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Introduction

Electrochemical energy-storage devices, that is, batteries, su-
percapacitors and hybrid devices (“supercapatteries”), play a
crucial role in exploiting the electricity generated from renewa-
ble but intermittent energy sources such as wind and solar
energy.[1] Li-ion batteries have achieved great commercial suc-
cess in the rechargeable battery market because of their high
energy density and good cycling stability.[2] However, their cost
along with concerns about safety and environmental impact
significantly hinder their wider penetration to yield large-scale
applications,[3] hence the drive to develop alternative battery
chemistries such as Na-ion batteries,[4] K-ion batteries,[5] Mg-ion
batteries[6] and Al-ion batteries.[7] Most of these alternative bat-

teries still use flammable and toxic electrolytes, which moti-
vates the study of aqueous batteries, in principle combining
low cost, high safety and environmental friendliness. The alka-
line primary Zn–MnO2 batteries have been commercialised and
widely used for many years.[8] However, this type of battery suf-
fers from poor reversibility in alkaline electrolyte owing to the
irreversible formation of byproducts on the cathode [i.e. ,
Mn(OH)2, Mn2O3 and Mn3O4] and the anode [i.e. , Zn(OH)2 and
ZnO].[9] Therefore, mild aqueous electrolytes used in the Zn–
MnO2 battery are expected to enhance the electrochemical
performance.

Recently, rechargeable aqueous Zn–MnO2 batteries have at-
tracted attention: the above attributes of aqueous batteries
add to their high theoretical specific capacity of
308 mAh g�1.[10] To date, there have been notable develop-
ments in achieving high-performance Zn–MnO2 batteries in
mild aqueous electrolytes. However, the mechanism of the Zn–
MnO2 battery is far from being fully understood and remains
highly controversial. Various reaction mechanisms in Zn–MnO2

batteries have been proposed. The earliest reports of recharge-
able Zn–MnO2 batteries described a mechanism based on re-
versible Zn2 + insertion/extraction into/from the tunnels of a-
MnO2.[9e, 10a] Subsequently, Liu and co-workers proposed an al-
ternative mechanism based on conversion between a-MnO2

and H+ without zinc ion intercalation and de-intercalation.[11]

Wang and co-workers proposed that both processes operated,
that is, the MnO2 cathode underwent successive H+ and Zn2 +

insertion/extraction.[12] Also, a precipitation of zinc hydroxide
sulfate on the surface of a-MnO2 was reported without zinc in-
tercalation into the tunnels of MnO2.[13] Recently, reversible
chloride storage in Zn-ion-trapped Mn3O4 has been proposed
by Jiang and Ji.[14] In-depth understanding of the mechanism

Poor cycling stability and mechanistic controversies have hin-
dered the wider application of rechargeable aqueous Zn–MnO2

batteries. Herein, direct evidence was provided of the impor-
tance of Mn2 + in this type of battery by using a bespoke cell.
Without pre-addition of Mn2+ , the cell exhibited an abnormal
discharge–charge profile, meaning it functioned as a primary
battery. By adjusting the Mn2 + content in the electrolyte, the
cell recovered its charging ability through electrodeposition of
MnO2. Additionally, a dynamic pH variation was observed

during the discharge–charge process, with a precipitation of
Zn4(OH)6(SO4)·5H2O buffering the pH of the electrolyte. Contra-
ry to the conventional Zn2 + intercalation mechanism, MnO2

was first converted into MnOOH, which reverted to MnO2

through disproportionation, resulting in the dissolution of
Mn2+ . The charging process occurred by the electrodeposition
of MnO2, thus improving the reversibility through the availabili-
ty of Mn2 + ions in the solution.
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in Zn–MnO2 batteries is important in optimising this battery
chemistry in terms of performance and lifetime and thus pro-
moting the large-scale application of this type of battery.

