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Enabling stable MnO2 matrix for aqueous zinc-ion
battery cathodes†
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b

The primary issue faced by MnO2 cathode materials for aqueous Zn-ion batteries (AZIBs) is the occurrence
of structural transformations during cycling, resulting in unstable capacity output. Pre-intercalating closely
bonded ions into the MnO2 structures has been demonstrated as an eﬀective approach to combat this.
However, mechanisms of the pre-intercalation remain unclear. Herein, two distinct d-MnO2
(K0.28MnO2$0.1H2O and K0.21MnO2$0.1H2O) are prepared with varying amounts of pre-intercalated K+
and applied as cathodes for AZIBs. The as-prepared K0.28MnO2$0.1H2O cathodes exhibit relatively high
speciﬁc capacity (300 mA h g1 at 100 mA g1), satisfactory rate performance (35% capacity recovery at
5 A g1) and competent cyclability (ca. 95% capacity retention after 1000 cycles at 2 A g1), while inferior
cyclability and rate performance are observed in K0.21MnO2$0.1H2O. A stable d-MnO2 phase is observed
upon cycling, with the reversible deposition of Zn4SO4(OH)6$5H2O (ZSH), ion migration between
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electrodes and synchronous transition of Mn valence states. This work ﬁrstly and systematically reveals
the role of the pre-intercalated ions via density functional theory simulations and show that above
a threshold K/Mn ratio of ca. 0.26, the K ions suppress structural transformations by stabilizing the
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d phase. To demonstrate its commercial potential, AZIBs with high-loading active materials are
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fabricated, which deliver adequate energy and power densities compared with most commercial devices.

