
RESEARCH ARTICLE
www.afm-journal.de

Dual-Functional Ca-Ion-Doped Layered 𝜹-MnO2 Cathode for
High-Performance Aqueous Zinc-Ion Batteries

Dongmei Xie, Yan Wang, Leiwu Tian, Haiji Huang, Jianyang Sun, Dong-Won Kim,*
Jiachang Zhao,* and Jianfeng Mao*

Aqueous zinc-ion batteries (ZIBs) have gained significant attention owing to
their high energy densities, low costs, and enhanced safety profiles. However,
the development of suitable host materials (i.e., cathodes) with high capacity,
structural stability, and rate performance remains challenging. Herein, a
nanoflower-like Ca0.10MnO2·0.61H2O (CaMnO) is successfully synthesized as
a high-performance cathode material for ZIBs using a simplified one-step
hydrothermal method. The unique nanoflower-like 3D porous structure
provides a continuous conductive path and abundant adsorption sites for
Zn2+ ions and mitigates aggregation during long-term cycling processes. In
addition, doping Ca2+ ions into the interlayer of MnO2 has a dual functional
effect: 1) it acts as a pillar to broaden the interlayer spacing and enhance the
crystal structure stability, and 2) it induces the formation of oxygen vacancies
to enhance the reaction kinetics and increase the reversible capacity.
Therefore, the CaMnO cathode exhibits a high specific capacity of 289 mAh
g−1, with excellent capacity retention (90%) over 750 cycles at a high current
rate of 1.5 A g−1. This study provides a new perspective on the development
of advanced cathode materials for ZIBs.

1. Introduction

The development of advanced electrochemical energy storage de-
vices is of considerable significance for solving energy crises and
environmental pollution problems.[1] Aqueous zinc-ion batteries
(ZIBs) are expected to become the next generation of large-scale
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energy storage technologies owing to their
high energy density, low production cost,
and simple fabrication processes.[2] More
importantly, aqueous ZIBs that use water
as the solvent can effectively reduce the
risk of thermal runaway and ensure in-
trinsic safety.[3] However, the main obsta-
cle to the industrialization of aqueous ZIBs
is the development of suitable host materi-
als (i.e., cathodes) to accommodate the re-
versible insertion/extraction of Zn2+ ions
with large ionic radii over extended cycling
periods.[4] To date, a diverse range of mate-
rials has been reported for use as cathodes
in ZIBs, including Prussian blue analogs,
Mn-based oxides, V-based compounds, and
polyanionic compounds.[3,5] Among these,
Mn-based oxides are considered the most
promising cathode materials because of
their diverse synthesis routes and crys-
tal structures, low cost, nontoxicity, and
environmental benignity.[6] However, the
large-scale application of Mn-based cath-
odes faces two main challenges: 1) phase

transitions during electrochemical processes, which may lead
to anisotropic changes in lattice parameters and the formation
of microcracks, and 2) the disproportionation of Mn3+ (2Mn3+

→ Mn2+ + Mn4+), which results in the dissolution of active
materials.[7–9] To this end, researchers have developed various
modification strategies to enhance the electrochemical perfor-
mance of cathode materials for aqueous ZIBs.

MnO2 has been widely investigated owing to its higher spe-
cific capacity (310 mAh g−1), higher operating voltage (1.0–1.8 V
versus Zn2+/Zn), and various crystallographic polymorphisms
(e.g., 𝛼-, 𝛽-, 𝛾-, 𝛿-, 𝜆-, and 𝜖-type structures).[10] In particular,
layered 𝛿-MnO2 with large ionic diffusion channels (≈0.7 Å)
exhibits a rapid and reversible (de)intercalation reaction with
Zn ions.[11] Unfortunately, similar to other Mn-based oxides, 𝛿-
MnO2 exhibits significant capacity degradation and poor rate ca-
pability in ZIB systems.[12] The inferior electrochemical perfor-
mance is related not only to the complex phase transition and
dissolution of Mn but also to the sluggish diffusion kinetics
and strong electrostatic interaction between Zn2+ and the host
material, which hinders the potential of using Mn-based oxides
as cathodes for ZIBs.[13] Therefore, various strategies, such as
morphological control, surface modification, defect engineering,
and doping modification, have been proposed to achieve Mn-
based oxides as feasible cathode materials for ZIBs.[14] Surface
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coating and morphology control strategies enhance the Zn stor-
age performance of cathodes by improving electron/ion diffu-
sion and mitigating volume expansion during electrochemical
processes.[15,16] Through the efforts of researchers, several aque-
ous ZIB systems with advanced electrochemical performances
have been proposed in recent years.[17,18] However, the inherent
low electron/ion conductivity of layered oxide cathode materials
results in low reaction kinetics and poor cycling stability at high
current rates, which poses a bottleneck for the application of mi-
crostructure enhancement strategies.[19] The structural engineer-
ing strategy of doping and surface chemical control, which can
fundamentally improve the reaction kinetics of the cathode, is
considered a feasible solution for enhancing the electrochemical
performance of ZIBs.

