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ABSTRACT: Manganese oxides are promising host materials in
rechargeable aqueous batteries due to their low cost and high capacity;
however, their practical applications have long been restricted by their
sluggish reaction kinetics and poor cycling stability. Herein, the layered
K0.36H0.26MnO2·0.28H2O (K36) with a proton and Zn2+ cointercalation
mechanism leads to a progressive phase evolution from layer-type K36 to
hybrid layer-type KxHyZnzMnO2·nH2O and spinel-type ZnMn2O4 nano-
crystal after a long-term cycle. Accordingly, K36 shows a high specific
capacity (∼329.8 mAh g−1 at 0.1C), a superior rate performance (∼100.1
mAh g−1 at 10C), and a remarkable cycling stability (capacity retention of
∼93.4% over 3000 cycles at 4C). This work provides a new viewpoint of
enhancing electrode performance via generating hybrid phases under
electrochemical driving and will be a benefit to developing the next-generation aqueous batteries.
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1. INTRODUCTION

The ever-increasing demand for advanced batteries for
economical and sustainable energy storage has intensified
attention from researchers all over the world, and rechargeable
aqueous Zn-ion batteries (RAZBs) are among the best
candidates of the next-generation batteries, mainly due to the
advantages of low cost, environmental friendliness, high power
density, and high ionic conductivity in aqueous electrolytes. For
practical application of RAZBs in future, some issues in both the
Zn anode (such as dendrite formation, side reactions, corrosion,
etc.)1−5 and the cathode materials (such as structural instability,
sluggish Zn2+ diffusion kinetics, etc.) must be resolved. So far,
several kinds of cathode materials, such as Mn-based oxides,6−8

Prussian blue analogues,9,10 V-based oxides,11,12 and organic
compounds,13,14 have been reported in RAZBs, among which
the MnO2 materials present the highest potential as cathode
materials, based on a comprehensive consideration of high
energy density and low manufacturing cost.
MnO2 materials with various crystalline structures (such as

α-,15 β-,16 γ-,17 δ-,18 spinel,19 amorphous,20 etc.) are electro-
chemically active in RAZBs. Among these materials, the layer-
type MnO2 materials with a wide interlayer spacing (∼7.0 Å)
have been proposed to be the most suitable host materials for
facile H+ and Zn2+ intercalation/extraction.21,22 Besides, it is
reported that preintercalating water, ions, or molecules in the
interlayer space of layered MnO2 plays a significant role in

realizing superior electrode properties via enhancing intrinsic
conductivity, activating reaction sites, promoting diffusion
kinetics, stabilizing structural integrity, etc.23 For instance, the
layer-type δ-MnO2 stabilized by hydrated Zn2+ ions,24 La3+

ions,25 PANI,26 structural H2O,
27 and so on have been reported

to display high specific capacity, excellent cycling stability, and
enhanced proton and Zn2+ diffusion kinetics in mild RAZBs.
It is worth noting that these reports mainly focus on

optimizing the effect of the preintercalated species on stabilizing
layer structures to realize the enhanced reaction kinetics for
protons and Zn2+ ions storage. In fact, no matter how strong the
pillaring effect of the preintercalated species, the phase transition
from layer-type MnO2 to the ZnMn2O4 spinel during the long-
term cycling process is inevitable due to the existence of Zn2+ in
the electrolyte and the Jahn−Teller Mn3+O6 octahedrons.

28−30

Accordingly, the intrinsic role of ZnMn2O4 formation on
electrode performances of manganese oxides still remains
controversial. Recently, several reports have reported that
some bulk ZnMn2O4 spinel forms during cycling and
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contributes to the rapid capacity fading,31,32 while other reports
illustrate that the electrochemically activated ZnMn2O4 spinel
with nanocrystalline structure or structural defects can deliver
superior electrode performances.33,34 Thus, on the basis of these
discussions, the role of phase transition from layer-typeMnO2 to
the ZnMn2O4 spinel still remains obscure, which blocks further
advancement in the development of high-performance MnO2

cathodes for next-generation aqueous batteries.
In this work, we design and synthesize high-performance

