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Abstract: Rechargeable aqueous Zn-Mn batteries have garnered extensive attentions
for next-generation high-safety energy storage. However, the charge storage
chemistry of Zn-Mn batteries remains controversial. Prevailing mechanisms include
conversion reaction and cation (de)intercalation in mild acid or neutral electrolytes,
and MnO,/Mn*" dissolution-deposition reaction in strong acidic electrolytes. Herein,
we propose a Zny SO, (OH)s'xH,O (ZSH) assisted deposition-dissolution model to
elucidate the reaction mechanism and capacity origin in Zn-Mn batteries based on
mild acidic sulfate electrolytes. In this new model, the reversible capacity originates
from a reversible conversion reaction between ZSH and Zn,MnO(OH), nanosheets; in
which the MnO; initiates the formation of ZSH but contributes negligibly to the
apparent capacity. The role of ZSH in this new model is confirmed by a series of
operando characterizations and by constructing Zn batteries using other cathode
materials (including ZSH, ZnO, MgO, and CaO). This research may refresh the
understanding of the most promising Zn-Mn batteries and guide the design of high-

capacity aqueous Zn batteries.
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1. Introduction

Rechargeable aqueous Zn-Mn batteries have the advantages of high theoretical capacity, non-
toxicity, and low cost of metal zinc and manganese oxide compared to other metal anodes
and oxide cathodes.!"! A variety of high energy density and long-term stable aqueous Zn-Mn
batteries have been realized, which make them highly promising for application in grid-scale
energy storage.'! In parallel to the progress in the battery performance, the reaction chemistry
of the Zn-Mn system has been complex and remains controversial. The energy storage
mechanism is intricate due to the variable valences and phases of manganese oxide and the
unstable pH value of the electrolyte.’) Until now, the reported reaction mechanisms of
aqueous Zn-Mn batteries in sulfate electrolytes include (1) Zn*" intercalation/de-intercalation
or co-intercalation/de-intercalation of Zn>/H' into the MnO, lattice;[za’ 4 (2) MnO,
conversion reaction with H';®* ! and (3) MnO,/Mn*" dissolution-deposition reaction in a
strong acidic electrolyte.”) In particular, the MnO»/Mn**dissolution-deposition reaction with
a two-electron transfer was first discovered in a Mn-H, battery[7] and later was discovered
also in Zn-MnO, batteries.' This dissolution reaction has been proven by a series of
mechanistic studies including in situ TEM and operando measurements.® A unique
phenomenon is, ZnsSO4(OH)e nH,O (ZSH) microsized flakes are generally recognized as a
byproduct of side reactions in sulfate electrolytes due to a subtle variation in the local pH
value. Recent research proposed that the ZSH based deposition-dissolution reaction can also
describe the reaction chemistry of Zn-Mn batteries in the mild acidic sulfate electrolyte, but

15391 Hence, the deterministic role of ZSH

their conclusions are not consistent with each other.
in aqueous Zn-MnQO, systems especially its contribution to capacity requires further

investigation.

In this work, we challenge the conventional mechanism of aqueous Zn-Mn battery in
sulfate-based mild acidic electrolyte and unravel the important role of ZSH. We show that the
aqueous Zn-Mn battery in mild acid sulfate electrolytes (pH~4) is more likely driven by a
ZSH assisted deposition-dissolution reaction with two electrons transfer, whereas the
intercalation contribution can be neglected. In the presence of Mn”" (either contributed by
dissolution of solid MnO; or from the MnSO, electrolyte), the ZSH is the reactant and
induces the deposition reaction to form layered zinc vernadite (Zn,MnO(OH),) nanosheets on
the electrode surface during the charge platform around 1.5 V vs. Zn/Zn®". During the
discharge, the ZSH re-forms and simultaneously accelerates the proton reaction with

ZnyMnO(OH),, leading to the dissolution of ZnyMnO(OH), nanosheets. Hence, we propose
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that this reversible conversion reaction between ZSH and ZnyMnO(OH), can drives the

reversible energy storage reaction of aqueous Zn-Mn batteries.