Introduction
Issues of energy shortage and environmental pollution need to
be addressed for human survival and social development. Thus,
the development of renewable energy sources such as solar,
wind and hydropower has become a global imperative.1,2 To
eﬀectively deliver energy from renewable sources and decarbonize transport systems, energy storage devices with desirable
capacity, rate performance and cyclability are required. Li-ion
batteries (LIBs) have been commercialized for portable devices
and electric vehicles due to their wide operating voltage window
and competitive energy/power densities.3 However, safety
issues, expensive congurations, and concerns about critical
a
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materials availability are barriers to future development and
applications.4–6
Therefore,
cost-eﬀective,
safe,
and
environmentally-friendly energy storage devices as alternatives
to LIBs are in urgent demand. Among other candidates, such as
technologies based on alternate charge-carrying cations (e.g. K+,
Na+, Al3+ and Ca2+),7–9 aqueous Zn-ion batteries (AZIBs) are
drawing signicant attention due to their low redox potential
(0.76 V vs. standard hydrogen electrode), outstanding theoretical capacity (820 mA h g1), abundant resources, high safety
and ambient fabrication.10–12
Although extensive research focuses on Zn anodes and
electrolyte modications, a reliable and high-performance
cathode has always been pursued to commercialize AZIBs.
Among the candidates, vanadium-based cathodes exhibit the
highest specic capacity (>300 mA h g1) and prolonged cyclability, but their working voltage window is relatively low (<1.0 V
vs. Zn/Zn2+), which hinders their practical use for high energy
density applications.13–17 Prussian blue analogs (PBAs) operate
at a high working voltage (1.5–1.7 V vs. Zn/Zn2+) but suﬀer from
the relatively low specic capacity (50–120 mA h g1).18,19
Manganese-based cathodes not only share outstanding specic
capacity (200–300 mA h g1) and high working voltage range
(1.3–1.35 V vs. Zn/Zn2+)20–24 but also exhibit the advantages of
abundant reserves, simple fabrication, low cost and environmental friendliness, and have therefore become a research
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hotspot.25–27 However, the application of manganese-based
cathodes is severely hindered by substantial intrinsic issues.
The soluble Mn2+, derived from the disproportionation reaction
of Mn3+ and structural transformation, causes severe capacity
decay upon cycling.28–34 Structural transformations are likely to
occur between the tunnel and layered structures.30 According to
previous reports, a-, b-, g-, and l-MnO2 usually experience
phase transition into Zn-buserite, during which the volumetric
change associated with this process causes signicant residual
stress and contributes to the amorphized manganese-based
cathodes, ultimately leading to capacity loss during cycling.35
Several strategies have been proposed to improve performance.
As an electrolyte additive, MnSO4 has been proven to suppress
excessive Zn2+ insertion by limiting Mn vacancies upon cycling
and maintaining structural integrity.36 The hybridization with
carbon-based materials, such as graphene and carbon nanotubes, has been demonstrated as an eﬃcient method to provide
a protective host structure and prolongs the cyclability.20,37–43
Pre-intercalation has been widely applied in other layered
materials such as vanadium oxides to enhance stability upon
cycling; choice of the interlayer guest species acting as structure
stabilizing “pillars” allows to tune lattice spacing, enhance ion
mobility, confer inherent conductivity via shallow donor levels
associated with reduced V ions.38,44–48 Besides, the presence of
interlayer water in aqueous batteries screens the interaction
between intercalated ion and cathode, leading to faster intercalation processes. Likewise, pre-intercalation of closely
bonded ions has also been preliminarily studied to improve the
performance of Mn-based cathodes.20 The eﬀect of preintercalated ions is concluded as the electrostatic force
between per-intercalated ions and O and the enhanced structural stability. However, such a conclusion is too vague and
omits the possible structural transformation induced by the
pre-intercalation, which leaves the working mechanism of preintercalation an unexplored area. The structure–performance
relationship between pre-intercalated cations and electrochemical behavior needs to be considered and discussed.
In this work, two K+ pre-intercalated birnessite MnO2 materials with varied amounts of K+ were prepared via sol–gel and
hydrothermal methods, respectively. Detailed physical and
electrochemical characterizations were executed to disclose
their dissimilarities in composition and the impact on electrochemical behavior. The AZIBs fabricated with K0.28MnO2$0.1H2O (K0.28MO) deliver a relatively high specic capacity of
300 mA h g1 at 100 mA g1. Even at a high current density of
2 A g1, the AZIBs exhibit a suﬃcient specic capacity of
100 mA h g1 and maintain >95% of their capacity over 1000
cycles, which is at the top level of relevant materials.26,27 In
contrast, the AZIBs fabricated with K0.21MnO2$0.1H2O
(K0.21MO) exhibit inferior performance. The energy storage
mechanisms are thoroughly investigated with systematic ex situ
analysis. A stable d-MnO2 primitive phase was observed
throughout the cycling process, along with the reversible
deposition/dissolution of Zn4SO4(OH)6$5H2O (ZSH) phase, ion
migration and simultaneous change of Mn valence state. The
pre-intercalated K ions's underlying function was further scrutinized via density functional theory (DFT) simulations,
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demonstrating the phase selection role played by the K/Mn ratio
and thus the structural stabilization for the birnessite phase
achieved via the pre-intercalation of K ions at higher concentration. Moreover, to demonstrate practical applications,
batteries were assembled with high loading (ca. 10 mg cm2) of
active materials, which show outstanding energy and power
densities compared to current commercial energy storage
systems.

Results and discussion
Materials and characterization
Birnessite K0.28MO was synthesized with a sol–gel method,
while birnessite K0.21MO was obtained via a one-step hydrothermal process (detailed methods are described in ESI†).
Transmission electron microscopy (TEM), X-ray uorescence
analysis (XRF), energy-dispersive X-ray spectroscopy (EDX) and
coupled elemental mappings were used to characterize the
morphology and elemental distribution.
K0.28MO exhibits nanoplates's shape with a width and length
of 50–100 nm (Fig. S1A†). The morphology of K0.28MO and
K0.21MO are similar and further supported by the results shown
in Fig. S2A, S1B, C and D.† Furthermore, the crystallographic
structures of the two materials were studied by X-ray diﬀraction
(XRD, Fig. 1A). All X-ray diﬀraction characteristic peaks of the
two materials are perfectly indexed to the birnessite K0.28m (166), JCPDS 86MnO2$0.54H2O phase (hexagonal, R3
0666).49,50 The magnied image of the (003) diﬀraction peak
shows that in K0.28MO, it shis towards higher diﬀraction
angles compared with K0.21MO.28,51 The enlarged TEM image
further reveals that the lattice spacing of K0.28MO is 7.04 Å,
which corresponds to the (003) lattice plane (Fig. S1B†). The
homogenous elemental distribution of K, Mn and O is observed
in K0.28MO (Fig. S3†). XRF analysis proves that the molar K/Mn
ratio of K0.28MO is 0.28, while for K0.21MO, the ratio is 0.21