K0.36H0.26MnO2·0.28H2O (K36) as host materials in RAZBs via
preintercalating protons, H2O, and K+ ions in the interlayer
space of layered MnO2 using a facile hydrothermal reaction and
report a proton and Zn2+ cointercalation mechanism in layered
MnO2 with the interlayer spacing remaining constant in the
initial cycles. Also, we demonstrate a progressive phase evolution
from layer-type K36 to hybrid layer-type KxHyZnzMnO2·nH2O
and spinel-type ZnMn2O4 nanocrystals, which is responsible for
the excellent electrode performances. Accordingly, K36 shows a
high specific capacity (∼329.8 mAh g−1 at a rate current of
0.1C), a superior rate performance (∼100.1 mAh g−1 at a rate
current of 10C), and a remarkable cycling stability (capacity
retention of ∼93.4% over 3000 cycles at a rate of 4C), which is
among the best reported MnO2-based materials in aqueous Zn-
ion batteries. This work provides a new viewpoint on the
electrochemical behavior of layered MnO2 and will be a benefit
for developing more advanced rechargeable aqueous batteries.

2. RESULTS AND DISCUSSION

2.1. Material Characterizations. The K36 product with a
certain amount of preintercalated hydrated protons, H2O, and
K+ is synthesized using a facile hydrothermal method (the
detailed synthesis process is shown in the Experimental Section.
Figure 1a shows the X-ray diffraction (XRD) pattern of K36with
good crystallinity; the characteristic peaks of the (001), (002),
(11-1), and (31-2) planes can be observed obviously indexing to
a monoclinic birnessite phase (PDF no. 43-1317, space group
C2/m).35 A transmission electron microscope (TEM) and a
high-resolution transmission electron microscope (HRTEM)
are applied to reveal more crystal structure features of K36.
Figure 1b shows the nanoflower morphology of K36, and Figure
1c shows a well-defined lattice fringe with a clear lattice spacing
of ∼7.12 Å, corresponding well to the XRD result in Figure 1a.
Besides, energy-dispersive X-ray spectroscopy (EDS)-mapping
results in Figure 1d also reveal the uniform distribution of K,Mn,
and O elements in K36.
It is worth noting that during synthesis some crystal water,

protons, and K+ ions are inevitably preintercalated into the
layered MnO2, as presented in the “Analysis of Chemical
Formula of Layered MnO2” section in the Supporting
Information. For a general layered MnO2, the chemical formula
can be expressed as KxHyMnO2·zH2O, where the x, y, and z
values can be modulated by tuning the reaction electrolyte
compositions. The x value is directly obtained from the
inductively coupled plasma optical emission spectrometer
(ICP-OES) results in Table S1, and the y and z values can be
obtained via calculating the thermogravimetric analysis (TGA)

Figure 1.Material characterization of K0.36H0.26MnO2·0.28H2O (K36). (a) XRD pattern and correlated crystal structure (inset) of K36 compound.
(b) TEM, (c) HRTEM morphologies, interlayer fringes, and diffraction patterns of K36, and correlated (d) EDS-mapping results of K, Mn, and O
elements. (e) TGA result of K36 in O2-containing atmosphere. XPS analyses of (f) K 2p, (g) O 1s, and (h) Mn 3s peaks.
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curves in Figure 1e, in which the weight losses from∼30 to∼100
°C, ∼100 to ∼200 °C, and ∼200 to ∼480 °C correspond to the
removal of physically absorbed water, the removal of structural
water residing inside the interlayer space, and the decomposition
of water by the condensation of lattice −OH groups (i.e., the
preintercalated H+ interacting with the lattice O of [MnO6]
octahedron units), respectively.36 Besides, when it further
increases over ∼500 °C, the Mn2+/Mn3+ oxidation of K36 in
the O2-containing atmosphere leads to a certain amount of
weight gain. Thus, based on these ICP-OES and TGA results,
the chemical formula of K36 can be defined as K0.36H0.26MnO2·
0.28H2O.
To evidence the successful preintercalation of K+ ions,

protons, and structural water in K36, X-ray photoelectron
spectroscopy (XPS) spectra are utilized further, in which the
obvious K 2p spectra (Figure 1f) and the clear O 1s spectra
consisting of Mn−O−Mn, Mn−O−H, and H−O−H peaks
(Figure 1g) are observed.37 Besides, for Mn 3s spectra in Figure
1h, the average oxidation state (AOS) can be calculated
following the formula AOS = 8.956 − 1.126ΔEMn 3s,