As well as the differences in mechanism, various crystallo-
graphic polymorphs of manganese dioxide exist, such as a-
MnO2 (2 � 2), b-MnO2 (1 � 1), d-MnO2 (1 �1) and todorokite-
MnO2 (3 � 3), which may also be responsible for the variety in
reported charge-storage mechanisms when the material is em-
ployed as an electrode.[11–13, 15] Among them, a-MnO2 with 2 � 2
tunnels has been of particular interest for Mn-based Zn-ion
batteries. In common with other batteries, the performance of
Zn–MnO2 batteries is generally investigated in coin cells with a
small amount of electrolyte (�100 mL), which complicates in
operando measurements of mechanistically relevant parame-
ters such as local variations in electrolyte pH and composition.
Consequently, in this work, a custom cell was designed and
used to reveal the reaction mechanism of the rechargeable
aqueous Zn–MnO2 batteries, which enabled monitoring of var-
iations in electrode potential and pH value of the electrolyte.
The effect of solution-phase Mn2 + on cell reversibility was ex-
plored: it was found that this species significantly changes the

ability to charge the cell. The potential of the electrodes and
pH of the electrolyte was monitored in situ during the dis-
charge–charge process. The morphological and structural evo-
lution of the a-MnO2 cathode was also investigated during dis-
charge–charge using SEM, XRD, TEM, scanning TEM energy-dis-
persive spectroscopy (STEM-EDS) and Raman spectroscopy.
This combined structural and electrochemical study sheds light
on the reaction mechanism of rechargeable aqueous Zn–MnO2

batteries.

Results and Discussion

Figure 1 a shows the XRD pattern of the as-prepared sample
used as the cathode for Zn–MnO2 batteries, which is well in-
dexed into the crystalline phase of a-MnO2 (JCPDS: 44-0141).
The morphology was first observed by SEM in Figure 1 b,
showing a homogeneous nanorod structure, with length rang-
ing between 1 and 5 mm. The TEM further shows the detailed
structure of nanorods with a diameter of 40�8 nm in Fig-
ure 1 c. The high-resolution (HR)TEM image shows the a-MnO2

nanorod with a well-defined lattice constant of 0.310 nm for

Figure 1. Characterizations of a-MnO2. a) XRD pattern. b) Representative SEM image. c) Representative TEM image [inset showing the HRTEM image with a lat-
tice distance of 0.310 nm corresponding to the (3 1 0) plane] . d–f) STEM-EDS mappings of the elemental distributions of Mn, O and K in the MnO2. g) Line pro-
files of Mn, O and K across the MnO2 nanorod.
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the (3 1 0) crystal plane, indicating its high degree of crystallini-
ty. As shown in Figure 1 d–f, the corresponding STEM-EDS
mapping reveals abundant Mn, O and a low K content in the
nanorod. The residual K is introduced into the MnO2 tunnels
by the synthetic conditions owing to the KMnO4 starting mate-
rial. Figure 1 g shows a profile of elements across the nanorod
by linear scanning. The intensity profiles of the three elements
(Mn, O and K) indicate a homogeneous distribution.

Figure 2 a illustrates how the reaction mechanism was inves-
tigated by using a home-made cell composed of a-MnO2 as
the cathode, Zn foil as the anode and 2 m ZnSO4 with different
concentrations of MnSO4 as the electrolyte without separator.
Although the cycling stability of the MnO2 electrode has been
improved by adding Mn2 + to the electrolyte, the practical
function of Mn2+ is far from well understood.[10b, 11] To eliminate
the effect of MnSO4, the pure 2 m ZnSO4 solution was first
chosen as the electrolyte. Interestingly, we found that the cell
was able to discharge with a high specific capacity of approxi-
mately 283 mAh g�1 and almost lost the ability to charge,
shown in Figure 2 b. The subsequent cycles show a quite low
reversible capacity of approximately 9 mAh g�1 (discharging for
0.3 h at 30 mA g�1) without the addition of MnSO4. Also, a
brown deposit was observed on the current collector after
charging, indicating the formation of MnO2, shown in Figur-

es S1–S3 in the Supporting Information. Because there is no
Mn2+ in the electrolyte, it is inferred that Mn2+ dissolves into
the solution during the discharge process. The dissolved Mn2 +