Functional defect engineering improves the electrochemical
performance of active materials by endowing them with new
electronic properties and adjusting their surface chemical prop-
erties, which has attracted the attention of researchers.[20–22] As
the most important type of defect in oxide materials, oxygen va-
cancies can regulate the electron density by redistributing the lo-
cal charge states of the transition metal layers.[19] This regula-
tion decreases the reaction energy barrier of the active material
by adjusting the bandgap, thereby fundamentally improving the
reaction kinetics and ion diffusion efficiency of MnO2.[23] In addi-
tion, abundant oxygen vacancies can act as electrochemically ac-
tive sites, facilitating redox reactions between the electrolyte and
cathode, thereby effectively improving the charge storage capac-
ity of oxide materials. For example, Wang’s group synthesized
MnO2 with oxygen vacancies using a three-step method, achiev-
ing a high energy density of 40.2 Wh kg−1 and a maximum power
density of 22.28 kW kg−1.[24] Han et al. developed a 𝛽-MnO2 cath-
ode with oxygen defects by leveraging the reducing property of
NaBH4, achieving a high capacity retention of 94% after 300 cy-
cles at 500 mA g−1.[25] Similarly, Li et al. introduced abundant
oxygen vacancies into 𝛿-MnO2 using a KBH4 reduction treat-
ment, which significantly enhanced the reversible capacity (551.8
mAh g−1) and extended the cycle life (90% capacity retention af-
ter 500 cycles at 3 A g−1).[26] Lu’s group extracted oxygen anions
from the ZnMn2O4 cathode through low-temperature H2 reduc-
tion, achieving a high capacity retention of 93.8% after 300 cycles
at 8 mA cm−2.[27] Chen et al. prepared an oxygen-rich vacancy
Zn-MnO2 cathode using plasma treatment technology to opti-
mize the electronic structure and enhance electrochemical per-
formance, achieving a long cycle life of 1000 cycles at 3 A g−1.[28]

Although the modified cathode demonstrates excellent Zn stor-
age performance, introducing oxygen vacancies often involves
complex post-treatment processes, which increases the produc-
tion costs and is not conducive for the commercial application of
aqueous ZIBs. According to previous reports, non-equilibrium
cation doping can significantly reduce the formation energy of
oxygen vacancies, thereby introducing abundant oxygen vacan-
cies into the bulk materials.[11,29,30] In addition, dopants incor-
porated into the crystal structure or interlayer spacing can act
as pillars to suppress interlayer sliding and structural collapse
while releasing the electrochemically active potential of the ox-
ide cathode.[31] Therefore, to improve the stability of the layered
framework and induce the formation of oxygen vacancies, diva-
lent Ca ions with intercalation effects are preferred as suitable
dopants.[32]

Hence, this study proposes a one-step hydrothermal method
for synthesizing nanoflower-like 𝛿-MnO2 cathodes to reduce ag-
glomeration during cycling and further improve structural stabil-
ity by introducing Ca2+ as a stabilizer. First, the porous nanostruc-
ture shortens the diffusion distance of Zn2+ and provides more
reaction sites. In addition, ex situ X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS) results revealed that the
introduced Ca2+ ions have dual functional effects: 1) they act as
pillars to improve the stability of the layered framework structure
and alleviate changes in crystal parameters; 2) they induce the for-
mation of abundant oxygen vacancies to increase the number of
reaction sites, enhance reaction kinetics, and fundamentally im-
prove the Zn storage behavior of oxide materials. Hence, the op-
timized cathode (Ca0.10MnO2·0.61H2O) exhibits a high reversible
capacity (290 mAh g−1) and long cycling life (80% capacity reten-
tion after 1000 cycles at 1.5 A g−1). This study provides a simple
and feasible solution to promote the development of advanced
cathode materials for aqueous ZIBs.

2. Results and Discussion

As shown in Figure 1, 𝛿-MnO2 and Ca2+ doped 𝛿-MnO2 (CaMnO)
samples were synthesized through a simple one-step hydrother-
mal method. It is proposed to stabilize the layered frame-
work structure and increase the interlayer spacing through a
chemical pre-intercalation (Ca-doping) process, thereby improv-
ing cycling stability and rate performance.[33–35] Figures 2a–c
and S1a,b (Supporting Information) depict the scanning elec-
tron microscopy (SEM) images of CaMnO and 𝛿-MnO2 at differ-
ent magnifications, which show that both CaMnO and 𝛿-MnO2
samples present a 3D flower-like porous nanostructure com-
posed of 200 nm nanosheets. This structure can alleviate the
volume changes in the lattice parameters during the Zn-ion in-
sertion/extraction processes, which play a key role in enhanc-
ing the structural stability of the oxide cathode. Compared with
𝛿-MnO2, the microspheres of CaMnO are uniformly dispersed
without apparent aggregation, indicating that the introduction of
Ca2+ ions is beneficial for maintaining the framework structure
and providing a suitable host for the insertion of Zn2+ ions. The
Brunauer–Emmett–Teller measurements of the prepared sam-
ples are shown in Figure S2 (Supporting Information). As ex-
pected, CaMnO with less aggregation shows a larger specific sur-
face area (32.5 m2 g−1) compared with 𝛿-MnO2 (14.2 m2 g−1),
providing more active sites for electrochemical reactions. This
3D porous nanostructure was beneficial for accelerating elec-
tron migration and ensuring the diffusion kinetics of H+/Zn2+,
thereby providing a high rate capability. The microstructures of
the prepared samples were measured using transmission elec-
tron microscopy (TEM) analysis (Figure 2d; Figure S1c, Support-
ing Information). CaMnO was assembled from nanosheets with
diameters of ≈200 nm, which is consistent with the SEM results.
Figure S1d (Supporting Information) shows the HR-TEM image
of 𝛿-MnO2, where a lattice spacing of 0.723 nm can be observed,
indicating the typical (001) crystal plane of layered MnO2.[26] It
is evident that the interlayer spacing of the (001) plane in the
Ca-doped sample has increased to 0.749 nm (Figure 2e), indi-
cating that the intercalation effect of hydrated Ca2+ ions expands
the ion diffusion channel, thereby enhancing ion diffusion kinet-
ics. The corresponding selected-area electron diffraction (SAED)
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Figure 1. Schematic for the synthesis of CaMnO.

patterns of CaMnO (inset in Figure 2e) display two polycrystalline
rings indexed to the (001) and (002) planes of layered MnO2,
indicating that the resulting cathode had a monoclinic struc-
ture. The energy-dispersive spectroscopy (EDS) of CaMnO sug-
gests that the Ca, Mn, and O species are uniformly distributed
in the nanosheets, highlighting the consistency of the synthe-
sized cathode (Figure 2f). Therefore, the microscopic morphol-
ogy analysis proves that the prepared CaMnO cathode has a
unique nanoflower-like structure, which is expected to achieve
high rate capability and long-term cycling stability.