38 in
which the ΔEMn 3s represents the peak splitting between the Mn
3s3/2 and Mn 3s1/2 peaks. It can be inferred that the AOS of Mn
in K36 is calculated to be 3.40, which is consistent with the
chemical formula of “K0.36H0.26MnO2·0.28H2O”, verifying the
rationality of the calculated chemical formula of K36 based on
the ICP-OES and TGA results. The preintercalated H2O and
protons can be further confirmed by Fourier transform infrared
(FTIR) spectroscopy (Figure S1), in which the broad and
intense adsorption peaks at ∼3340 and ∼1627 cm−1 relate to
H−OH bending vibrations and the adsorption peaks ∼1110
cm−1 correspond to the −OH bending vibrations combining
with Mn ions in the lattice framework.39

Besides, in this work, another two layer-type MnO2 are also
presented as comparisons, i.e., the K0.22H0.22MnO2·0.30H2O
(K22) and K0.48H0.37MnO2·0.31H2O (K48), which present
similar crystal structures and morphologies but with different

amounts of preintercalated H2O, protons, and K+ ions. The
chemical formulas of K22 and K48 are obtained from the ICP-
OES results in Table S1 and the TGA results in Figure S2,
following the same calculation method as in the “Analysis of
Chemical Formula of Layered MnO2” section in the Supporting
Information. Also, the correlated XRD patterns, TEM/
HRTEM/EDS-mapping results, and XPS spectra of the
products are shown in Figures S3−S6.

2.2. Electrode Performances. To reveal the electrode
performance of K36 in aqueous Zn-ion batteries, some coin-type
cells are assembled and tested using K36 as the cathode, Zn foil
as the anode, and aqueous 3 M ZnSO4 + 0.2 M MnSO4 (in
water) as the electrolyte. The pre-added MnSO4 in electrolyte
presents little effect on the capacity delivery of K36, as evidenced
in Figure S7, and its major role is to prevent theMn3+ dissolution
from K36 during long-term cycling (as analyzed in the “Role of
Pre-added MnSO4” section in the Supporting Information).
Figure 2a shows the galvanostatic charge/discharge (GCD)
curves of K36 at a current of 0.1C (1C = 308 mAh g−1). The
discharge capacities are ∼215, ∼294, ∼302, and ∼313 mAh g−1

in the first, second, third, and fourth cycles, respectively,
indicating a gradual capacity-activation process upon cycles. The
relatively lower discharge capacity in the first cycle is mainly due
to the sluggish reaction kinetics for proton and Zn2+

intercalation in the pristine structure of K36, as reflected in
cyclic voltammetry (CV) curves (Figure S8a), in which the
reduction peak value in the first cycle (∼1.14 V) is much lower
than that in the subsequent cycles (e.g., ∼1.23 and ∼1.39 V in
the fourth cycle). After the first cycle, the GCD curves of K36
show two discharge platforms, which is consistent with the CV
curves in Figure S8a, and have been reported referring to two
kinds of proton and Zn2+ insertion processes with different
diffusion energy barriers.40,41 The CV curves of K22 and K48 are
also provided in Figure S8b and c and demonstrate similar
variation tendencies with that of K36 but with different current
densities.

