on Zn foil electrode of Zn/Zn symmetric cell with 1 m

Zn(OAC)2+31 m KOAC electrolyte after cyclic test.
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Fig. S9. (a) Optical image of pH meter when testing pH value of 31 m KOAc electrolyte before
and after adjusting by acetic acid. (b) CV curves of Zn/Zn symmetrical cell with 31 m KOAc
electrolyte. (c) Galvanostatic Zn stripping/plating in a Zn/Zn symmetrical cell under 0.5
mA-cm current density with 31 m KOACc electrolyte. (d) XRD analysis on Zn foil electrode
of Zn/Zn symmetric cell with 31 m KOAc electrolyte after cyclic test.
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Fig. S10. (a) SEM image of TiN/TiO2 porous substrate. (b) XRD analysis on TiN/TiO2 porous
substrate.
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Fig. S11. XRD analysis on a-MnQO2 nanosized particles.
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Fig. S12. SAXS analysis on a-MnOz nanosized particles.
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Fig. S13. (a) CV curves of Zn foil in 1 m Zn(OAc).+31 m KOACc electrolyte in three-electrode
cell under 1 mV-s? scanning rate within 5 cycles. (b) CV curves of MnO2-TiN/TiO2 in 1 m

Zn(OAC)2+31 m KOAC electrolyte in three-electrode cell under 1 mV-s™* scanning rate within
5 cycles.
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Fig. S14. CV curves of MnO2-TiN/TiO- cathode in 31 m KOACc electrolyte in three-electrode
cell under 1 mV-s scanning rate within 5 cycles.
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Fig. S15. (a) Charge-discharge cycling of activation on Zn/MnQ. battery. (b) Corresponding
charge-discharge curves of that Zn/MnQO; battery.
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Fig. S16. EIS plot of Zn/MnO- coin cell before and after electrochemical test.
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Fig. S17. FTIR spectra of cathode before and after electrochemical test.
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Fig. S18. WAXS analysis on cathode after electrochemical test.
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Fig. S19. (a) charge-discharge curves of Zn/MnO. battery in three-electrode cell. (b)
Corresponding pH value variation of salt-concentrated electrolyte during charge-discharge
reaction. (c) Optical image of pH meter.
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Fig. S20. (a) SEM image of self-supported MnO.-TiN/TiO- cathode after electrochemical test
under 5 pm resolution. (b) The other SEM images of self-supported MnO»-TiN/TiO> cathode

after electrochemical test under 5 um resolution and according EDX mappings of (¢) Mn, (d)
N and (e) O and (f) Ti elements.
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