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A B S T R A C T

Manganese dioxide (MnO2) stands out as a prospective cathode material for calcium ion batteries (CIBs) owing to 
its elevated theoretical capacity and high operating voltage. Nevertheless, MnO2 with Jahn-Teller (J-T) twisted 
MnO6 octahedra experiences severe Mn dissolution during cycling, leading to the destabilization of the transition 
metal layer and resulting in poor cycling performance. In this work, Mo-substitution is purposely proposed to 
suppress the J-T effect in MnO2 for CIBs. The local charge of Mn is regulated by Mo doping, which enhances the 
electrical conductivity of MnO2 and suppresses the J-T distortion of the MnO6 octahedron. Meanwhile, density- 
functional theory (DFT) calculations manifest that Mo doping enhances the structural integrity of MnO2, making 
it difficult for Mn to escape from the MnO6 structure and inhibiting the dissolution of Mn. Accordingly, Mo-MnO2 
demonstrates impressive rate capability (112 mAh g− 1 at 1 A g− 1) and excellent cycling stability, maintaining 
approximately 93.9 % capacity after 900 cycles at 1 A g− 1. As a result, the introduction of heteroatoms through 
doping offers a novel design approach for the advancement of cathode materials for advanced CIBs.

1. Introduction

With the ever-rising demand for clean energy globally, renewable 
energy generation and storage technologies have become a hot topic of 
research and development [1–3]. In recent times, calcium ion batteries 
(CIBs) have garnered extensive interest owing to their cost-effectiveness, 
enhanced safety features, and the lower standard electrode potential of 
Ca (-2.87 V vs SHE) [4–6]. Additionally, the potentially high energy 
density of CIBs allows them a promising options for the next-generation 
battery technologies [7]. However, CIBs are still in the nascent phases of 
development and face several technical challenges, such as the slow ions 
migration kinetics during the reviserabile (de)insertion processes due to 
the larger radius of Ca ions [8]. Therefore, exploring high-performance 
cathode materials for CIBs has become a key focus of current research in 
new battery technologies.

In recent years, manganese dioxide (MnO2) has garnered consider
able interest owing to its benefits, including cost-effectiveness, adjust
able valence, varied tunnel structure, substan-tial theoretical capacity 
(308 mAh g− 1) and high working voltage [9,10]. However, the overall 
performance is far from satisfactory in terms of Ca storage due to its 
inherent low electronic conductivity and structural instability (Jahn-
Teller (J-T) aberration of Mn3+ cations) [11]. In addition, the large 
radius of Ca ions and the robust electrostatic interaction between Ca ions 
and Mn-oxygen layer result in the slow diffusion kinetics [12] (Fig. 1a). 
In order to solve this series of problems, ions with large radius have been 
introduced into the interlayer of MnO2 aiming to improve the ion 
diffusion kinetics by expanding the layer spacing [13–17]. However, 
during the cycling process, the pre-intercalated ions/molecules are 
inevitably extracted from the interlayers into the electrolyte and there is 
insufficient inhibition of MnO6 structure distortion. Ion doping is 
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recognized as one of the effective ways to alleviate the J-T effect [18,
19]. The ion doping can modulate the electronic structure [20], enhance 
local electric fields [21–23], and balance charge distribution [24,25], 
thereby improving the ions/electron migration rate and structural sta
bility of the cathode material. In recent years, Mo doping has been 
extensively studied in various battery systems. For example, Mo doping 
in LiFePO4 has been shown to improve electrical conductivity and 
enhance cycling stability of lithium-ion batteries [26]. In zinc-ion bat
teries, pre-intercalation of Mo dopants as interlayer pillars not only 
expands the interlayer spacing but also reinforces the layered structure 
of δ-MnO2 [27]. Nevertheless, there is little research work of done in 
doping MnO2 as a cathode material for CIBs. Building on this, the pre
sent study investigates the effects of Mo doping on MnO2 cathode ma
terials, with a particular focus on its impact on capacity, rate 
performance, and overall electrochemical stability. Additionally, this 
study aims to further elucidate the role of Mo doping in these 
enhancements.