Figure 2. Electrode performances of K36 in aqueous Zn/K36 cells. (a) GCD curves of K36 electrode of the initial 4 cycles at a current of 0.1C (1C =
308 mAh g−1). (b) Rate performances of K36 electrode and (c) corresponding GCD curves at different rate currents. Cycling performances of K36
electrode at currents of (d) 1C in 250 cycles and (e) 4C in 3000 cycles.
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Parts b and c of Figure 2 show the rate performance of K36
and the corresponding GCD curves at different rate currents,
respectively. It can be seen that the K36 shows discharge
capacities of 329.8, 306.7, 284.7, 252.5, 210.2, 159.6, 137.5,
115.8, and 100.2 mAh g−1 at the increased rate currents of 0.1C,
0.25C, 0.5C, 1C, 2C, 4C, 6C, 8C, and 10C, respectively.
Furthermore, when turning back to 0.25C, the discharge
capacity recovers to 325.9 mAh g−1, demonstrating a high
tolerance of K36 against massive migration of protons and Zn2+

ions at various rate currents.
The cycling performances of K36 at rate currents of 1C and

4C are also presented in parts d and e of Figure 2, respectively. It
can be seen that both cycling curves show a capacity-activation
process to realize higher-capacity delivery. A phase-transition
process is responsible for this capacity-activation behavior,
which will be further discussed in the following part. The
capacity increases from ∼164 to ∼249 mAh g−1 in 30 cycles at a
rate current of 1C and then maintains well in the subsequent
cycles, showing no capacity fading in the whole 250 cycles.
Meanwhile, at a rate current of 4C, the capacity increases from
∼85 to ∼160 mAh g−1 in 150 cycles and then declines slowly in
subsequent cycles, with a high capacity retention of 93.4%
(compared with the highest discharge-capacity value) in 3000
cycles. These results indicate a superior cycling performance of
K36. In a word, the K36 presents high capacity delivery,
excellent rate performance, and superior cycling stability and is
among the best reported manganese oxides in aqueous Zn-ion
batteries (Table S2). As a comparison, the electrode perform-
ances of K22 and K48 are further presented and compared in
Figures S9−S11, and the results indicate that K36 presents the
highest capacity, rate, and cycling performances among all the
electrodes, illustrating the significance of tuning the amount of
preintercalated species to achieve optimized electrode perform-
ance of layer-type MnO2.
2.3. Proton and Zn2+ Cointercalation Mechanism.

Revealing the charge-storage mechanism is vital to gain insight
into the intrinsic nature of the superior electrode performance of

K36. In this section, we demonstrate a proton and Zn2+

cointercalation mechanism in K36 based on a comprehensive
analysis of XRD, SEM, XPS, and EDS results. Parts a and b of
Figure 3 and Figure S12 show the GCD curves (in the third
cycle, at a rate current of 0.1C), ex situ XRD patterns, and
correlated electrode surface morphologies of K36 at various
GCD states from no. 1 to no. 10, respectively. It can be seen that
the characteristic peaks of the (001) planes (at 2theta = 12.5°) of
K36 remain constant during the cyclic discharge/charge
processes, and some flakelike byproduct forms and disappears
reversibly upon the discharge/charge processes. No other
phases (e.g., MnOOH,42 ZnMn2O4,

43 etc.) are observed in
the initial cycles, and the layered structures maintain well for
both the charged and discharged K36 electrode (Figure S13),
indicating that the electrochemical charge storage is achieved
mainly via an intercalation mechanism in the stabilized layered
structure in the initial cycles rather than a conversion
mechanism. Besides, we also observe the constant interlayer
spacing values of the K36 electrodes during the initial cycles,
which may be due to the stabilization effects of the
preintercalated large-radius K+ ions, as well as the unique
protons and Zn2+ cointercalation mechanism,44 which will be
discussed in the following part.
The flakelike byproduct is well-indexed to Zn4(OH)6SO4·

3H2O (PDF no. 39-0689), representing the occurrence of
proton intercalation in K36 upon discharge, which has been
confirmed and reported in a previous investigation.6,45,46 The
proton intercalation can also be identified by O 1s peaks in
Figure 3c, in which the intensity of the Mn−O−H peaks
(∼531.5 eV) increases upon discharge and decreases upon
charge, indicating a reversible intercalation/extraction of
protons.7 Besides, the intensity of the H−O−H peaks
(∼532.8 eV) also presents a similar variation tendency to that
of the Mn−O−H peaks, indicating that the proton intercalation
may be accompanied by some coordinated H2O. That is to say,
the proton intercalation proceeds not only via H+-hopping
through the Mn−O−H bonds of MnO6Hx octahedronal