This model fundamentally differs from the conventional (de)intercalation mechanism or
dissolution reaction. In our model, the role of MnO, cathode is to promote the initial
formation of ZSH by consuming H" (i.e., dissolution), but the Mn>* will not back deposit to
MnO; in subsequent cycles. Interestingly, this model is generic and applicable to a battery
system with MnSQO, electrolyte but without MnO,. This model has been successfully
validated in this study by using pure ZSH, ZnO, MgO, and CaO as the cathode materials. The
battery performance of these systems depends on the dissolution properties of these materials.
We have also identified that the reversibility of the conversion reaction between ZSH and

Zn,MnO(OH), is key factor to the cycle stability for sulfate-based aqueous Zn-Mn batteries.

2. Results and Discussion

2.1 Invalidity of conventional (de)intercalation models

To start the experiment, we synthesized the tunneled a-, f-MnO, and layered 8-MnO, with
high-purity (Figure S1, Supporting Information) to re-examine the electrochemical behaviors
of the aqueous Zn-Mn battery. As expected, in a 2 M ZnSO4 + 0.5 M MnSOy electrolyte,
similar cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) curves were
observed for the a-MnO,, B-MnO,, and 6-MnO, cathode materials (Figure 1 and S2,
Supporting Information). As shown in Figure 1A, the a-MnO, cathode exhibits two well-
separated redox CV peaks (named O1/R1 and O2/R2) at a scan rate of 0.2 mV s™ in the
voltage range of 0.8-1.8 V vs. Zn*"/Zn. While the CV peak intensities of O1/R1 gradually
decrease, those of O2/R2 increase during the initial cycles. The GCD curves for the a-MnO,
cathode at 200 mA g™ (Figure 1B) present two charge plateaus and discharge plateaus at the

second cycle, which are consistent with the CV curves.

To understand the reaction chemistry, the ex-situ XRD patterns of a-MnO; cathode in 2 M
ZnSO4 + 0.5 M MnSO4 electrolyte were collected to examine the possible phase
transformation (Figure S3, Supporting Information). It is found that ZnsSO4(OH)s 4H,O
(ZSH; PDF # 44-0673) emerges as a new phase after the first discharge process. The ZSH
can also be seen from FESEM image (Figure S3C) which shows micron-sized flakes
deposited on the electrode surface. In the subsequent charge-discharge process, the ex-situ

XRD patterns (Figure S4, Supporting Information) reveal good reversibility of ZSH; it

This article is protected by copyright. All rights reserved.

4



disappears gradually when the battery is charged to 1.54 V vs. Zn/Zn”" then re-emerges upon

discharging to around 1.30 V vs. Zn/Zn*". In addition, when the 2 M ZnSOy solution was
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Figure 1. Electrochemistry of Zn/a-MnQO, battery in a mild acidic sulfate electrolyte (2 M
ZnSO4 + 0.5 M MnSOy). (A) Cyclic voltammogram curves at a scan rate of 0.2 mV s™ in the
range of 0.8-1.8 V vs. Zn/Zn”>". (B) The galvanostatic charge-discharge profiles at 200 mA g
for the initial two cycles. (C) Schematic of the conventional cation intercalation/de-

intercalation reaction model, and (D) Schematic of the ZSH assisted deposition-dissolution

More evidence to the role of MnO, nanorods during the discharge process is provided by a

series of control experiments (see Figure S6-S8 and associated discussions, Supporting

Information). This evidence leads to the conclusion that the a-MnQO, involves in the reaction
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only during the first discharge process and contributes little capacity in the subsequent cycles.
Hence, the first discharge reaction consumes H' and releases Mn®" into the solution

according to the following reaction (see also Figure S9, Supporting Information):
MnO, +2¢ +2H" — Mn’* + 20H

This distinguishes itself from the MnO,/Mn*" dissolution-deposition reaction, in which Mn*"

will reversibly redeposit to solid MnO,.