in the first discharge process was measured by inductively cou-
pled plasma optical emission spectroscopy (ICP-OES). The
amount of Mn2 + in the electrolyte was calculated to be
0.774 mg, which is less than half of the total mass of Mn in the
MnO2 cathode (2.8 mg), shown in Figure S4 in the Supporting
Information. Also, previous literature has reported that the dis-
solution of Mn2 + results in a rapid capacity fade.[11] Conse-
quently, various concentrations of MnSO4 were added to the
2 m ZnSO4 electrolyte, as shown in Figure S5 in the Supporting
Information. Significantly, there is no difference in the first dis-
charge curve, but the charging curve begins to recover to a
normal state compared with that using 2 m ZnSO4 electrolyte
and the cell can then be cycled normally, as shown in Fig-
ure 2 b. This direct comparative experiment reveals that Mn2 +

plays a vital role in the charging behaviour of the cell, not
simply enhancing the cycling ability of the MnO2 electrode.
This abnormal phenomenon requires us to reconsider the dis-
charge and charge processes. If the discharge product is
MnOOH or ZnMn2O4 as previously reported in the literature,
then the cell should be charged normally to extract the insert-

Figure 2. Tests in a home-made cell composed of a working electrode (a-MnO2), counter electrode (Zn) and electrolyte without separator. a) Schematic dia-
gram of the cell. b) Galvanostatic discharge and charge curves in 2 m ZnSO4 and 2 m ZnSO4 + 0.2 m MnSO4. c) In situ potential monitoring. d) In situ pH moni-
toring.
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ed ions without addition of MnSO4, leading to a relatively high
reversible capacity, contrary to what is observed in our study.

It is well-known that manganese dioxide can be electrode-
posited from Mn2 + aqueous solution by the following general-
ized reaction [Eq. (1)]:[16]

Mn2þ þ 2 H2O! MnO2 þ 4 Hþ þ 2 e� ðE0 ¼ 1:23 VÞ ð1Þ

Based on the Nernst equation, the theoretical potential to
form MnO2 by electrodeposition in 0.2 m MnSO4 solution is cal-
culated to be 1.413 V (vs. Zn2 +/Zn), as shown in the Support-
ing Information. An in situ potential monitoring of each elec-
trode was performed by using an Ag/AgCl reference electrode
shown in Figure 2 c. The potential on the zinc anode is fairly
consistent during the discharge–charge process. The potential
on the cathode changes gradually during the discharge pro-
cess, whereas it dramatically jumps to 1.520 V (vs. Zn2 +/Zn) at
the beginning of the charge process. This potential is consis-
tent with the required theoretical potential of MnO2 electrode-
position, suggesting a possible electrodeposition of MnO2.
Also, the electrodeposition of MnO2 would cause pH variations
in the solution; therefore, an in situ pH monitoring of the elec-
trolyte during the discharge–charge process was also per-
formed. As shown in Figure 2 d, the electrolyte pH value in-
creases as discharge proceeds. It reaches a pH of 5.33 at the
end of discharge with a plateau region around this value.
Upon charging, there is a slow decrease in the pH value, and it
goes back to the initial value at the end of the charge process.
During the charge process, the variation in pH provides evi-
dence that the charging process is probably based on the elec-
trodeposition of MnO2. To give further support for this, the
electrodeposition of MnO2 was investigated with a bare nickel
mesh as working electrode, a Zn foil as counter electrode and
2 m ZnSO4 + 0.2 m MnSO4 as electrolyte.

As shown in Figure S6a in the Supporting Information, the
charge–discharge profile for the bare nickel mesh is quite simi-
lar to that in the Zn–MnO2 battery although there is no active
material loaded on the cathode. Without MnSO4 additive, the
bare nickel mesh only exhibits a capacitor-like behaviour (Fig-
ure S6 b in the Supporting Information), indicating that the
MnO2 electrodeposited from the solution acts as the active ma-
terial. Considering that the cell cannot normally charge with-
out the Mn2+ as additive and the onset charging potential is
quite close to the electrodeposition potential of MnO2 coupled
with the trend in pH value during the charging process, it is
speculated that charging is based on the electrodeposition of
MnO2 on the cathode. The pre-addition of MnSO4 in the solu-
tion can provide enough Mn for electrodeposition of MnO2 to
compensate for the loss of MnO2 from the electrode.