The crystal structures of the synthesized cathodes were de-
termined using X-ray diffraction (XRD) analysis. As shown in
Figure 3a, characteristic peaks belonging to the (001) and (002)
planes were observed, and no impurity peaks were detected,
indicating that MnO2 and CaMnO with the same monoclinic
structure were successfully prepared (JCPDS No. 80–1098; space
group C2/m). Compared with 𝛿-MnO2, the (001) peak of CaMnO
gradually shifts toward a lower diffraction angle with increas-

ing Ca-doping concentration, which is related to the interlayer
expansion caused by the intercalation effect of hydrated Ca2+

ions (Figure S3, Supporting Information). According to reports,
the interlayer spacing of the layered cathode after chemical pre-
intercalation treatment is proportional to the radius of hydrated
ions, which is consistent with the experimental results, prov-
ing that the introduced Ca2+ ions preferentially insert into the
interlayer.[33] However, excessive Ca-doping leads to the forma-
tion of CaMn2O4 impurities, which significantly affect the elec-
trochemical performance of the cathode. As shown in Figure S4
(Supporting Information), the optimal Ca-doped sample was
identified through cycling stability tests. The results indicated
that the sample with a CaCl2 to MnSO4 ratio of 1:1 exhibited
the highest reversible capacity and excellent cycling stability. This
suggests that the selected doping amount is close to the optimal
value, allowing the cathode to maintain structural stability with-
out sacrificing reversible capacity. Therefore, this sample was
chosen as the focus of this study. The lattice parameters were

Figure 2. Morphology and structure of CaMnO. a–c) SEM images of CaMnO at different magnifications; d–e) TEM, HR-TEM, and SAED images of
CaMnO; f) EDS images of CaMnO.
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Figure 3. Material characterization of the prepared cathodes. a) XRD pattern and crystal structure illustration of CaMnO and 𝛿-MnO2; b) high-resolution
XPS spectra of Ca 1s in CaMnO; high-resolution XPS spectra of (c) Mn 2p and (d) O 1s in CaMnO and 𝛿-MnO2; e) Raman spectra of CaMnO and 𝛿-MnO2;
f) TGA curve of the as-prepared CaMnO sample from 30 to 800 °C.

calculated using the Rietveld refinement method based on the
FullProf program (Figure S5, Supporting Information). The
slight difference between the calculated results and the experi-
mental mode indicated successful refinement (Table S1, Support-
ing Information). The results indicate that the introduction of
Ca2+ ions increased the interlayer spacing from 7.23 to 7.36 Å,
providing a wide diffusion channel for Zn ions and potentially
achieving high rate capability.

The composition and chemical state of the synthesized cath-
ode were further investigated using X-ray photoelectron spec-
troscopy (XPS). As shown in Figure 3b, the convolution peaks
at 346.0 and 349.6 eV correspond to Ca 2p3/2 and Ca 2p1/2,
respectively.[36] In addition, inductively coupled plasma-optical
emission spectroscopy (ICP-OES) results confirmed that the
atomic ratio of Ca to Mn was 0.10:1, which is consistent with
the XPS results (0.13:1), demonstrating the successful synthe-
sis of the designed doped cathode (CaMnO). The high-resolution
XPS spectra of Mn indexed to Mn 2p3/2 and Mn 2p1/2 spin or-
bitals can be further deconvoluted into Mn (IV) (642.4, 654.1 eV)
and Mn (III) (641.3, 653.0 eV), respectively (Figure 3c). The in-
troduction of Ca ions leads to an increase in the integrated peak
area of Mn3+/Mn4+ from 0.26 to 1.21 (the average oxidation
state of Mn decreases from 3.79 to 3.45), which is related to
the charge compensation and the formation of oxygen vacan-
cies caused by Ca doping. The high-resolution XPS spectrum
of O1s (Figure 3d) shows characteristic peaks corresponding to
Mn─O─Mn bonds (529.6 eV), oxygen vacancies (531.1 eV), and
absorbed water (532.3 eV), which is consistent with published