The reversible ZSH formation-disappearance cycle is consistent with the understanding
that the H" consumption causes the local pH increase in the electrolyte and the reversible

3¢ 58, 58] However, the conventional reaction model

formation and disappearance of ZSH.!
based on ion (de)intercalation, which is accompanied by pH-modulated ZSH formation, is
invalid to explaining the Zn-Mn battery behavior in the present study. First, the O1/R1 redox
peak drops and O2/R2 peak rises during the continuous charge/discharge cycles; Second, the
initial discharge capacity is lower than the subsequent charge capacity; Last, the charge
voltage exhibits an unusual decrease around 1.5 V vs. Zn/Zn*". Note that the “turning point”
around 1.30 V has been related to the deposition of ZHS flakes that results from a local

increase in pH.!'"!

2.2 New model of ZSH assisted deposition-dissolution

We propose a ZSH assisted deposition-dissolution reaction model to explain the above
findings. Under the sulfate-based electrolyte, the aqueous Zn-Mn batteries are driven by a
conversion reaction between ZSH and Zn,MnO(OH), during charge and discharge process
(schematically shown in Figure 1D), which is accompanied by proton diffusion and a local
increase in pH value. In the following, we will provide evidence to the reaction product,
Zn:MnO(OH), nanosheets, and prove that this reaction model can well explain the unusual
electrochemical phenomena. More interestingly, it can also predict other non-MnO, cathode

materials for the aqueous Zn/Mn batteries.

As single chemical valence metallic ion compound, ZnsSO4(OH)e-4H,0 cannot be used as
the host material for reversible cation intercalation/de-intercalation. Hence, the battery must
proceed with a different reaction path. To check this, we fabricated a Zn-ZSH battery (i.e.,
absence of MnOy) using synthesized ZSH flakes (Figure S10, Supporting Information) as the
cathode, metallic Zn as the anode, and 2 M ZnSO4 + 0.5 M MnSOy as the electrolyte (see
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battery architecture in Figure 2A). The Zn-ZSH battery exhibits two well-separated redox
peaks in the CV curves (Figure 2B) that is similar to the Zn/a-MnQO, battery. No redox peaks
were detected without the Mn®" electrolyte additive (inset of Figure 2B), which suggests that
the reversible redox reaction of the Zn-ZSH battery involves electron transfer with Mn*".
These features can also be seen from the GCD curves (Figure 2C), where two charge and
discharge plateaus are observed with a discharge specific capacity around 110 mAh g™
Interestingly, the Zn-ZSH battery displays two charge plateaus without the necessity of an
initial discharge process, which is in sharp contrast to the aqueous Zn-MnO, battery for
which an initial discharge process is mandatory for the reversible energy storage process
(Figure S11, Supporting Information).

The phase evolution of the ZSH cathode was characterized during the charge-discharge
process. In the operando XRD pattern (Figure 2D), in addition to the reflection of the
reaction cell used for operando measurement (22.0° and 43.9°) and carbon cloth current
collector (24.0° and 44.8°), the reflections of ZSH (PDF # 44-0673) exhibit reversible
evolution during the charge-discharge process. Further, the ZSH phase weakens gradually
during the first charge platform around 1.5 V vs. Zn/Zn*", then totally vanishes when charged
to around 1.54 V vs. Zn/Zn**, and re-appear gradually when discharged to around 1.30 V vs.
Zn/Zn*". Obviously, the phase evolution process is nearly the same as that of the Zn-MnO,
battery (Figure S4, Supporting Information). The similarity in battery properties (CV, GCD,
and capacity) implies a similar electrochemical behavior in the Zn-ZSH and Zn-MnO,
batteries when they operate in same electrolyte.