Ex situ XRD and SEM data was acquired for the a-MnO2 cath-
ode in the 2 m ZnSO4 + 0.2 MnSO4 electrolyte to reveal the
phase and morphology evolution, respectively. As shown in
Figure 3 a, b, some emerging peaks at approximately 8.0, 16.0,
21.1, 24.4, 27.3, 32.7 and 34.78 are well matched to
Zn4(OH)6(SO4)·5 H2O (JCPDS: 78-0246) during the discharging
process. The zinc hydroxide sulfate hydrate
[Zn4(OH)6(SO4)·n H2O, n = 0, 0.5, 1, 3, 4 and 5, ZHSH] consists of

stacked zinc hydroxide layers. The interlayer space is filled with
zinc sulfate and different numbers of water molecules, result-
ing in an interlayer distance of 7–11 �.[13, 17] When the cell is fur-
ther discharged to 0.8 V, the corresponding peak intensity of
Zn4(OH)6(SO4)·5 H2O shows an upward trend, indicating its
growth. During the subsequent charging process, the intensity
of Zn4(OH)6(SO4)·5 H2O peaks gradually decreases, and finally
the corresponding peaks disappear, suggesting a reversible
precipitation/dissolution of Zn4(OH)6(SO4)·5 H2O. As shown in
Figure 3 c, the original MnO2 electrode exhibits a clean surface.
After discharging, some large flakes emerge on the electrode
surface (Figure 3 d, e). EDS analysis shows that the flake-like
product contains abundant Zn, O and S (Figure S7 in the Sup-
porting Information). During the subsequent charging process,
the large flakes gradually disappear (Figure 3 f–h). The reversi-
ble morphological evolution during the discharge–charge pro-
cess is consistent with the XRD results. In fact, the formation of
this material has been independently reported by other
groups.[11, 13, 18] It is worth noting that the formation of zinc hy-
droxide sulfate has been rationalised in various ways. Liu and
co-workers[11] think that with the consumption of H+ in the
electrolyte, the increasing concentration of OH� leads to the
formation of zinc hydroxide sulfate hydrate. On this basis they
proposed a new mechanism based on the conversion reaction
between MnO2 and H+ without zinc ion intercalation and de-
intercalation. Oh and co-workers[13] attribute the precipitation
of zinc hydroxide sulfate hydrate to the disproportionation of
the unstable trivalent manganese. The dissolution of Mn2 + into
the solution leads to an increase in the pH of the solution,
thus triggering precipitation of zinc hydroxide sulfate hydrate
on the electrode surface. There is no doubt that the formation
of zinc hydroxide sulfate hydrate is intimately bound to varia-
tion in solution pH, but the reason for the pH variation is un-
clear. Also, the point at which the zinc hydroxide sulfate forms
has not been mentioned. According to ex situ XRD results
from Xia and co-workers,[18] the zinc hydroxide sulfate hydrate
flakes do not form in the potential region from 1.8 to 1.35 V
(vs. Zn2 +/Zn) and start to emerge with further discharging to
1 V (vs. Zn2+/Zn). During the subsequent charging, the zinc hy-
droxide sulfate hydrate gradually vanishes. To confirm that the
formation of zinc hydroxide sulfate hydrate is pH-dependent,
the discharged electrode was washed with acetic acid. As
shown in Figure S8 in the Supporting Information, it is found
that the flakes on the electrode surface can be totally re-
moved, verifying the pH-dependent property of zinc hydroxide
sulfate hydrate. It is also observed that there are far fewer
MnO2 nanorods on the surface, indicating the consumption of
MnO2 during the discharge process. Also, the XRD pattern of
the discharged product was compared with the pure ZnMn2O4,
which does not demonstrate a good match with reported in-
tercalated phases in the literature, shown in Figure S9 a, b in
the Supporting Information. Further, the XRD pattern of the
discharged product was compared with pure MnOOH, shown
in Figure S9 c, d in the Supporting Information. It was previous-
ly reported that the MnOOH phase as a discharged product
was submerged in the strong characteristic peaks of current
collector (carbon paper) and resultant products.[11] However,
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the strongest peak of MnOOH at 26.38 was not detected in our
study. The peaks from zinc hydroxide sulfate hydrate dominate
the XRD patterns of the discharged product, and neither
MnOOH nor ZnMn2O4 can be detected. Because the electrode
surface is covered by the zinc hydroxide sulfate hydrate, the
complex peaks complicate the determination of the structural
evolution of MnO2. Therefore, the fully discharged electrode
was washed with acetic acid to remove the precipitated zinc
hydroxide sulfate hydrate. Surprisingly, only a-MnO2 can be ob-
served, and no evidence for Zn2 + or proton intercalation into
a-MnO2 can be found, as shown in Figure S10 in the Support-
ing Information. This is consistent with the report by Oh and
coworkers.[13] Consequently, it is more likely that the Zn ions
cannot intercalate into the tunnels of a-MnO2 to form interca-
lated phases; this point was further investigated by TEM and
Raman spectroscopy (see below). The phase and morphology
evolution of a-MnO2 with pure 2 m ZnSO4 electrolyte was also
investigated, shown in Figure S11 in the Supporting Informa-
tion. With regard to MnOOH, it is probably unstable owing to
the Jahn–Teller effect of the Mn3 + ion, thus forming solid
MnO2 and aqueous Mn2 + .[13, 19] This shows a good match with