reports.[26,37] CaMnO exhibits a higher peak intensity of oxygen
vacancies, which further confirms the increase in oxygen vacancy
concentration caused by Ca2+ doping. Electron paramagnetic res-
onance (EPR) measurements were performed on the prepared
cathodes to provide fingerprint evidence of oxygen vacancies. As
shown in Figure S6 (Supporting Information), CaMnO exhibits
a relatively strong electron spin resonance (EPR) signal at g =
2.001, confirming the presence of oxygen vacancies.[26] The Ra-
man spectrum of the prepared cathodes are shown in Figure 3e,
featuring characteristic peaks located at 625−645 and 575−585
cm−1, respectively attributed to the symmetric stretching vibra-
tion v2(Mn−O) of MnO6 group and the v3(Mn−O) stretching vi-
bration in the [MnO6] plane.[38–40] For pure oxides with few de-
fects, the band intensity ≈640 cm−1 is particularly high, often
overshadowing other characteristic peaks.[38] In contrast, doped
samples typically show a strong decrease in Raman intensity and
more pronounced v3(Mn−O) strain vibrations.[41] This effect is
associated with a high ratio of Mn(IV) in the birnessite family, a
phenomenon frequently observed in previous reports.[40,42] Com-
pared with 𝛿-MnO2, the Raman bonds of CaMnO undergo a sig-
nificant blue shift, which is related to the interlayer expansion
caused by Ca2+ ions entering the interspace.[43] In addition, the
decrease in the Raman peaks of the Ca-doped samples is related
to changes in the covalent interactions between the Mn and O
layers after the formation of oxygen vacancies. These results indi-
cate that Ca doping can induce the formation of oxygen vacancies,
which play a crucial role in improving the ion/electron conduc-
tivity of the cathode. As shown in Figure 3f, thermogravimetric
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Figure 4. Electrochemical performance of the as-synthesized cathodes. a) CV curves of CaMnO at 0.1 mV s−1; b) Charge–discharge curves of 𝛿-MnO2
and CaMnO at 300 mA g−1; c) Comparison of cycling stability between CaMnO and other cathode materials previously reported; Cycling performance
of 𝛿-MnO2 and CaMnO at the current densities of (d) 300 mA g−1 and (e) 1500 mA g−1

.

analysis (TGA) revealed that the crystalline water content of
CaMnO was ≈12.6%. Combining the XPS and ICP analysis re-
sults, the accurate molecular formula of CaMnO can be defined
as Ca0.10MnO2·0.61H2O.

To verify the effect of Ca2+ doping on the Zn2+ storage per-
formance, galvanostatic charge–discharge and cyclic voltamme-
try (CV) tests were conducted at a voltage window of 0.4 and
1.9 V. Considering the crucial role of electrolytes and binders in
the electrochemical performance of ZIBs, the influence of dif-
ferent components on the cycling stability of the cathode was
investigated (Figures S7 and S8, Supporting Information). For
the modified binder (Ca-SA), the strong binding between Ca2+

and sodium alginate effectively prevents the dissolution of Mn,
while also improving the mechanical stability and hydrophilic-
ity of the active materials (Figure S8, Supporting Information).
Compared to traditional inorganic salt systems (ZnSO4/MnSO4),
Zn(CF3SO3)2, with its larger anion radius, reduces the num-
ber of water molecules surrounding Zn2+ cations and dimin-
ishes the solvation effect.[14] Consequently, the introduction of
anions with large ionic radii facilitates Zn2+ transport, improves
charge transfer, and enhances ionic conductivity. Notably, the in-
troduction of Mn2+ additives enhances the cycling stability and
reversible capacity of the cathode material through the reversible
electro-deposition/dissolution process of MnOx on the cathode
surface.[44] As shown in Figure S7a (Supporting Information),
the cell using an electrolyte containing Mn2+ additives exhibited
a gradual increase in capacity during the first 100 cycles. How-
ever, this deposition and stripping behavior may lead to dendrite
formation and structural damage, causing a significant drop in

capacity after 100 cycles. In contrast, cells using Zn(CF3SO3)2
electrolyte are able to maintain long-term cycling stability, even
at high current densities of 1.5 A g−1. Similarly, the cell using
3 M Zn(CF3SO3)2/0.2 M Mn(CF3SO3)2 electrolyte showed rela-
tively good cycling stability but still exhibited significant capac-
ity degradation during prolonged cycling (Figure S7b, Support-
ing Information). Therefore, the modified binder (Ca-SA) and
electrolyte (3 m Zn(CF3SO3)2) were used in subsequent experi-
ments. As shown in Figures 4a and S8a (Supporting Informa-
tion), the two samples exhibit similar CV curves. The reduction
peaks at 1.1 and 1.38 V correspond to the insertion reactions of
H+ and Zn2+ ions, respectively, accompanied by the reduction of
Mn (from Mn4+ to Mn3+). The oxidation peak, located at ≈1.7 V,
corresponds to the reverse process. It should be noted that mod-
ified electrolytes containing anions with a larger ionic radius can
weaken the bonding strength between Zn ions and solvated H2O,
thereby reducing desolvation energy while synergistically pro-
moting the intercalation of H+ and Zn2+ ions.[45] As a result, bat-
teries using modified electrolytes exhibit a weaker reduction peak
at 1.1 V compared to those using conventional electrolytes.[46]

Furthermore, the Ca-doped cathode provides a large ion diffu-
sion channel and high ion diffusion kinetics, thereby enhancing
the synergistic intercalation of Zn2+ and H+ ions, resulting in
a weaker reduction peak at 1.1 V (Figure 4a). Compared with
𝛿-MnO2, the overlap of the first three CV curves of CaMnO in-
dicates the reversible insertion/extraction behavior of Zn2+ in
3D porous nanostructures, demonstrating its excellent structural
stability. The charge/discharge curves of the synthesized cath-
odes at 300 mA g−1 also show two discharge platforms (1.1 and
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Figure 5. Electrode process kinetics of 𝛿-MnO2 and CaMnO. CV curves of the (a) 𝛿-MnO2 and (e) CaMnO electrodes at different scan rates, (b,f)
log(peak current) versus log(sweep rate) plots of the oxidation and reduction peaks in the CV curves during cycling and (c, g) contribution ratios of the
capacitance capacity and diffusion-controlled capacity in the (b, c) 𝛿-MnO2 and (f, g) CaMnO electrodes. A linear relationship between the peak current
and the square root of the scanning rate for the (d) 𝛿-MnO2 and (h) CaMnO cathodes.