In the present work, Mo-doped manganese dioxide (MMO) was 
synthesized for the first time to regulate the CIBs. Mo was chosen as a 
dopant because of its abundant stabilizing valence states, which can 
regulate the local charge of Mn and stabilize the structural stability of 
MnO2. In addition, the atomic radius of Mo is very close to that of the 
Mn, therefore it is expected to enter the MnO2 crystals lattices [23]. 
Indeed, the characterization techniques indicate that the Mo is suc
cessfully introduced into the MnO2 lattice and occupies the Mn posi
tions, triggering a redistribution of local charges around in Mn. 
Furthermore, The characterization results from X-ray absorption fine 
structure (XAFS) and electron paramagnetic resonance (EPR) spectros
copy analysis, along with density functional theory (DFT) analysis, 
indicating that Mo doping enhances the local charge of Mn, reduces the 
band gap, thereby improving the intrinsic conductivity and activity of 
MnO2. In addition, Mo-substituted doping can change the local structure 

and charge compensation mechanism of Mn, alleviate the Mn-O bond 
distortion, and improve the structural stability, leading to significant 
improvement in the long-cycle stability of MnO2 (Fig. 1b). Currently, the 
main cathode materials for CIBs include NASICON-type, man
ganese-based, and vanadium-based materials. Manganese dioxide 
stands out as one of the most promising options for energy storage 
systems due to its non-polluting nature, high voltage and capacity, low 
cost, and abundant availability (Fig. 1c and Table S1) [12,28–37]. 
Benefiting from the raised electrical conductivity, the as-prepared 
Mo-MnO2 (MMO) demonstrates a notable capacity of 142 mAh g− 1 at 
0.1 A g− 1 and a significant long-term cycling stability. Both in-situ X-ray 
diffraction (XRD) and time-of-flight secondary-ion mass spectrometry 
(TOF-SIMS) demonstrate a reversible (de)intercalation mechanism of Ca 
ions in the MMO electrode.

2. Results and discussion

The MMO materials were synthesized via an one-step hydrothermal 
approach. Scanning electron microscopy (SEM) image (Fig. 2a) displays 
that MMO-40 has a flower-like morphology consisting of uniform 
nanosheets folding onto each other, where the average size of nano
sheets is about 50–100 nm. Besides, the SEM images of pristine MnO2 
and MMO-20, 40, 60, 80 (Figure S1a–e) display that Mo doping did not 
change the flower-like morphology. The high-resolution transmission 
electron microscopy (HRTEM) images in Fig. 2b and S2 indicate that a 
subtle enlargement in the interlayer spacing from 0.70 nm to 0.72 nm 
after Mo doping. This implies that the substitutional doping of Mo leads 
to a minor expansion of the manganese oxide layers. The TEM images, 
along with the corresponding energy dispersive spectroscopy (EDS) 
mapping, illustrating the uniform distribution of Mn, O, and Mo ele
ments within the MMO-40 sample (Fig. 2c). The local structure of MMO- 
40 was further probed by X-ray scattering. Fourier transform and Lorch 

Fig. 1. Schematic illustration of the Mo-doped strategy. (a) The pristine MnO2 suffers from severe dissolution of Mn2+ due to the disproportionation reaction of Mn3+

and the strong electrostatic interaction between Ca2+ ions and host material results in slow diffusion dynamics. (b) Mo-doped design effectively promotes ion 
diffusion and suppresses the J-T effect. (c) The ragone plots of average output voltage versus specific capacity for MMO-40 and some state-of-the-art cathode ma
terials for CIBs.
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modification were applied to the faber-ziman total structure factor S(Q) 
to obtain the PDF, G(r), providing information on the distance between 
atomic pairs [38]. The G(r) plot of MMO-40 is similar to that of MnO2 
(Fig. 2d), suggesting that the crystal structure change of MnO2 is slight 
after the introduction of Mo. Besides, the peak of Mn–O bonds shifts to 
lower pair distances after Mo doping, which can be attributed to lattice 
parameter contraction due to the partial reduction of Mn [39]. The peak 
at 2.89 Å corresponding to the Mn-Mn bond exhibits lower intensity 
after Mo doping, confirming that the partial substitution of Mn atoms by 
Mo atoms leads to the reduction of the Mn–Mn bond [40]. To investi
gate the influence of the Mo doping amount in the MnO2 structure, the 
quantity of ammonium molybdate was varied within the range of 20 mg 
to 80 mg (MMO-20, 40, 60, 80). In the XRD patterns of the pristine MnO2 
and MMO-20, 40, 60, 80 samples (Fig. 2e), all characteristic peaks 
correspond well to those of birnessite (δ-MnO2) (JCPDS No. 80-1098) 
[41]. As the doping amount of Mo increases, the diffraction peak of 
the (001) plane gradually weakens and shifts towards lower angle, 
indicating that the interlayer spacing is expanded by the Mo doping. 