Considering the limited information provided by XRD patterns, operando Raman spectra
were acquired to investigate the ZSH cathode evolution process. As shown in Figure 2E, the
bands around 450 cm™ and 615 cm™ are associated with the stretching vibration (S-O) of the
SO, group from the electrolyte.'"! During the charging of the ZSH cathode, three obvious
Raman bands around 502, 572, and 676 cm™ emerge gradually, which correspond to the V4
(Mn-0O) stretching vibration mode, stretching vibration of V3(Mn-O) in the basal plane of
[MnO6] sheets that is evident in layered manganese oxides, and symmetric stretching
vibration of V, (Mn-O) in MnOg that is ascribed to the A;, symmetric mode.!'?!
Consequently, a layered manganese oxide phase emerges gradually during the first charge
platform around 1.50 V vs. Zn/Zn*". When the ZSH cathode was discharged, the Raman band
of layered manganese oxide weakens gradually then vanishes during the second discharge
platform around 1.30 V vs. Zn/Zn®>". Hence, operando Raman spectroscopy revealed a

reversible cycle of layered manganese oxide during the charge-discharge process. The ex-situ
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X-ray photoelectron spectroscopy (XPS) Mn 2p spectra (Figure 2F) further confirm this

evolution process.
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Figure 2. Zn battery based on ZSH cathode material (Zn/ZSH battery). (A) Schematic
representation of the Zn-ZSH battery. (B) Cyclic voltammogram curves of Zn-ZSH battery at
a scan rate of 0.2 mV s™ from 0.8 -1.8 V vs. Zn/Zn”"; inset is the CV curves when using pure
ZnS0y electrolyte. (C) Galvanostatic charge-discharge curves of Zn-ZSH battery at 200 mA
g'1 in the different electrolytes. (D) Operando XRD patterns and (E) operando Raman spectra
of ZSH electrode during the charge-discharge process at the current density of 200 mA g™
The dashed circles indicate the peaks from ZSH. (F) ex-situ XPS Mn 2p spectra of ZSH
electrode at the current density of 200 mA g™

In order to further investigate the reversible cycles of ZSH and layered manganese oxide,
ex-situ FESEM images of the ZSH cathode during the charge-discharge process were
collected (Figure 3A). Compared to the large flakes in the initial state, the ZSH electrode
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surface became uniformly covered by nanosheets when charged to 1.54 V vs. Zn/Zn*", and
the formed nanosheets grew larger and the large flakes disappeared as the charging
progressed. In the subsequent discharging process, the nanosheets faded gradually after
discharging to around 1.30 V vs. Zn/Zn>" and then fully transformed into ZSH flakes upon
discharging to 0.8 V. Hence, the layered manganese oxide with a nanosheet structure and
ZSH with the flake structure appear alternatively during the charge-discharge process. A
similar phenomenon was also observed in the case of using the a-MnO, cathode (Figure S13,
Supporting Information). In the STEM-EDS mappings (Figure 3B), the Mn and O elements

were homogeneously distributed on the nanosheets.

Next, we investigated the roles played by the ZSH and layered manganese oxide during
the deposition-dissolution reactions by assembling a transparent battery equipment (Figure
3C). In this configuration, a FTO glass was half-surface deposited with ZSH using an electro-
deposition method was used as the cathode, with 2 M ZnSO4 + 0.5 M MnSO, aqueous
solution as the electrolyte and polished Zn foil as the anode. In the initial stage, the deposited
ZSH appears white and the bare FTO is transparent. The ZSH region gradually turned to
brown with battery charging and finally become dark-brown at 1.6 V vs. Zn/Zn>* (Figure
3D). The dark brown gradually faded during the discharge process and turned pale brown at
0.8 V vs. Zn/Zn*" (Figure 3E). No change has been observed for the bare FTO during the
whole charge-discharge process. The ex-situ XRD pattern and FESEM images (Figure S14-
16, Supporting Information) further confirm that similar reactions of the aqueous Zn/ZSH
battery occurred on the ZSH part of the FTO cathode, whereas there was no reaction on the
bare FTO. Therefore, this result corroborates that the ZSH is the driving force for the
deposition-dissolution reaction of layered manganese oxide nanosheets, and the dissolution of
layered manganese oxide induces the re-formation of ZSH during the second discharge

platform (around 1.30 V vs. Zn/Zn*").
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Figure 3. Verification of the reversible deposition-dissolution of ZSH. (A) FESEM images of
the ZSH electrode surface at different charge and discharge states in 2 M ZnSO,4 + 0.5 M
MnSOy electrolyte. (B) STEM-EDS mapping of the generated nanosheets. (C, D, and E)
Digital photos of the transparent Zn-ZSH/FTO battery at different charge and discharge states
at 200 mA g