1.38 V), corresponding to the stepwise intercalation of H+/Zn2+

and the reduction of Mn4+, as well as a flat charging platform
(1.7 V) corresponding to the reverse reaction (Figure 4b). This
reflects the reversible intercalation of H+/Zn2+ ions, which is
consistent with the CV results. CaMnO delivers a high initial
reversible capacity of 289 mAh g−1 with a low overpotential of
0.13 V at 300 mA g−1, whereas 𝛿-MnO2 exhibits a low capacity
(176 mA g−1) and high polarization (0.24 V). The high reversible
capacity and low overpotential of CaMnO indicate that the con-
structed porous network structure provided more Zn-ion active
sites and fast ionic diffusion channels. The rate performance of
the obtained cathode is shown in Figure S9 (Supporting Informa-
tion), where CaMnO exhibits reversible capacities of 250.4, 193.1,
132.9, 103.5, 88.7, and 70.6 mAh g−1 at the current densities of
0.5, 1, 1.5, 2, 3, and 4 A g−1, respectively. Even at a high current
density of 5 A g−1, it still provides a specific capacity of 50.6 mAh
g−1 (corresponding to 20.4% of that at 0.1C). On the contrary, the
original 𝛿-MnO2 shows a low capacity of 3.5 mAh g−1 at a high
current rate of 5 A g−1, which indicates almost failure, demon-
strating the excellent rate capability of CaMnO.

Figure 4d shows the cyclic stability of CaMnO and 𝛿-MnO2 at
a current density of 300 mAh g−1. CaMnO maintained a high
discharge capacity of 260 mAh g−1 after 100 cycles, with a high
capacity retention of 99%. This is much higher than that of pure
𝛿-MnO2 (with a residual capacity of 34 mAh g−1 and a capacity re-
tention of 22%), indicating that the structural integrity was effec-
tively improved after Ca2+ doping. Even at a high-current density
of 1500 mA g−1, CaMnO maintained a high reversible capacity of
140 mA g−1 after 750 cycles (90% capacity retention) and 124 mA
g−1 after 1000 cycles (80% capacity retention) (Figure 4e). On the
contrary, 𝛿-MnO2 could not withstand such a high current rate,
and hence, it could only provide a poor capacity of 17 mA g−1 after
1000 cycles. More importantly, the electrochemical performance
of CaMnO was significantly superior to that of other reported
cathodes (Figure 4c; Table S2, Supporting Information).[47–56] The
improved cyclic stability is related to the introduction of Ca2+

ions, which can prevent structural collapse, enhance structural
stability, and inhibit the dissolution of Mn during the repeated
insertion/extraction of Zn ions. Additionally, an increase in the
concentration of oxygen vacancies enhances electronic conduc-
tivity and provides sufficient electroactive sites to increase the
reversible capacity of the resulting cathode. Therefore, CaMnO
exhibits a superior electrochemical performance than 𝛿-MnO2
in aqueous ZIBs. To demonstrate the practicality of the con-
structed cathode, it was assembled into a full cell by coupling
with pre-zincified activated carbon cloth (ACC),[57] rather than us-
ing Zn foil. As shown in Figure S10 (Supporting Information),
the CaMnO//ACC full cell exhibits excellent cycling stability at
300 mA g−1, retaining 84.3% of its initial capacity after 150 cycles.
Although the cycling stability of the full cell is lower compared to
the half-cell, this may be attributed to the structural instability of
the ACC anode, which will require further optimization in the
future.[58]

To test the electrode process kinetics of 𝛿-MnO2 and CaMnO,
the cathodes were characterized through CV testing (from 0.1
to 0.5 mV s−1). As shown in Figure 5e, the shape and peak po-
sition of the CV curve of CaMnO did not significantly deviate
with increasing scanning rate, indicating a high-rate Zn-ion in-
sertion/extraction reaction. However, the cathodic peak in the
CV curves of 𝛿-MnO2 (Figure 5a) shifts toward a lower poten-
tial, whereas the anodic peak shifts toward a higher potential, in-
dicating a significant increase in polarization. The charge stor-
age mechanism of the cathodes can be evaluated by the relation-
ship between the scanning rate (v) and peak current (i): i = avb,
where b = 0.5 represents a diffusion-controlled electrochemical
process, and b = 1 indicates a capacitive process.[59] As shown in
Figure 5f, the b values corresponding to the anode/cathode peaks
of CaMnO are 0.52 and 0.51, respectively, indicating that ionic dif-
fusion limits the reaction rate. According to Dunn’s method,[60]

the corresponding proportions of two different capacitors can be
evaluated as i = k1v + k2v1/2, where k2 and k1 represent the coeffi-
cients of diffusion and capacitance contribution, respectively. The
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Figure 6. Reaction kinetics of the prepared cathode. a) Discharge/charge curves in the GITT measurement of CaMnO and the corresponding diffusivity
coefficient. b,c) Ion diffusion coefficients of the CaMnO and 𝛿-MnO2 cathodes during the charge and discharge process. d) Nyquist plots of the CaMnO
and 𝛿-MnO2 cathodes after the first and 100th cycles.