Fig. 1 Material Characterization. (A) XRD patterns of K0.21MO and
K0.28MO. (B) Mn 2p XPS spectra of K0.21MO and K0.28MO. (C) O 1s XPS
spectra of K0.21MO and K0.28MO. (D) K 2p XPS spectra of K0.21MO and
K0.28MO.
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(Fig. S2E and S1F†). The water contents of both materials were
further investigated by thermogravimetric analysis (TGA), as
shown in Fig. S4.† Most of the physically absorbed water
content evaporates from room temperature to 150  C. Complete
loss of structural water content occurred between 150  C and
500  C. The removal of the structural water content corresponds
to a 2 wt% loss of total mass, corresponding to 0.1 moles of H2O
per mole of K0.28MnO2 or K0.21MnO2.
To validate the counter-intuitive result that increased interlayer concentration of K causes a contraction of the interlayer
separation, we performed a series of DFT calculations examining the equilibrium structure of KxMnO2 at varying K content
x between 0 and 0.5. The results concerning the c lattice
parameter and snapshots of the interlayer structures are reported in Fig. S5.† We observe an increase of interlayer spacing
at low K content, followed by a contraction beyond a threshold
value of ca. 0.3, which results from the stronger electrostatic
interaction between the intercalated K+ ions and the reduced
MnO2 layers. A contraction of interlayer separation, as observed
experimentally, is therefore consistent with the atomic information provided by the computational study. The DFToptimized lattice parameter for intercalant free d-MnO2 is
13.05 Å, which expands to 20.32 Å upon intercalation of water at
an H2O/Mn ratio of 0.25. Both values are in good agreement
with experiment and previous reports.52,53
X-ray photoelectron spectroscopy (XPS) was applied to
analyze the chemical composition and electronic structure of
the two materials. As shown in Fig. 1B, both materials deliver
similar Mn 2p shoulder peaks, which can be attributed to Mn
2p1/2 (654.4 eV) and Mn 2p3/2 (642.7 eV) with a spin-orbital
splitting of 11.7 eV. A slight diﬀerence in the Mn(IV) and
Mn(III) ratio is observed, deriving from diﬀerent pre-intercalated
K+ concentrations. The presence of O and K can also be
conrmed by O 1s and K 2p spectra. As shown in Fig. 1C, two
characteristic peaks in the O 1s spectra can be identied as
OMn–O (529.7 eV) and OH–O (532.0 eV). Two shoulder peaks are
also noted in the K 2p scan, which can be ascribed to K 2p1/2
(295.2 eV) and K 2p3/2 (292.5 eV) with the spin-orbital splitting of
2.77 eV (Fig. 1D).
Raman spectra are further applied to study the inter-layer
and intra-layer bond strength (Fig. S6†). The Raman shi at
ca. 640 cm1 is assigned to the inter-layer Mn–O bonds, while
the Raman shi at ca. 570 cm1 is assigned to the intra-layer
Mn–O bonds. It is indicated that the inter-layer Mn–O bonds
have been strengthened in K0.28MnO, while the intra-layer Mn–
O bonds are weakened.
Further proof of the diﬀerence in Mn valence states in the
bulk structures of these two materials can be found in the Mn
L3,2-edge near-edge X-ray absorption ne structure (NEXAFS
spectra). As shown in Fig. S7A,† Mn L3,2-edge absorption
features for both materials are very similar but diﬀerent from cMn2O3 and c-MnO standard reference samples. The intensity
ratio of L3/L2 absorption of both materials shows similarities
with b-MnO2, which conrms high-spin states and similar
oxidation states of Mn(IV). However, the rst absorption peak at
641 eV is distinguished from the prominent absorption peak at
643.5 eV compared to b-MnO2, which results from Mn's
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diﬀerent chemical environments in the framework. In the
magnied L3-edge features, a slight shi (0.2 eV) towards
lower energy of both the leading-edge position and the gravity
center of the L3-edge is observed (Fig. S7B†), while similar shis
also exist in the L2-edge (Fig. S7C†), which both indicate a lower
Mn oxidation state in K0.28MO compared to K0.21MO.
Electrochemical performance
The as-synthesized materials were assembled as cathodes in
AZIB coin cell congurations using 3 M ZnSO4 and 0.2 M MnSO4
aqueous solution as the electrolyte for electrochemical tests.
Fig. 2A illustrates the CV curves of K0.28MO at diﬀerent scan
rates from 0.1 to 1.0 mV s1. Two couples of redox peaks can be
observed, indicating a two-step electrochemical process. With
the increase of the scan rate, CV curves present minor peak
shis, representing dependable reversibility and stability
during the polarization processes. A linear tting was further
carried out between peak current densities (i) and the square
root of the scan rate (v1/2) to evaluate the diﬀusion-controlled
and capacitive contributions. It was calculated that the capacitive contribution is 53.7% of the total specic capacity at 0.1 mV
s1, and it gradually increases to 78.6% at 1.0 mV s1 (Fig. 2B).
CV curves are also measured with K0.21MO, which shows
a similar two redox couple system and demonstrates similar
electrochemical processes (Fig. S8A†). The capacitive contribution of K0.21MO is 34.7% at 0.1 mV s1 and 62.7% at 1.0 mV s1,
much lower than that of the K0.28MO cathode, which can be
explained by more active surface charge storage of K0.28MO
(Fig. S8B†). To further understand the inherent resistive
behavior of both materials, EIS was performed before and aer
the cell was charged and discharged for 200 cycles at 2 A g1. We
observed no change in charge-transfer resistance (R3) of
K0.28MO, but there is an increase of R3 for K0.21MO (Fig. S8C and
D†).2,54 It is reported that the dissolution of Mn is the primary
reason for the capacity loss and impedance rise.55 Therefore, the
results indicate that a higher amount of pre-intercalated K+ ions
eﬀectively suppress the Mn dissolution and subsequent
impedance rise.
To further elucidate the dissimilarity in electrochemical
performance resulting from pre-intercalation, cycling performance and charge/discharge proles were measured in AZIB