The electron structure and phase of the layered manganese oxide is the key to
understanding the reaction chemistry and electron transfer of the aqueous Zn-Mn battery. The
TEM images of layered manganese oxide deposited at 1.6 V Zn/Zn** display a two-
dimensional graphene-like structure (Figure 4A). The corresponding selected area electron
diffraction (inset of Figure 4A) shows a vague diffraction ring, suggesting a low crystallinity
that is consistent with the XRD result (Figure 2D). According to the HRTEM image, the
interlayer spacing is around 0.47 nm (Figure 4B). Meanwhile, lattice fringes with an inter-
planar spacing of 0.24 nm were also observed on the surface of layered MnO,. To explore the
electron structure via ex-situ XPS, the Mn 3s spectra were collected from the ZSH cathode
(Figure 4C). When charging to 1.54 V vs. Zn/Zn*", the splitting energy (4E) between the two
Mn 3s peaks was 5.2 eV, which decreases to 4.8 eV with further charging to 1.6 V vs.
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Zn/Zn*", then increases to 5.13 eV at the discharge state of 1.30 V vs. Zn/Zn”". Based on the
linear relationship between Mn chemical valence and AE value of Mn 3s, the average
oxidation state of Mn was determined to be 3.34, 3.88, and 3.42 at 1.52, 1.60, and 1.30 V vs.
Zn/Zn*", respectively.!") Moreover, as shown in Figure 4D, the Ols spectra collected from
the ZSH cathode can be fitted with two components associated to the Mn-OH bond around
531.7eV and Mn-O-Mn bond around 529.8 V.1 It is obvious that the Mn-O-Mn bond at the

charge state of 1.6 V vs. Zn/Zn*" is stronger than the previous two.

Based on the analysis of Raman spectra, HRTEM, and XPS results, we suggest that the
formed manganese oxide nanosheets are vernadite crystal, a poorly-ordered layered
manganese oxide with 4.70 A theoretical interlayer spacing and a chemical unit of
MnO(OH),."¥ Furthermore, TEM-EDS quantitative analysis (Figure S17, Supporting
Information) reveals Zn. Considering a certain amount of Zn>" from electrolyte can go into
the manganese oxide interlayers during the deposition process, the deposited nanosheets are

zinc vernadite, Zn,MnO(OH),.

Hence, the ZSH assisted deposition-dissolution reaction model is proposed as follows (see
schematics in Figure 4E). Considering the chemical composition of ZnsSO4:(OH)e 4H,0, the
deposition of ZSH is equivalent to creating a highly basic environment on the electrode
surface. From the Nernst equation,!'” the high pH value can reduce the oxidation and
deposition potential of Mn®". Consequently, Mn®" in the basic environment created by ZSH
can be oxidized and deposited on the electrode surface at a low charging potential (around 1.5
V vs. Zn/Zn*"). Once the ZSH is exhausted, the deposition reaction of Mn?** stops. In other
words, Mn”" interacted with ZSH can be oxidized and deposited on the electrode surface
during the first charge plateaus (around 1.5 V vs. Zn/Zn>") and then forms into low-
crystallinity ZnyMnO(OH), nanosheets via proton-diffusion reaction during the second
charge platform (around 1.56 V vs. Zn/Zn*"). Subsequently, the Zn,MnO(OH), nanosheets
are gradually reduced through the proton-diffusion reaction during the first discharge
platform (around 1.43 V vs. Zn/Zn>"). With H' are consumed, the ZSH will be re-deposited
on the electrode surface during the second discharge platform (around 1.30 V vs. Zn/Zn*").
The dissolution reaction of ZnyMnO(OH), nanosheets happens when the pH drops locally

due to the re-formation of ZSH. The reaction process can be written as follow:

Charge:
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Zn4S0,4(OH)4-4H,0+ Mn** — Zn MnO(OH), + 4H'+ SO,* "+ 2¢"
Discharge:
Zn,MnO(OH), +4H" +2¢” — Mn*" + Zn*"+3H,0
4Zn**+S0,> +60H +4H,0 — Zn,SO0,(OH)4-4H,0