capacitive contribution of both cathodes increases with the scan-
ning rate; however, even at a high scanning rate of 0.5 mV s−1,
CaMnO exhibits a capacitive contribution of only 26.5%, which
is slightly lower than that of 𝛿-MnO2 (28.0%). The relatively low
capacitive contribution of both 𝛿-MnO2 and CaMnO indicates
that solid-state diffusion is the kinetic limiting step (Figure 5c,g).
Therefore, the increase in the reversible capacity of CaMnO is
not related to the enhanced surface-controlled capacitive result-
ing from an increased specific surface area. Instead, this is due to
the formation of oxygen vacancies induced by Ca2+ ions, which
provides more electrochemical active sites and improves ion dif-
fusion kinetics. Although the capacitive contribution of CaMnO
is slightly lower than that of the original sample, the electro-
chemical processes of both samples are primarily dominated
by diffusion-controlled processes, making the reaction kinetics
largely limited by ion diffusion ability.[28] CaMnO with large inter-
layer spacing and abundant oxygen vacancies achieves high-rate
performance by enhancing ion diffusion efficiency. The ionic dif-
fusion coefficient (D) was calculated based on the Randles–Sevcik
relationship, which is a linear fit of i and v1/2 (Figure 5d,h). The av-
erage D value of CaMnO (2.86× 10−10 cm2 s−1) is higher than that
of 𝛿-MnO2 (2.15 × 10−10 cm2 s−1), indicating that the increase in
oxygen concentration effectively enhances the Zn-ion diffusion
kinetics. The rapid Zn2+ diffusivity was related to the excellent
rate performance of the CaMnO cathode.

The galvanostatic intermittent titration technique (GITT) and
electrochemical impedance spectroscopy (EIS) analyses were
conducted to further investigate the reaction kinetics of Zn2+ in
the CaMnO/Zn and 𝛿-MnO2/Zn batteries. After two activation
cycles, GITT analysis was performed on the stable CaMnO and

𝛿-MnO2 samples (Figure 6a). The calculation results of the ionic
diffusion efficiency for the two samples are shown in Figure 6b,c.
Both samples showed lower ionic diffusion efficiencies at the end
of the charging/discharging stage, indicating that the complete
insertion and extraction of Zn ions, accompanied by changes in
lattice parameters, led to inferior reaction kinetics.[61] As shown
in Figure 6b,c, the diffusion coefficient of the cathode in the
first stage (≈1.4 V) was higher than that in the second stage
(≈1.1 V), which was related to the insertion reaction of H+ with
a smaller radius in the first discharge platform and the intercala-
tion reaction of Zn2+ with a large radius in the second discharge
platform.[26] However, CaMnO exhibits lower electrochemical po-
larization and higher diffusion coefficient than those of 𝛿-MnO2,
indicating that the introduction of oxygen vacancies leads to ex-
cellent kinetic behavior, which is consistent with the CV results.
The Nyquist plots of the prepared electrodes after the first and
100th cycles are displayed in Figure 6d, where the two semicircles
represent the EIS impedance (RSEI) in the high-frequency range
and the charge transfer impedance (RCt) in the mid-frequency
range, and the sloping line is related to the Warburg impedance
in the low-frequency region. The two samples showed similar
impedance values after the first cycle (Table S3, Supporting In-
formation), but the RCt value of CaMnO only slightly increased
from 158.7 to 237.3 Ω after 100 cycles, whereas the impedance
of 𝛿-MnO2 significantly increased (from 165.2 to 626.8 Ω) after
100 cycles. The lower charge transfer impedance of CaMnO was
matched by its higher ionic transfer efficiency and excellent rate
capability. These high ion diffusion kinetics and low charge trans-
fer impedance are attributed to the introduction of Ca ions as pil-
lars and the increase in the oxygen vacancy concentration, which
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Figure 7. SEM images of (a–c) CaMnO electrode and (d–f) 𝛿-MnO2 electrode after 50 cycles at 300 mA g−1.

provides the possibility of designing cathode materials with ex-
cellent Zn storage performance.

SEM measurements were conducted on the electrodes after
50 cycles at 300 mAh g−1 to further verify the effect of Ca-
ion doping on structural integrity. The cycled CaMnO material
still maintains its original uniformly dispersed nanoflower struc-
ture, as shown in Figure 7a–c. In contrast, the cycled 𝛿-MnO2
electrode exhibits significant aggregation and structural collapse
(Figure 7d–f). The improved structural integrity is related to the
introduction of Ca ions as pillars, which enhances the lattice oxy-
gen stability, hinders interlayer slip, and alleviates the lattice pa-
rameter changes caused by the insertion of Zn ions. In addition,
the improved cycling stability of the cathode material originates
from the strong adhesion provided by the modified binders, as
discussed in our previous paper.[62] As shown in Figure S11 (Sup-
porting Information), the electrode cycled using polyvinylidene
fluoride as a binder exhibits significant agglomeration, microc-
racks, and peeling of the active material, which considerably hin-
ders the electron/ion channels and thus results in poor cyclic sta-
bility. Therefore, this optimization strategy for the crystal struc-
ture and binder enables the development of high-performance
aqueous ZIBs.