the observation that there is a brown deposit on the current
collector during the charge process although Mn2+ is not pre-
added to the solution. Additionally, this is consistent with the
XRD result after the zinc hydroxide sulfate hydrate flakes are
removed with the weak acid. A previous report suggested that
there is a phase transformation between a-MnO2 and Zn-bu-
serite.[15c] However, it should be noted that XRD patterns of
zinc hydroxide sulfate hydrate phase are quite similar to the
previously reported Zn-birnessite.[13, 15d] Therefore, more atten-
tion should be paid to analyse the XRD results, and other tech-
niques are required to further elucidate the reaction mecha-
nism of a-MnO2.

TEM was used to gain further insight into the structural evo-
lution of a-MnO2 during discharge process. As shown in Fig-
ure 4 a (also in Figure S12 in the Supporting Information), the
morphology of the a-MnO2 electrode is well maintained when
it is first discharged to 0.8 V. The corresponding STEM-EDS
mapping reveals various elements such as Mn, O, K, Zn and S
in the discharge products, shown in Figure 4 b–f. The Mn, O
and K elements simultaneously coexist in the same region
whereas Zn, O and S elements simultaneously coexist in a dif-

Figure 3. a) Typical profile during the first discharge–charge process at 30 mA g�1. b) Evolution of ex situ XRD patterns of MnO2 electrodes recorded at differ-
ent states denoted in a). c–h) Corresponding SEM images of MnO2 electrodes collected at states denoted by 1, 4, 7, 9, 11 and 13.
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ferent region. Previous papers reported that zinc ions interca-
late into the tunnel of MnO2 to form the spinel ZnMn2O4 or a
tunnel or layered ZnxMnO2 phase.[9e, 10a, 15c] However, it is found
that Zn is not homogeneously distributed in the bulk of the
MnO2 and only exists on the surface of the MnO2 nanorod. The
Zn element shows a similar distribution to that of S, indicating
the formation of zinc hydroxide sulfate, which is consistent
with results of SEM and XRD. To further confirm the localized
elemental distribution, the corresponding linear scanning posi-
tion is shown in the highlighted rectangle. As shown in Fig-
ure 4 g, Mn, O and K clearly exhibit a synchronous trend
whereas Zn, S show a different synchronous trend, indicating
that the zinc ions do not intercalate into the tunnel of MnO2.
HRTEM was further used to reveal the lattice distance of the
discharged products, shown in Figure 4 h, i. A larger lattice dis-
tance of 0.495 nm is indexed to the (2 0 0) plane of a-MnO2

and a smaller lattice distance of 0.311 nm is consistent with
the (3 1 0) plane of a-MnO2. The TEM results showed that the
lattice fringes from the discharged products do not match the
reported intercalated phases in the literature. Also, the synthe-
sized pure ZnMn2O4 (Figure S13 in the Supporting Information)
was investigated by TEM. The corresponding STEM-EDS map-
ping shows a homogeneous distribution of Zn, Mn and O,
shown in Figures S14 and S15. The lattice distance was re-