From the chemical valence of Mn and atomic ratio between Mn and Zn of the reaction
product Zn,MnO(OH), at 1.6 V vs.Zn/Zn*", the average chemical formula can be written as
ZnMn, 7;0(OH)g ¢3. The theoretical discharge capacity of Zn,MnO(OH); is about 175 mAh g’
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Figure 4. Characterization of the generated layered manganese oxide and its role in Zn-ZSH
battery. (A) TEM image of the generated layered manganese oxide at 1.6 V vs. Zn/Zn*", scale
bar: 100 nm. Inset is the corresponding selected area electron diffraction (SAED) image,
scale bar: 5 1/nm. (B) HRTEM image of generated layered manganese oxide at 1.6 V vs.
Zn/Zn*", scale bar: 5 nm. (C and D) High-resolution Mn 3s and Ols XPS spectra of the ZSH
electrode at different charge and discharge states. (E) Schematic of the ZSH assisted

deposition-dissolution reaction model.
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2.3 ZSH assisted deposition-dissolution reaction in other batteries

According to the proposed ZSH assisted deposition-dissolution reaction model, it can be
inferred that the same reversible reaction can proceed as long as the cathode material can
consume H' from the electrolyte. Hence, it is possible to design other cathode materials. We
first tested commercial ZnO, a common and low-cost material, as the cathode of a Zn-ZnO
battery, using 2 M ZnSOy4 + 0.5 M MnSOy as the electrolyte and Zn foil as the anode (Figure
5A). The Zn-ZnO battery exhibits two obvious reversible well-separated redox CV peaks
(Figure 5B). The GCD test (Figure 5C) shows that the Zn-ZnO battery can deliver a
discharge specific capacity of 230 mAh g at 200 mA g"'. The Zn-ZnO battery can retain
60% of its initial capacity after 1000 cycles at a current of 1 A g (Figure 5D) and a discharge
capacity of 75 mAh g at 5 A g (Figure 5E). The operando XRD pattern, XPS spectra, and
SEM images (Figure S18 and S19, Supporting Information) prove the reversible phase
evolution of ZSH in the Zn-ZnO battery, which is similar to that of the Zn-MnO, and Zn-
ZSH batteries.
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Figure 5. Zn-ZnO battery based on the ZSH assisted deposition-dissolution model. (A)
Schematic of the Zn-ZnO battery architecture. (B) Cyclic voltammogram curves at a scan rate

of 0.2 mV s’ from 0.8-1.8 V vs. Zn/Zn’"; Inset is the CV curves using pure ZnSOj
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electrolyte. (C) Galvanostatic charge-discharge curves at 200 mA g™ in different electrolytes.

(D) Long-term cycling performance. (E) Rate performance at different current densities.

In order to explore the formation of ZSH in the Zn-ZnO battery system, the ZnO electrode
was soaked with 2 M ZnSO4 + 0.5M MnSOy electrolyte for 2 h. ZSH emerged as a new phase
with a large-flake structure on the ZnO electrode surface after the soaking treatment (Figure
S20, Supporting Information). Considering the slightly acidic electrolyte, the reaction path

for the formation of ZSH is proposed as follows:
H,0 — H' + OH
ZnO +2H" — Zn*" + H,0
47n*" + SO,4> + 60H + 4H,0 — Zn,SO,(OH)4-4H,0

Unlike the MnO, cathode in which ZSH is deposited during the initial discharge process
because of the proton-diffusion reaction, the deposition of ZSH on the ZnO cathode results

from the dissolution of ZnO.