Furthermore, the reaction mechanism of the Zn storage pro-
cess was investigated using ex situ XRD. As shown in Figure 8a,b,
the (001), (002), (100), (101), (102), and (103) crystal planes of lay-
ered MnO2 can be observed, and the diffraction peak located at
53.1° was assigned to the Ti substrate. During the first discharge
platform (discharge to 1.38 V), the characteristic diffraction peak
of the (001) and (002) planes of 𝛿-MnO2 and CaMnO slightly
shifted toward higher diffraction angles, but no new phase was
formed, which is related to the adjustment of interlayer spac-
ing by H+ insertion. Further discharge to 1.25 V can detect the
diffraction peak attributed to Zn2Mn4O8·H2O (JCPDS No. 09–
0459), indicating the insertion reaction of Zn2+, which is consis-
tent with previous studies.[63] The diffraction peak attributed to

Zn4SO4(OH)6·5H2O (JCPDS No. 39–0688) appears at discharge
to 1.18 V, and its intensity increases in the deep discharge state,
which is attributed to the further insertion of Zn2+ and the con-
sumption of H+.[63,64] The new diffraction peaks generated van-
ished during the charging process, and the intrinsic peak posi-
tions of the layered MnO2 were also well restored, demonstrat-
ing excellent structural stability. It is important to note that al-
though most of the characteristic peaks of the two structures over-
lap, differences between these two materials can still be identified
through XRD analysis. For instance, Zn2Mn4O8·H2O exhibits a
high-intensity characteristic peak between 29° and 37°, while the
strongest peak of Zn4SO4(OH)6·5H2O is observed ≈11°. Clearly,
the new characteristic peak appeared at 33, 36, and 40° when
discharged to ≈1.25 V, while no strong diffraction peak was de-
tected near 11° (Figure S12, Supporting Information), indicat-
ing that the cathode underwent Zn ion intercalation reaction and
formed Zn2Mn4O8·H2O after the H+ intercalation reaction. With
further discharge, a strong diffraction peak emerged ≈11°, sug-
gesting the formation of Zn4SO4(OH)6·5H2O by-products, con-
sistent with previously reported results.[46] To further demon-
strate the reaction product, the TEM spectrum of CaMnO dis-
charged to 1.25 V was analyzed. As shown in Figure S13 (Sup-
porting Information), numerous crystalline clusters were ob-
served after the insertion reaction. The lattice fringe with dis-
tances of 0.225, 0.247, and 0.302 nm correspond to the (004),
(211), and (112) plane of Zn2Mn4O8·H2O, respectively. EDS map-
ping results reveal a uniform distribution of Mn, Zn, and O el-
ements, with no significant S signal detected, confirming that
the reaction product is Zn2Mn4O8·H2O. In addition, Figure 8a
shows that the (001) plane moved to a higher angle during the
discharge process and recovered during the charging process,
which was related to the electrostatic shielding effect caused by
cation insertion during discharge, leading to interlayer shrink-
age. Compared with 𝛿-MnO2, the (001) peak of CaMnO under-
went a slight increase in peak shift (0.341°) but produced fewer
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Figure 8. Electrochemical behavior of the synthesized cathode materials. Ex situ XRD patterns of (a) CaMnO and (b) 𝛿-MnO2 under different state-of-
charge ranges during the first discharge and second charge/discharge cycles at 300 mA g−1. c) Mn 2p XPS spectra of CaMnO cathodes under different
states of charge, d) and the corresponding average oxidation state of Mn ions. e) Ca 2p XPS spectra of the CaMnO cathode under different states of
charge. f) O 1s XPS spectra of the CaMnO cathode under different states of charge.

Zn4SO4(OH)6·5H2O byproducts, indicating that the introduction
of Ca2+ alleviated the structural degradation and suppressed the
side reactions (Figure 8b). The improved structural stability and
reversibility correspond to the enhanced cyclic stability.

As shown in Figure 8c–f, ex situ XPS measurements were con-
ducted to further analyze the charge storage mechanism in the
electrochemical processes. As shown in Figure S14 (Supporting
Information), characteristic peak signals attributed to the Zn 2p
spectrum at 1022 and 1044 eV were detected during the electro-
chemical process for CaMnO and 𝛿-MnO2, indicating the inter-
calation reaction of Zn ions. During the discharge process, the
insertion of Zn ions and the formation of zinc sulfate hydroxide
hydrate (ZSH) led to a decrease in the intensity of the characteris-
tic peak, whereas the intensity of the characteristic peak gradually
decreased during the charging process (reverse process). How-
ever, the characteristic peaks related to Zn ions were still detected
in the fully charged state, indicating the presence of residual Zn2+

in the lattice. The valence states of Mn under different charge
states were analyzed using ex situ high-resolution Mn 2p spec-
troscopy. As shown in Figure 8c and Figure S15a (Supporting In-
formation), the characteristic peak position of Mn 2p3/2 gradually
shifted toward a lower angle during the discharge process and re-
covered after charging, confirming the reversible Mn3+/4+ redox
reaction caused by Zn-ion insertion. Specifically, the average ox-
idation state of Mn in CaMnO decreases from 3.63 V (original
state) to 3.03 V (fully discharge state), which is higher than the
value of 𝛿-MnO2 (from 3.64 to 3.22 V), corresponding to the high
reversible capacity caused by the improvement of electronic/ionic
conductivity (Figure 8d). In terms of the high-resolution Ca 2p
spectra (Figure 8e), a characteristic peak attributed to Ca was ob-
served in CaMnO, and the intensity of this characteristic peak
decreased when discharged to 1.18 V and gradually increased af-

ter charging to 1.54 V, indicating binding between Ca2+ and the
inserted H+/Zn2+ ions. In addition, in the discharged state, the
O 2p spectrum shows a characteristic peak belonging to ZSH
at 531.8 eV, which is consistent with the ex situ XRD results,
proving the intercalation of hydrated Zn ions (Figure 8f).[65,66]

With further discharge to 1.18 V, the diffraction peak attributed to
the newly formed product (Zn4SO4(OH)6·5H2O) with more crys-
talline water appeared at 532.9 eV and disappeared when charged
to 1.54 V. This result is consistent with the ex situ XRD analy-
sis, demonstrating the high reaction reversibility of CaMnO. On
the contrary, crystal water signals can still be detected in fully
charged 𝛿-MnO2, indicating the formation of byproducts con-
taining crystal water and irreversible electrochemical behavior
(Figure S15b, Supporting Information). Thus, the introduction
of dual-functional Ca ions can effectively enhance the structural
stability and reversibility of layered cathodes, which plays a cru-
cial role in improving Zn storage performance.