Figure 3. Proton and Zn2+ ions cointercalation mechanism in K36. (a) GCD curve and (b) ex situ XRD patterns at different states from point no. 1 to
no. 10. XPS evolutions of (c) O 1s and (d) Zn 2p peaks of K36 electrodes upon discharge/charge process. (e) Schematic illustration of the H+/Zn2+

intercalation mechanism.
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structure units8 but also in the form of hydronium (H3O
+),44,47

due to the complexity of local environments in the interlayer
space of layered MnO2 for proton diffusion. The cointercalation
of H3O, H

+, and Zn2+ may contribute to the constant interlayer
spacing of the K36 electrode in the initial cycles, similar to a
previous report.44 Because the precise amount of the
cointercalated H2O during discharge is difficult to measure, in
this work, for simplicity, both the H+ and H3O

+ intercalations
are collectively called proton intercalation. Notably, it is hard to
distinguish the protons from either the electrochemically
intercalated ones or the preintercalated ones, because both
kinds of protons with small ion radius and low charge density can
easily diffuse or transport in a hydrogen-bond network
composed of Mn−O, Mn−O−H, and structural H2O in
manganese oxides.
Further, we confirm the reversible Zn2+ ions intercalation/

extraction in K36 from the following three aspects. First, XPS
results indicate that the intensity of the Zn 2p peaks is enhanced
upon discharge and reduced upon charge, corresponding to the
intercalation/extraction processes of Zn2+ in K36 (Figure 3d).
Second, TEM EDS-mapping results show an obvious Zn
enrichment in the discharged K36 electrode, while for the
charged electrode, the presence of Zn enrichment is very rare
(Figure S13). Third, ICP-OES results of K36 at charged/
discharged states (Table S3) also verify the successful Zn2+

intercalation. Besides, the evolution of the Mn 2p and Mn 3s
spectra in Figure S14 also demonstrates the decrease/increase in

chemical valence of Mn in K36 during the proton and Zn2+

intercalation/extraction processes. Thus, in this part, we
propose a proton and Zn2+ intercalation mechanism that
contributes greatly to the high discharge capacity and high
rate performance of K36 (Figure 3e).
Besides, the electrode reaction formula of K36 is also

provided, based on a comprehensive analysis combining the
discharge capacity in the third cycle at 0.1C (Figure 2a), the
ICP-OES results of K36 at charged/discharged states (Table
S3), and the TGA results in Figure S15. A detailed calculation
process is illustrated in the “Calculation Process of Electrode
Reaction Formula of K36” section in the Supporting
Information. It can be seen that, when discharging at a rate
current of 0.1C, ∼0.48 mol of protons and ∼0.26 mol of Zn2+

ions are intercalated into 1.00 mol of K36. The detailed
electrode reaction is shown in eq 1:

· + +

+ −

↔ · +

< <

+ +

+

y

y

y

y

K Zn H MnO 0.18H O 0.26Zn H O

(0.48 )H

K Zn H MnO (0.18 )H O

(0 0.48)

0.28 0.01 0.03 2 2
2

3

0.28 0.27 0.51 2 2

(1)

2.4. Progressive Phase-Evolution Process. These results
indicate a synchronous proton and Zn2+ intercalation mecha-
nism in K36. In this section, we reveal a progressive “layer to
hybrid layer/spinel” phase-evolution process, i.e., from layer-

Figure 4. Progressive phase evolution during long-term cycling process. (a) Ex situ XRD patterns at fully charged state of pristine, 1st, 10th, 100th,
500th, 1000th, 2000th, and 3000th cycles at the high-rate current of 4C for K36 electrodes. (b, c) TEM and HRTEM morphologies showing the
characteristic layered structure of K36 at the charged state of the 3000th cycle and (d) corresponding diffraction pattern of the ZnMn2O4 nanocrystal
(region 1 in (c)). (e, f) HRTEMmorphologies of regions 2 and 3 in (c). (g) TEM and EDS-mapping results of Mn, O, K, and Zn elements for the K36
electrode after 3000 cycles (at the charged state).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c03671
ACS Appl. Mater. Interfaces 2021, 13, 22466−22474