In addition to ZnO, we investigated ZSH deposition on a series of other metal oxides, and
the results are summarized in Table 1. It should be mentioned that the more ZSH exists on
the electrode, the more Zn,MnO(OH), nanosheets can be deposited, and consequently, the
higher the apparent capacity. When the a-MnO, electrode discharged to 0.8 V vs. Zn/Zn*,
ZSH of around 1.65 mg was deposited on the electrode surface and around 0.6 mg MnO;
dissolved. Thus, the a-MnO; cathode delivered a reversible specific capacity of around 275
mAh g at 200 mA g’ (Figure 1B). However, when the a-MnO, electrode was directly
immersed in the electrolyte without an initial discharging action, no ZSH phase was detected
on the electrode surface, indicating no charge reaction. Comparatively, the ZnO cathode
achieves a discharge specific capacity of 230 mAh g™ at 200 mA g (Figure 5E). For the
CuO or TiO; electrodes, their mass remained unchanged after the soaking treatment and no
new phase can be detected (Figure S21, Supporting Information). However, the MgO and
CaO electrode dramatically changed after soaking treatment, and ZSH deposition was

detected as a new phase on both electrodes (Figure S22 and S23, Supporting Information).
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Therefore, we suggest that MgO and CaO can also be used as the cathode materials for

aqueous batteries (see below).

Table 1. Various metal oxides electrode materials treated in 2 M ZnSO4 + 0.5 M MnSOy4

electrolyte for 2 hours at room temperature.

Initial electr Elect
Cathode Treatment fta ae e 'ode ectrode Dissolved Deposited new products
. mass” (active mass after .
material method . metal ion  after treatment (mass)
material mass) treatment
Discharge to 1.29 mg (0.90 0.39 mg
2.32 ZSH (1.
0.8V mg) 32 mg (Mn?") SH (1.65 mg)
0-MnO,
Soaked in the 1.68 mg (1.17 0.052 mg
b 1.72 mg No
electrolyte mg) (Mn?")
710 Soaked in the 2.22 mg (1.55 321 mg e ZSH ()
electrolyte mg)
Soaked in th 1.89 1.32 0.56
MgO caked 1 the mg ( 3.56 mg ng ZSH (2.6 mg)
electrolyte mg) Mg™)
CaO Soaked in the 1.74 mg (1.22 3.40 mg 0.08 lzing ZSH/CaS0,-2H,0 (1.77
electrolyte mg) (Ca™) mg)
. 0.010 m,
ki he 2. 1.42 &
TiO, So? ed 11nt e 03 mg ( 2.04 mg No
electrolyte mg) (T
. 0.013 mg
ki h 2.4 1.
CuO Soaked in the 3 mg (1.70 242 mg No
electrolyte mg) (Cu*"

Accepted Article

Note: ® The mass of the current collector has been deducted, and the electrode area is around 1.3 cm”. ® To
determine the dissolved mass of Mn®", the a-MnO, electrode was treated in a 2 M ZnSOy solution which has a
similar pH value to that of 2 M ZnSO, + 0.5 M MnSO, solution (4.3 vs 3.9). © The mass of ZSH deposited on
the ZnO electrode cannot be calculated because it is challenge to determine accurately the mass of dissolved

Zn*" in the electrolyte. Data of mass is averaged from 3 measurements where the differences are <1%.

Both the MgO and CaO cathodes exhibit well-defined redox CV peaks at a sweeping rate
of 0.2 mV s between 0.8-1.8 V vs. Zn/Zn>" in the 2 M ZnS0O4 + 0.5 M MnSOq electrolyte
(Figure S24C and F, Supporting Information). In comparison, when pure 2 M ZnSOy or pure
0.5 M MnSOy solution is used as the electrolyte, no obvious redox reaction can be detected

from the MgO and CaO cathodes (Figure S24, Supporting Information). This is in accordance
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to our model that, for MgO and CaO, Zn”" is needed to provide the source for ZSH formation
and Mn”" is required for the redox reaction between ZSH and Zn,MnO(OH),. The MgO and
CaO cathode exhibit similar GCD curves to the Zn/MnQO; battery (Figure 6A). In the initial
charge process, the MgO cathode delivered a high specific capacity of 525 mAh g at 200
mA g due to the high quantity of ZSH deposition (Table 1). For the CaO cathode, the
relatively low specific capacity is consistent with the small deposition mass of ZSH. The ex-
situ XRD pattern reveals reversibility of ZSH on both MgO and CaO cathodes during the
charge-discharge process (Figure S25 and S26, Supporting Information). For the rate
performance (Figure 6B), the Zn-CaO battery is inferior to the MgO cathode at varying
current densities, which can be ascribed to the higher deposition quantity of ZSH on the MgO
cathode than that on CaO. And the capacity retention of the Zn-CaO battery is evidently
better than the Zn/MgO battery (Figure 6C), which could be related to the deposition of stable
CaSQ4-2H,0 phase on the CaO cathode (Figure S26, Supporting Information).!'