Fig. 2 Electrochemical behavior of K0.28MO in 3 M ZnSO4 + 0.2 M
MnSO4 electrolyte. (A) Cyclic voltammetry (CV) curves of K0.28MO
material at diﬀerent scan rates from 0.1–1.0 mV s1. (B) The corresponding capacitive and diﬀusion-controlled contribution from the
CV curves.
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coin cells. As shown in Fig. 3A, at 100 mA g1, K0.28MO exhibited
a lower initial capacity of 150 mA h g1 with a gradual rise to
300 mA h g1 at the 50th cycle. By contrast, K0.21MO exhibited
a higher initial capacity of 230 mA h g1, while the capacity
reached only 260 mA h g1 at the 50th cycle. The comparison of
low rate performance conrms that higher amounts of preintercalated K+ help maintain structural integrity, ensuring
a higher cycling capacity. However, the pre-intercalated K+ ions
occupy the active sites for Zn intercalation and thus hinder the
intercalation/deintercalation of other cations in the rst few
cycles, sacricing a part of the initial capacity. The cycle number
was further extended to 60 to prove the cycling stability of
K0.28MO at the low rate. The battery can maintain a specic
capacity of >300 mA h g1 aer the 50th cycle (Fig. S9†).
The rate performance of both materials was further evaluated. Both materials exhibit good rate performance aer 10
cycles of activation. The capacity retention at 5 A g1 for the
K0.28MO cathode is 35% of the value measured at 100 mA g1
(Fig. 3B), while for K0.21MO, the capacity retention is 28%
(Fig. S10†). This can be explained by the better structural
integrity upon cycling achieved in K0.28MO. The charge/
discharge proles at the 1st, 10th, 20th, 30th, 40th and 50th
cycles at the current density of 100 mA g1 are reported in
Fig. 3C and D. The typical two-stage voltage plateaus are fully
retained aer 50 cycles, illustrating the steady reaction kinetics.
To further conrm the cyclability at a high rate, both materials are cycled at 2 A g1 for 1000 cycles (Fig. 3E). K0.28MO
exhibited a high specic capacity of 100 mA h g1 and high