22470

http://pubs.acs.org/doi/suppl/10.1021/acsami.1c03671/suppl_file/am1c03671_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c03671/suppl_file/am1c03671_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c03671/suppl_file/am1c03671_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c03671/suppl_file/am1c03671_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c03671/suppl_file/am1c03671_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c03671/suppl_file/am1c03671_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c03671/suppl_file/am1c03671_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c03671/suppl_file/am1c03671_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c03671?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c03671?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c03671?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c03671?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c03671?rel=cite-as&ref=PDF&jav=VoR


type K36 to hybrid layer-type KxHyZnzMnO2·nH2O and spinel-
type ZnMn2O4 nanocrystals, which is responsible for facile and
stable proton and Zn2+ storage during long-term cycling. A
phase-evolution process is revealed via a comprehensive
analyses of ex situ XRD, TEM/HRTEM, and EDS-mapping
results, as shown in Figure 4. When cycling at a rate current of
4C, the electrode integrity of K36 remains good in 3000 cycles
(Figure S16). As illustrated in Figure 4a, the intensity of the
characteristic (001) peaks (located at a 2theta of ∼12.5°) of
layered K36 decays gradually, while the intensity of the
characteristic (101) peaks of ZnMn2O4 spinel nanocrystals
(located at a 2theta of ∼18.7°)48 increases gradually in 3000
cycles at 4C. This result provides solid evidence for the proposed
progressive layer to spinel phase evolution of the K36 electrode.
Meanwhile, a similar phase-evolution process is also observed in
K22 and K48 electrodes (Figure S17), illustrating the universal
significance of the progressive layer to hybrid layer/spinel phase
evolution for layered MnO2 hosts. Despite the similar phase
evolution, there exists some difference in the hybrid layer/spinel
compounds after long-term cycling, indicating the regulating
effect of the preintercalated K+, protons, and structural H2O to
optimize the electrode performances. The discharge curves of
the K36 electrode remain unchanged after 100 cycles (i.e., after
the capacity-activation process), as shown in Figure S18,
indicating a superior cycling stability due to this progressive
layer to hybrid layer/spinel phase evolution.
This formation of ZnMn2O4 nanocrystals can be further

confirmed by TEM, HRTEM, and electron diffraction results.
After 3000 cycles, despite the fact that the flakelike morphology
of K36 is reserved to some extent (Figure 4b), the pristine
feature of the layer structure of K36 (i.e., clear lattice fringes with
interlayer spacing of ∼7.12 Å in Figure 1c) becomes vague, as
shown in Figure 4c, indicating the disappearance of a long-term
ordered layer structure. The electron diffraction pattern
obtained from square region 1 is shown in Figure 4d, in which
two clear diffraction rings are observed, representing the (101)
and (211) lattice planes of ZnMn2O4 nanocrystals with
interlayer spacings of ∼4.96 and ∼2.52 Å, respectively,6 which
is consistent with the ex situ XRD patterns of the 2000th and
3000th cycles in Figure 4a. However, no diffraction spots
representing the (001) planes of K36 are observed, indicating
that the ZnMn2O4 nanocrystals become the main composition
in the electrode after 3000 cycles. The HRTEM result in region
2 (Figure 4e) further shows a clear lattice fringe with an
interlayer spacing of ∼4.96 Å, related to the (101) planes of
ZnMn2O4 nanocrystals. TheHRTEM results in region 3 (Figure
4f) show a short-term ordered lattice fringe with an interlayer
spacing of ∼7.10 Å, corresponding to the few-retained-layer
structure of K36, which can be a type of KxHyZnzMnO2·nH2O

layered nanodomain. Besides, TEM and EDS-mapping results
(Figure 4g) also present Zn and K enrichments in the K36
electrode after 3000 cycles, where the Zn enrichment is closely
related to the formation of ZnMn2O4 nanocrystals, and the
lower K enrichments correspond to the few-retained-layer
structure of K36.