To better evaluate the specific capacity, the Zn-ZnO, Zn-MgO and Zn-CaO batteries are
compared with the reported Zn-MnO, batteries containing Mn*" electrolyte additive (Figure
6C). Similar to ZnO and CaO, the MnO, cathode generally deliver a specific capacity around
250 mAh g at 200 mA g”. However, the MgO cathode battery exhibits a more superior
discharge specific capacity of 422 mAh g™ at 200 mA g™'. In a nutshell, we believe there are
other cathode materials that can be employed for aqueous Zn-Mn batteries based on the ZHS-
assisted deposition-dissolution chemistry.

Finally, we emphasize that the basic condition to realize the ZSH based deposition-
dissolution model is that Mn>" must be available, either from the cathode material (MnO,) or
from the electrolytes (Table S2, Supporting Information). However, to achieve good battery
performance, one needs to optimize the composite electrolyte (concentration and pH) and the
anode. For example, for all the cathode materials we investigated herein, the solution of 2 M

ZnS0O4 + 0.5 M MnSOQy, is recommended.
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Figure 6. Zn/MgO and Zn/CaO batteries based on the ZSH assisted deposition-dissolution
model. (A) Initial Galvanostatic charge-discharge curves of the batteries between 0.8-1.8 V
vs. Zn/Zn*" at 200 mA g'. (B) Rate performance at different current densities. (C) Cycling
performance between 0.8-1.8 V vs. Zn/Zn*" at 500 mA g"'. (D) The comparison of specific
capacity between the proposed battery in this work and the recently reported data about
various Zn/MnO, battery containing Mn”" electrolyte additive at 200 mA g, including
Zn/MnO,.@TiC/C,"  Zn/MnO»/PAN,*  Zn/a-MnO»/CNT,"®  Zn/MnO,,!'"!  Zw/N-
CNSS@MnOz,[ZO] Zn/ S-MnOz,pl] Zn/ B-MnOz[zz] and Zn/Polyfurfural/MnO, battery[23].

3. Conclusion

A ZSH assisted deposition-dissolution reaction model can successfully explain the
electrochemical process of aqueous Zn-MnO, batteries in sulfate-based electrolytes. When
MnO, is used as the cathode material, its function is to promote the deposition of
Zn4SO4(OH)6-xH,O (ZSH) and release Mn>" into the electrolyte in the first discharge
process, while the capacity in subsequent cycles is predominantly contributed by the

reversible conversion reaction between ZSH and layered Zn,MnO(OH), nanosheets. This

This article is protected by copyright. All rights reserved.
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dynamic conversion reaction is modulated by local pH variations. Our model may be generic
to aqueous batteries involving Zn*" and Mn”" either in the form of cathode material or sulfate
electrolyte. Based on this new model, we have achieved proof-of-concept demonstration of
Zn batteries using other non-MnO, cathode materials, including pure ZSH, ZnO, MgO, and
CaO. It is suggested that improving the reversibility of the conversion reaction between ZSH
and layered Zn,MnO(OH), nanosheets is essential to the stability of the batteries. This model
applies to the mild acidic (pH ~ 4) sulfate electrolyte solution and may not contradict to the

. . .. . 2+ . .. .
dissolution-deposition reaction of Mn“ " in strong acidic solutions.
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Table of Contents Entry

A new ZSH assisted deposition and dissolution reaction model has been proposed and
validated for aqueous Zn-Mn batteries in mild sulfate electrolytes. We show that MnO, is not
a compulsory cathode; and various metal oxides, including ZSH, ZnO, MgO and CaO, can be
used as the cathode materials for aqueous Zn batteries.
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