Paper
capacity retention of 95%, while for K0.21MO, the specic
capacity dropped rapidly with 30% decay. It is inferred that the
higher concentration of K+ ions helps to stabilize the layer
structure and thus prevent the cathode from self-dissolution
and amorphization upon cycling, which signicantly prolongs
the AZIB cycle life.
To further conrm the inuence of K pre-intercalation.
K0.28MO was further compared with pristine d-MnO2 with no
pre-intercalated cations. As depicted in Fig. S11A,† the (003)
interlayer spacing of d-MnO2 is larger than both K0.28MO and
K0.21MO, which derives from the repulsive force between the
interlayer O atoms. EDX analysis further conrms pure Mn and
O elemental distribution with no pre-intercalation (Fig. S11B†).
The CV analysis also shows two couples of redox peaks and
a two-step reaction process. However, the peak current and
position slightly diﬀer from K0.28MO, which results from the
diﬀerence in the chemical environment and the subsequent
diﬀerence in reaction kinetics (Fig. S12†).
As a consequence, the cycling stability of d-MnO2 demonstrates results consistent with expectations. Specically, as
shown in Fig. S13,† the maximum capacity reaches
150 mA h g1, which is much higher than K0.28MO, demonstrating outstanding energy storage capability of the d-MnO2
phase. However, the specic capacity of d-MnO2 experienced
a fast decline of more than 1/3 of its maximum capacity. The
cycling instability comes from the unsupported unstable dMnO2 and subsequent dissolution of the cathode material.

Energy storage mechanism

Electrochemical performance of electrodes tested in coin cells.
(A) Cycling performance of K0.28MO and K0.21MO materials at a current
density of 100 mA g1. (B) Rate performance of K0.28MO. (C and D)
Charge/discharge proﬁles of K0.28MO and K0.21MO cells at 100 mA g1,
respectively. (E) Cycling performance of K0.28MO and K0.21MO materials at a current density of 2 A g1.
Fig. 3
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To conrm the maintained structural integrity and explore the
underlying energy storage mechanism of K0.28MO, combined ex
situ XRD, XPS, High Angle Annular Dark Field Scanning
Transmission Electron Microscopy (HAADF-STEM), and NEXAFS measurements were carried out to determine if phase
transitions of the pristine material and microstructural evolution are involved upon cycling. Fig. 4A provides the specic
voltage points at which the coin cells were disassembled to
obtain the cathodes for subsequent testing. As shown in Fig. 4B,
the d-MnO2 phase with a characteristic peak at ca. 5.6 was
observed throughout the cycling process, conrming that the
primitive structure is retained upon cycling. This result
contrasts with previous reports of phase transitions occurring
aer cycling.29,32,56
Also, as shown in Fig. 4B, a new phase with a strong characteristic diﬀraction peak (2q) at 8 was discovered in the initial
discharge process (A / B) and the later discharge process from
1.35 V to 0.8 V (E / F), which can be assigned to ZSH.20 The
change in O 1s XPS curves also reveals the emergence of S–O
species at 532.8 eV and an enhanced peak at 531.9 eV corresponding to O–H species (Fig. 4C). The ZSH phase shows
a unique two-dimensional layered structure formed by stacking
of Zn(OH)2 with ZnSO4 from the electrolyte while absorbing
water molecules between the layers. ZSH is formed on the
surface of the cathode material (Fig. S14†). During both the
initial charge process (B / C) and later charge process from
0.8 V to 1.55 V (F / G), the characteristic peaks of ZSH
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Fig. 4 Mechanism study of K0.28MO electrode. (A) Charge/discharge
curves of K0.28MO at the 1st and 20th cycle. (B) Ex situ XRD pattern of
rainsed cathode collected at various states marked in (A). (C and D) Ex
situ XPS spectra of O 1s (C) and Mn 2p (D) at diﬀerent discharge/charge
states of the K0.28MO electrode. (E) Ex situ near-edge X-ray absorption
ﬁne structure (NEXAFS) spectra at Mn L3,2-edge of pristine, charged,
discharged K0.28MO and reference materials. (F) Ex situ High Angle
Annular Dark Field Scanning Transmission Electron Microscopy
(HAADF-STEM) image of K0.28MO at a fully discharged state. (G) Ex situ
NEXAFS spectra at O K-edge of pristine, charged, discharged K0.28MO
and reference materials. (H) Ex situ HAADF-STEM image of K0.28MO at
a fully charged state.