2.5. Discussion. Benefiting from both the proton and Zn2+

cointercalation mechanism and the progressive layer to spinel
phase evolution, K36 presents superior reaction kinetics. The
reaction kinetics for proton and Zn2+ intercalations in K36 is
evaluated by the galvanostatic intermittent titration technique
(GITT) measurement (Figure 5a),49 and the detailed
calculation process is illustrated in the “Diffusion Kinetics
Calculation from GITT Curves” section in the Supporting
Information. The average diffusion coefficients of K36 are∼4.93
× 10−11 cm2 s−1 in region I (the first discharge platform in the
range of ∼1.65−1.35 V) and ∼4.18 × 10−13 cm2 s−1 in region II
(the second discharge platform in the range of ∼1.35−1.15 V),
which are among the best reported diffusion coefficients for
manganese oxides (Table S4). Besides, compared with the
GITT results of K22 and K48 (Figure S19 and Table S4), K36
shows the highest diffusion kinetics.
The superior diffusion kinetics of proton and Zn2+ ions in K36

can be further identified by CV curves at scan rates from 0.2 to
1.0 mV/s (Figure 5b). The relationship between peak currents
and scan rates follows the equation i = a·vb,50 where i refers to the
peak currents at different scan rates (mA mg−1), v corresponds
to the scan rate (mV s−1), a and b are variable values, and the
log(current)−log(scan rate) curves of K36 are linearly fitted in
Figure 5c. Generally, the b value is in a range between 0.5 and
1.0; when b is close to 0.5, the solid diffusion of proton and Zn2+

dictates the charge/discharge process, and when b is close to 1.0,
a pseudocapacitive-type diffusion kinetics is predominant. It can
be observed that the b values from redox peaks 1−3 are 0.981,
0.850, and 0.785, respectively, indicating a favored capacitive-
type diffusion kinetics of K36. Besides, compared with CV
curves of K22 and K48 electrodes at different scan rates (Figures
S20 and S21), K36 shows the highest b value, demonstrating the
highest tendency of pseudocapacitive-type diffusion to promote
reaction kinetics. Besides, we further notice that the proton
intercalation dominates the charge-storage behavior of the K36
electrode (Figure S22 and Tables S5 and S6), illustrating an
evolution from a proton and Zn2+ cointercalation (in layered
K36) into a proton intercalation-dominated mechanism (in
layer/spinel hybrid compound), which enables the excellent
cycling stability during long-term cycling.
As discussed earlier, K36 presents a high discharge capacity,

an excellent rate performance, and a superior cycling stability in
aqueous Zn-ion batteries. Tuning the amount of preintercalated

Figure 5. Electrode reaction kinetics of K36. (a) GITT curves and calculated diffusion kinetics of K36 for proton and Zn2+ intercalation. (b) CV curves
of K36 at scan rates from 0.2 to 1.0 mV s−1 and (c) corresponding linear fittings of log(current)−log(scan rate) curves.
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K+, crystal water, and protons is vital to achieve optimized
reaction kinetics of layeredMnO2. However, because of the high
complexity of the localized coordination environments in
layered MnO2, the separate roles of preintercalated K+ ions,
crystal water, and protons are difficult to illustrate, which will be
further studied in the following work. The proton and Zn2+ ions
cointercalation mechanism not only enables a high discharge
capacity at a low rate current but also guarantees high diffusion
kinetics for an excellent rate performance. Furthermore, a
progressive layer to hybrid layer/spinel phase evolution (i.e.,
layered K36 to hybrid layer-type KxHyZnzMnO2·nH2O and
ZnMn2O4 nanocrystals) during long-term cycling is demon-
strated, which is closely related to the capacity-activation
behavior in the initial cycles. Differing from the previous reports
showing an adverse effect of ZnMn2O4 formation on the
electrode performance of MnO2, for the first time, we propose
that the in situ electro-induced ZnMn2O4 nanocrystals derived
from a progressive layer to hybrid layer/spinel phase evolution
can benefit the electrode performance of layered MnO2 in an
aqueous Zn-ion battery. The superior cycling performance of
K36 also indicates a high structural tolerance of the electro-
chemically induced hybrid layer KxHyZnzMnO2·nH2O/spinel
ZnMn2O4 nanocrystals against cyclic proton and Zn2+

intercalation/extractions.