3. Conclusion

A nanoflower-like CaMnO cathode for aqueous ZIBs was synthe-
sized through a simple, one-step hydrothermal reaction. Intro-
ducing Ca ions into layered 𝛿-MnO2 not only enhances structural
stability through a pillar effect but also accelerates Zn-ion diffu-
sion efficiency by expanding the interlayer spacing and introduc-
ing oxygen vacancies. Therefore, the optimized cathode exhib-
ited a high reversible capacity and cycling stability, maintaining
a reversible capacity of 260 mAh g−1 after 100 cycles at 300 mA
g−1 (capacity retention rate of 99%) and achieving a high capac-
ity retention of 80% after 1000 cycles at a high current density of
1500 mA g−1, which is superior to the values reported in the lit-
erature. This modification strategy can be easily applied to other
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layered Mn-based materials, providing a new perspective for the
development of high-performance cathode materials for aqueous
ZIBs.

4. Experimental Section
Synthesis of Ca Doped 𝛿-MnO2 (CaMnO) Cathode: CaMnO was syn-

thesized via a simple hydrothermal reaction. First, CaCl2 and MnSO4 were
dissolved in deionized water at a molar ratio of 1:1, and KMnO4 was added
at a molar ratio of 6 and stirred for 40 min to obtain a mixed solution.
Subsequently, the above solution was transferred to a 50 mL reactor and
heated at 160 °C for 12 h. Finally, the solution was centrifuged, washed
three times with deionized water, and dried at 60 °C in a vacuum to ob-
tain the final product. For comparison, pure 𝛿-MnO2 was also prepared
through the same process without adding CaCl2. For comparison, the con-
centration of Ca doping can be adjusted by varying the ratio of CaCl2 to
MnSO4 in the solution. The modified samples with CaCl2 and MnSO4 ra-
tios of 0.25:1, 0.5:1, 1:1 (experimental group), 2:1, and 4:1 were labeled as
CaMnO (0.25:1), CaMnO (0.5:1), CaMnO (1:1), CaMnO (2:1), and CaMnO
(4:1), respectively.

Material Characterization: The crystal structure of the samples was
measured using XRD (Rigaku Ultima IV with Cu K𝛼 radiation) at a sweep
speed of 2° min−1 and an angular range of 5°–90°. The morphology of the
resulting samples was examined using field-emission scanning electron
microscopy (SEM, ZEISS Gemini 300) and high-resolution transmission
electron microscopy (HR-TEM, JEOL-2100F). Elemental analysis was per-
formed using XPS (Axis Ultra DLD). Raman spectra were obtained using
a Horiba Xplore Raman spectrometer. Desorption tests were conducted
using a Micromeritics ASAP 2460 instrument (USA). The precise chemi-
cal formula of CaMnO was determined using inductively coupled plasma-
optical emission spectroscopy (ICP-OES) (ICAP7400, Thermo Fisher
Scientific).

Electrochemical Measurement: An alginate hydrogel binder (Ca-SA)
was prepared using previously reported preparation methods.[62] The elec-
trodes used for electrochemical testing were prepared using traditional
casting methods. Typically, CaMnO, carbon black, and alginate hydrogel
binder with a weight ratio of 7:2:1 were mixed in deionized water to form
a homogeneous slurry, followed by coating on a titanium foil and drying
in a vacuum oven at 80 °C for 24 h. Zn foil was used as the anode, a 3 m
Zn(CF3SO3)2 aqueous solution as the electrolyte, and glass fiber as the
separator. The anode used in the full cell was pre-zincified activated car-
bon cloth (ACC), rather than Zn foil. First, ACC and Zn foil were assembled
into a half-cell. Zn was then electrodeposited onto the ACC to a capac-
ity ≈1.5 times that of the cathode. Finally, the battery was disassembled
to obtain the pre-zincified ACC anode.[67] Electrochemical measurements
were performed using 2032-type coin cells at room temperature. Galvano-
static charge–discharge tests were conducted on a NEWARE auto-cycler in
a voltage range of 0.4–1.9 V. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were performed on a CHI
760E electrochemical station. EIS was performed at an open-circuit voltage
with an amplitude of 5 mV and a frequency range of 0.01–1 MHz. The Zn
ion diffusion coefficient and reaction kinetics of the cathode material were
evaluated using CV and GITT. The GITT measurement was conducted by
successively applying a current pulse of 90 mA g−1 for 600 s (𝜏), followed
by a 2 h relaxation period to allow the voltage to reach equilibrium. The
Zn2+ diffusion coefficient (D) is assumed to follow Fick’s second law of
diffusion. The diffusion coefficient in the single-phase regions can be cal-
culated using the following equation:[46,61]

D = 4
𝜋𝜏

(
mBVM

MBS

)2( ΔES

ΔE(𝜏)

)2

(1)

where mB, VM, MB, S, and 𝜏 represent the mass of the active material, the
molar volume, the molecular weight of the electrode material, the active
surface area, and the duration of the applied current, respectively. ΔES and
ΔE𝜏 correspond to the differences between the steady-state voltages and

the total transient voltage differences at time 𝜏, which can be calculated
from the GITT curve using the method outlined in the current step.
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