disappear. With increasing discharge depth, the ZSH layers
dissolve back to the electrode, indicating the reversible formation of the ZSH phase (Fig. S15†). The results conrm the
reversible deposition/dissolution of the ZSH phase on the
cathode material's surface.20,23,57 It has been reported that based
on the Zn2+/H+ intercalation mechanism in AZIBs, with the
intercalation of H+, OH is reversibly released to react with
excessive Zn2+ and SO42 in the electrolyte to deposit the ZSH
layers.23,57 Thus, the discovery of ZSH in this work conrms the
dual ion intercalation mechanism for birnessite MnO2
cathodes.
Considering the faster migration and smaller hydrated
radius, the rst discharge plateau shown in Fig. 4A is assigned
as the intercalation of H+. Due to the decrease of the H+ around
the cathodes and a further increase of the polarization, the
intercalation of Zn2+ soon becomes dominant. The slower
intercalation kinetics means that the intercalation of Zn2+
requires a higher overpotential, and thus the discharge plateau
is lower.
The change of the Mn oxidation state on both surface and
bulk structures was further studied. During the discharge
process, the Mn(III) content increases while Mn(IV) content
reduces; In the charging process, Mn(IV) content reaches
a maximum value, indicating the highest oxidation state at fully
charged state (Fig. 4D).
Reliable proof of the reversible change of the Mn oxidation
state is provided by NEXAFS (Fig. 4E). Mn L3,2-edge NEXAFS
could directly probe the electron dipole-allowed transition from
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Mn 2p to unoccupied valence 3d states, strongly correlated with
the electronic conguration and oxidation state. The systematic
shi of L3 leading edge position and gravity center of L3/L2 edge
towards lower energies could indicate the decrease of average
oxidation states. Compared to commercial b-MnO2 and Mn2O3
electrodes, the average oxidation state at fully charged state is
very close to Mn4+, while at fully discharged state, the curve
shows more resemblance with Mn2O3 with a negative energy
shi (0.2 eV), indicating the presence of its lowest oxidation
state (Mn3+). The sharp absorption peaks at 641 eV at both
charged and discharged states are distinguished from the main
absorption edge, which is considered characteristic features of
birnessite structure.55
Besides, as shown in Fig. 4G, the pre-edge feature in O Kedge NEXAFS spectra originates from electron transitions
from ligand O 1s orbitals to unoccupied Mn 3d states due to the
hybridization of O 2p and Mn 3d (t2g and eg) states. For Mn(IV)
with 3d3 (t32ge0g) conguration, two absorption peaks could be
identied: the lower energy peak at 528.8 eV (Peak A) is attributed to spin-down t2g and spin-up eg transitions (nearly equivalent crystal eld splitting and exchange splitting) and the
higher energy peak at 532.0 eV (Peak B) arise from the spindown eg transitions. For Mn(III) with 3d4 (t32ge1g) conguration,
three absorption peaks could be observed: spin-up eg, spindown t2g and spin-down eg transitions, from low energies to
high energies, respectively. As shown in Fig. 4G, for the charged
state, the pre-edge feature is almost identical to b-MnO2, while
the discharged state presents a broad absorption peak (530.8 to
531.8 eV), which is contributed from Mn(III) content.
At the fully discharged state, the characteristic peak of
K0.28MO slightly shis towards higher angles, which can be
ascribed to the intercalation of H+/Zn2+ ions and enhanced
ionic interaction. The corresponding (003) lattice spacing of
K0.28MO at a full discharged state was observed as 7.14 Å
(Fig. 4F), while the lattice spacing increased to 7.17 Å at full
charged state, which is enlarged due to the deintercalation of
H+/Zn2+ and reduced ionic interaction (Fig. 4H).49
HAADF-STEM of K0.28MO is also applied to detect the orientation of (012) lattice plane. As shown in Fig. S16,† the lattice
space remained stable during both the charge and discharge
process. Moreover, the orientation of (012) lattice plane is
disordered, which suggests possible lattice defects. Lattice
defects provide pathways for ion intercalation/deintercalation,
enabling higher capacity and fast ion diﬀusion kinetics.
Structural stabilization eﬀect of K ions via DFT simulation
The structural details of MnO2, therefore, deserve a more indepth analysis. The rich polymorphic chemistry of MnO2
comprises dense, tunnel and layered structures. The stable
phase in the absence of intercalated cations is the rutile bMnO2, followed by the tunnel a-MnO2 structure. The relative
polymorph stability is modied by the presence and concentration of diﬀerent cations,6 with the a-MnO2 phase becoming
stable at low intercalation levels. Only at high intercalation does
the layered birnessite d-MnO2 structure become the stable
polymorph. Therefore, it is reasonable to expect a structural
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strain upon electrochemical cycling in energy storage applications that varies the concentration of intercalated species.
The two materials investigated in the present work contain
diﬀerent amounts of pre-intercalated K, which may aﬀect the
phase stability; to understand whether this is the case, we have
studied through DFT calculations the structure and stability of
KxMnO2 in a and d phases as a function of K content in the
relevant range of 0 # x # 0.5. Our calculations conrm that
indeed the layered birnessite phase is unstable compared to aMnO2 in the absence of K. At low K content, up to x ¼ 0.125,
intercalation energy is higher in the tunnels of a-MnO2 than in
between the layers of d-MnO2 and the energy diﬀerence between
the polymorphs increases (Fig. 5). However, further K intercalation above x ¼ 0.125 is more stable in the d-MnO2 phase,
where the 2-D layered structure provides a larger intercalation
volume. At x ¼ 0.25, all interstices of a-MnO2 are fully occupied;
the presence of any K above x ¼ 0.25 requires split-interstitials
in the tunnel a-MnO2 phase, associated with strong destabilization energy, calculated as 3.7 eV per K ion. The diﬀerence in
successive intercalation energies between alpha and delta is
provided in Fig. S17.† Above ca. 0.26, the layered d-MnO2 polymorph becomes the thermodynamic ground state in the
KxMnO2 chemistry. Enforcing an even higher K concentration
of x ¼ 0.5 in a-MnO2 in the DFT calculations yields a layered
structure resembling the d phase upon geometry optimization
(Fig. S17†), emphasizing the intercalation-induced structural
instability. It is interesting to observe that the two materials
studied experimentally have K content on opposite sides of the
a–d phase transition. The best performing K0.28MO has a K
content that positions it in the phase space where the layered
polymorph is stable, which substantiates the experimental
observation of its phase stability upon cycling. In contrast, the
K0.21MO material with lower K content will repeatedly cross the
a–d phase transition boundary upon further intercalation of Zn
during cycling, explaining its structural instability.
In summary, the overall electrochemical reaction of K0.28MO
can be illustrated as in Fig. 6A. The primitive birnessite phase is
well maintained throughout the cycling process, while ZSH is
deposited reversibly simultaneous H+/Zn2+ intercalation/
deintercalation, contributing to the overall capacity.
Commercialization potential
To further demonstrate the potential commercial applications
of the as-designed materials, the battery was assembled with