3. CONCLUSION
In summary, we have developed a high-performance layered
MnO2 (K0.36H0.26MnO2·0.28H2O, K36) as an excellent host
material in aqueous Zn-ion batteries. K36 presents a high
specific capacity (∼329.8 mAh g−1 at 0.1C), a superior rate
performance (∼100.1 mAh g−1 at 10C), and a remarkable
cycling stability (capacity retention of ∼93.4% over 3000 cycles
at 4C), which are among the best reported manganese oxides in
aqueous batteries. This superior electrode performance of K36 is
derived from not only the proton and Zn2+ cointercalation
mechanism but also the progressive evolution from layer-type
K36 to hybrid layer-type KxHyZnzMnO2/spinel-type ZnMn2O4
nanocrystal. This work proposes that the in situ electro-induced
hybrid layer/spinel nanodomains can be high-performance host
materials for cyclic proton and Zn2+ intercalations/extractions,
which opens a new window for developing more advanced host
materials for next-generation aqueous batteries.

4. EXPERIMENTAL SECTION
4.1. Material Synthesis. In a typical hydrothermal procedure,

KMnO4 (7.5 mmol) andMnSO4·H2O (2.5 mmol) were dissolved in 15
mL of deionized water to form solutions A and B, respectively; then
solution A was added dropwise into solution B, forming solution C.
Then, 0, 5, and 10 mL of 0.1 M K2SO4 solutions were added into
solution C and vigorously stirred at room temperature for 20 min. The
final solution was transferred into a 50 mL Teflon-lined stainless-steel
autoclave for 12 h at 120 °C. The synthesized powder was collected by
filtration and washed with deionized water and absolute ethanol three
times, respectively. The obtained layer-type MnO2 products (i.e., K22,
K36, and K48) were dried at 50 °C in vacuum.
4.2. Material Characterization. XRD (Bruker D8 ADVANCE)

with Cu Kα radiation was used to define the phase structure of the
electrode materials. A scanning electron microscope (SEM, ZEISS
SUPRA55) and transmission electron microscope (TEM, JEM-
3200FS) were used to determine the micromorphology and micro-
structure of the products. The atomic ratios and the structural water
contents of products P1−P6 were detected by inductively coupled
plasma−atomic emission spectroscopy (ICP-AES, JY2000-2) and
simultaneous thermal analyzer (TGA, SII STA7300 analyzer) measure-
ments. TGA data was recorded in air using a 10 °C min−1 heating rate

from room temperature to 700 °C. X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi) was used to characterize the elemental
composition and electronic structure. EDS was performed using an
Oxford X-Max 20.

4.3. Electrochemical Tests. Electrochemical performance was
tested in CR2032-type coin cells assembled in air condition. The
cathodes were fabricated by mixing active materials, acetylene black
carbon (ABC), and polyvinylidene fluoride (PVDF) in a weight ratio of
7:2:1 with N-methyl-2-pyrrolidone (MNP) used as a solvent to form a
viscous slurry and coating onto a Ti foil. The as-prepared electrodes
were dried in a vacuum oven at∼110 °C for 24 h. Zinc foil (15mm) and
a glass fiber membrane were used as the anode and the separator,
respectively. The active loading of manganese oxides on Ti foil was
∼1.0 mg/cm2. The electrolyte contained 3MZnSO4 and 0.2MMnSO4
in aqueous solution. The LAND-CT2001A battery-testing instrument
was conducted for galvanostatically cycling with assembled cells. CV
curves were carried out on a Chi 660e electrochemical workstation with
a potential range from 0.95 to 1.85 V vs Zn/Zn2+.
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