vealed by HRTEM, showing a 0.485 nm corresponding to the
(1 0 1) plane of ZnMn2O4, shown in Figure S16 in the Support-
ing Information. Furthermore, the electrochemical performance
of the ZnMn2O4 was investigated by galvanostatic charge–dis-
charge method. It is found that the ZnMn2O4 does not exhibit
electrochemical activity with an extremely low specific capacity
of 15 mAh g�1, as shown in Figure S17 in the Supporting Infor-
mation. The charge–discharge profile, showing a capacitor-like
behaviour, suggests that the zinc ions in the spinel ZnMn2O4

cannot be extracted from the tunnel, which provides an indi-
rect proof to support our conclusion that the mechanism does
not involve the insertion of zinc ions. Steingart and co-workers
reported that ZnMn2O4 is electrochemically inert, which is con-
sistent with our results.[20] Although Zn2 + has a relatively small
ionic radius of 0.75 �, it is still difficult to find ideal cathode
materials to accommodate Zn2+ owing to the strong electro-
static interaction between divalent Zn2+ and solid framework
of host materials as well as the difficulty in redistributing the
multiple charges of the inserted cations in the host.[13, 21] Addi-
tionally, the high ionic radius of hydrated Zn2 + (Table S1 in the
Supporting Information) will add an additional barrier for the
intercalation process despite the partial charge shielding of the
solvation shell.[15d] Therefore, our conclusion is that it is difficult
for zinc ions to intercalate into the tunnel of a-MnO2.

Figure 4. TEM/HRTEM images of MnO2 electrodes after first discharge. a) STEM-HAADF (high-angle annular dark-field) image of short nanorods. b–f) STEM-EDS
mappings of different elements. g) Line profiles of different elements across the a-MnO2 nanorod. h, i) HRTEM images.
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Although the test capacity may be affected by various fac-
tors such as the properties (defects, surface area) of MnO2, the
composition of the electrode and measurement conditions
such as discharge current and electrolyte, the capacity ob-
tained at a low current density is more likely to approach the
theoretical capacity of the electrode materials. The practical
specific capacity of MnO2 reported by most researchers is less
than the theoretical capacity of 308 mAh g�1,[10c, 22] which is
consistent with our results. Although the MnO2/a-CNT (a-CNT:
acid-treated carbon nanotubes) nanocomposites displayed an
ultrahigh capacity of 665 mAh g�1 at 0.1 Ag�1, the improved ca-
pacity was attributed to the numerous oxidative functional
groups in the a-CNT, which could act as additional storage
sites.[23] Based on the statistical principle and experimental
errors, the Faradaic reaction is more likely to be based on a
one-electron transfer reaction (Mn4 + + e�!Mn3+) in this bat-
tery system. It means that the MnO2 will not directly transform
into Mn2 + although we have directly observed the dissolution
of Mn2+ into the solution. The intermediate is likely to be
MnOOH. Previous observations showed that MnOOH dissolved
significantly below pH 6 through an acidic disproportionation
owing to the high-spin electronic configuration.[19a, 24] It will
form dissolved Mn2 + and solid MnO2 [2 Mn3 +!Mn2+(aq) +

Mn4+(s)] owing to the Jahn–Teller effect.[13, 19b] During the
whole discharge process, the pH of the solution is always
below 6, which will facilitate the transformation of MnOOH
into Mn2 + and MnO2. This is probably the reason for the diffi-
culty in detecting the intermediate MnOOH. It should be
noted that this disproportionation involves a localized electron
transfer without contributing any capacity.