Fig. 5 The relative stability of delta phase to alpha phase as a function
of K/Mn ratio via DFT simulation.
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Energy storage mechanism and potential for industrialization.
(A) Schematic illustration of the electrochemical reaction of K0.28MO in
aqueous AZIBs. (B) Rate performance of K0.28MO cell with high mass
loading (ca. 10 mg cm2). (C) Comparison of the Ragone plot (based
on the weight of cathode materials) of the K0.28MO cell with typical
commercial energy storage systems.
Fig. 6

typical high mass loading used in commercial lithium-ion
batteries (ca. 8–10 mg cm2). As shown in Fig. 6B, the AZIBs
with high loading mass shows competent rate performance
close to normal loading ones, which maintains ca. 200 mA h g1
at 100 mA g1 and keeps ca. 50 mA h g1 at a high current
density of 5 A g1. Besides, there is almost no capacity loss aer
stepwise current density changes. To compare with current
commercial energy storage systems, a Ragone plot is constructed, and it is worth mentioning that the K0.28MO cell shows
adequate energy and power densities, which indicates its
potential for commercialization (Fig. 6C).

Conclusions
In summary, the relationship between phase stability, structural integrity and the proportion of pre-intercalated ions was
established for K pre-intercalated MnO2 cathodes. The underlying mechanisms responsible for the phase instability of pristine birnessite MnO2 upon cycling are identied through
a combined experimental and computational approach. K
concentration above a threshold value, as realized in K0.28MO, is
critical for phase stability. Zn intercalation in K0.28MO has been
characterized and quantied under diﬀerent electrochemical
conditions. We further demonstrated that Zn–K0.28MO cells
achieved a high capacity of 300 mA h g1 and long-term cycle
life of up to 1000 cycles without any signicant decrease in the
specic capacity. The enhanced rate performance also
conrmed the fast kinetics enabled by K+ supported pathways.
These ndings signal reasonable potential and stimulate future
research via intercalation engineering for improving the
performance of AZIBs.

This journal is © The Royal Society of Chemistry 2020
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