Based on the above analysis, the reaction mechanism of this
battery during the discharge process including the intermedi-
ate Mn3+ can described as follows:

Reductive half-reaction [Eqs. (2)–(4)]:

MnO2ðsÞ þ HþðaqÞ þ e� ! MnOOHðsÞ ð2Þ

2 MnOOHðsÞ þ 2 HþðaqÞ ! MnO2ðsÞ þMn2þðaqÞ þ 2 H2OðlÞ
ð3Þ

4 Zn2þðaqÞ þ 6 OH�ðaqÞ þ SO4
2�ðaqÞ þ 5 H2OðlÞ

! Zn4ðOHÞ6ðSO4Þ � 5 H2OðsÞ #
ð4Þ

Oxidative half-reaction [Eq. (5)]:

ZnðsÞ ! Zn2þðaqÞ þ 2 e� ð5Þ

Overall [Eq. (6)]:

4 MnO2ðsÞ þ 10 HþðaqÞ þ 4 ZnðsÞ þ SO4
2�ðaqÞ þ 3 H2OðlÞ

! 4 Mn2þðaqÞ þ Zn4ðOHÞ6ðSO4Þ � 5 H2OðsÞ #
ð6Þ

During the charge process, the reaction mechanism can be
formulated as follows:

Oxidative half-reaction [Eqs. (7) and (8)]:

Mn2þðaqÞ þ 2 H2OðlÞ ! MnO2ðsÞ þ 4 HþðaqÞ þ 2 e� ð7Þ

Zn4ðOHÞ6ðSO4Þ � 5 H2OðsÞ þ 6 HþðaqÞ
! 4 Zn2þðaqÞ þ SO4

2�ðaqÞ þ 11 H2OðlÞ
ð8Þ

Reductive half-reaction [Eq. (9)]:

Zn2þðaqÞ þ 2 e� ! ZnðsÞ ð9Þ

Overall [Eq. (10)]:

4 Mn2þðaqÞ þ Zn4ðOHÞ6ðSO4Þ � 5 H2OðsÞ !
4 MnO2ðsÞ þ 10 HþðaqÞ þ 4 ZnðsÞ þ SO4

2�ðaqÞ þ 3 H2OðlÞ
ð10Þ

Although this aqueous battery is safe and environmentally
friendly compared with organic-based batteries, the key con-
version reaction is more complicated than that in intercalation
chemistry because it is accompanied by MnOOH disproportio-
nation and a precipitation reaction. The accessibility of Mn2 +

in the solution is crucial to improving the reversibility of this
battery, and the pH of the electrolyte needs to be controlled.
The precipitation reaction plays a vital role in dynamically
tuning the pH of the solution. If the pH is higher than approxi-
mately 7 (alkaline solution), this type of battery functions as an
alkaline primary battery. If the pH is lower than approximately
3 (acid solution), the zinc metal is unstable with respect to the
generation of hydrogen gas. This fundamental research is ex-
pected to provide useful guidance in promoting the practical
application of rechargeable aqueous Zn–MnO2 batteries.

Conclusions

We have provided direct evidence of the importance of Mn2 +

in rechargeable aqueous Zn–MnO2 batteries by studying their
discharge–charge behaviour. The reaction mechanism was
studied with a home-made cell containing a large amount of
electrolyte (�12 mL) without separator. In the absence of pre-
added Mn2 + in the electrolyte, the dissolved Mn2 + ions are not
easily returned to the electrode, leading to the instantaneous
failure of the cell. This provides a direct way to identify the
degradation mechanism of the rechargeable aqueous Zn–
MnO2 batteries, thus helping to reveal the underlying reaction
mechanism. By increasing the content of Mn2+ in the electro-
lyte, the loss of MnO2 from the electrode can be replenished
by electrodeposition of MnO2 from the pre-addition Mn2+ in
the electrolyte, leading to a normal charging behaviour. This
degradation and charging mechanism also applies to other
manganese oxides such as b-MnO2. More interestingly, the in-
depth investigation of morphology and structure of the dis-
charged cathode reveals that there is a conversion reaction be-
tween MnO2 and MnOOH without zinc ion intercalation into
the tunnel of a-MnO2 to form the ZnMn2O4 or ZnxMnO2 phase.
The dissolution of Mn2 + is caused by the acidic disproportiona-
tion of MnOOH. The precipitation of zinc hydroxide sulfate hy-
drate is essential to buffer the pH value of the solution. These
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findings shed light on the degradation and reaction mecha-
nism of rechargeable aqueous Zn–MnO2 batteries and provide
useful guidance in designing high-performance rechargeable
aqueous Zn–MnO2 batteries.
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