Notably, excessive Mo doping leads to an amorphous structure [42]. In 
addition, The XRD pattern of MMO reveals no signs of impurities, 
indicating that Mo ions have entered into the MnO2 crystal lattice. To 
explore the Mo distribution in the MMO-40 sample, X-ray photoelectron 
spectroscopy (XPS) etching experiments were conducted (Fig. 2f). The 
intensity of Mo increases with etching time, which indicates that Mo is 
distributed inside the particles rather than being enriched on the particle 
surface [43]. Additionally, the fitting of Mo 3d XPS spectrum indicates 
that the valence state of Mo in MMO-40 is +6 (Figure S3). In the fourier 
transform infrared spectrometer (FTIR) spectra of MnO2 and MMO-40 
(Fig. 2g), the peak at 529 cm− 1 corresponds to the Mn-O vibration of 
MnO6 octahedra. The considerable blue shift of this peak indicates that 
Mo doping enhances the strength of the Mn-O bond [44], thereby 
improving the stability of the manganese oxide layer [45,46]. The 
MMO-40 exhibits a new characteristic peak at 933 cm− 1, attributed to 
the formation of Mo-O bond resulting from the substitution of Mo for Mn 
[47]. In the Raman spectrum of MMO-40, the Mn-O bond peak shifts 
toward lower angles and exhibits reduced intensity, which is due to the 

Fig. 2. (a) SEM image of MMO-40. (b) HRTEM image of MMO-40. (c) TEM-EDS mapping of MMO-40. (d) PDF analysis of the MnO2 and MMO-40. (e) XRD patterns of 
pristine MnO2 and MMO-20, 40, 60, 80. (f) Mo 3d XPS results at 0, 30 and 60s. (g) FTIR spectra of pristine MnO2 and MMO-20, 40, 60, 80. (h) Mn 2p XPS results at 0, 
30 and 60s. (i) Schematic synthesis of the MMO-40.
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sturctural disordering arising from Mo doping (Figure S4) [48,49]. The 
electronic structure of MMO-40 was analyzed using XPS (Fig. 2h). The 
binding energy of Mn 2p3/2 and Mn 2p1/2 in MMO-40 are negatively 
shifted by about 0.6 eV compared to pristine MnO2, which demonstrate 
that the eletrons migrated from the Mo dopant to MnO2 [48,50]. To 
further determine the position of Mo in the crystal structure, the DFT 
calculations were conducted to investigate two possible structural 
models, including Mo at Mn site and interlayered site (Figure S5). In the 
case of perfect crystal MnO2, the Mo preferentially occupied interlayer 
site with a formation energy ΔE of − 1.97 eV, which is significantly lower 
than that of Mo occupied Mn site (0.071 eV). In the presence of man
ganese vacancy, the Mo preferentially occupied Mn vacancy with a 
formation energy ΔE of − 6.97 eV, significantly lower than that of 
occupied interlayer site (− 3.351 eV). There are a considerable number 
of Mn vacancies in δ-MnO2 synthesized under acidic conditions [51,52]. 
Therefore, the above results indcate that the Mo has been introduced to 
replace the Mn site. According to the pair distribution function (PDF) 
test, slight alterations were observed in the bond lengths of the Mn-O 
bonds and the layer spacing of the Mn-O layers after Mo doping, as 
depicted in Fig. 2i. Finally, the chemical formula of MMO-40 and MnO2 
were determined as K0.3(Mo0.04Mn0.96)O2⋅0.25H2O and 
K0.32MnO2⋅0.23H2O, respectively, based on thermogravimetric analysis 

(TGA) and inductively coupled plasma (ICP) (Figure S6 and Table S2).
To examine the Ca ions storage performance of the synthesized 

materials, we fabricated swagelock-type batteries (as illustrated in 
Figure S7a) and CR2016 coin cells for electrochemical assessments. In 
the swagelock-type battery, MMO-40 served as the working electrode, 
while activated carbon cloth (AC) served as the counter electrode, with 
Ag/AgCl reference electrode and Ca(TFSI)2 dissolved in acetonitrile as 
electrolyte (Figure S7b). The cyclic voltammetry (CV) measurement is 
conducted with a scan rate of 0.2 mV s− 1 (Figure S8). In the initial scan, 
a pair of cathodic/anodic peak appeared at around 3.44 V and 2.11 V (vs 
Ca2+/ Ca). The CV curve show a symmetric intercalation and dein
tercalation of Ca ions. In addition, to facilitate the test of the electro
chemical performance of the MMO-40 cothade material, the CR2016 
cion cells were conducted. As depicted in Fig. 3a, the CV curve of MMO- 
40 shows a pair of reversible reduction peaks (at 3.44 V and 2.12 V) 
corresponding to the reversible insertion/extraction of Ca ions. This 
consistency in redox reaction potentials is observed across various sys
tems. The CV curves of MMO-40 and MnO2 electrodes are similar, 
indicating that these two samples undergo the similar oxidation/ 
reduction process. It is noteworthy that the peak current of the MMO-40 
electrode is higher than that of the MnO2 electrode, confirming the 
enhancement of electrochemical activity and electrode reaction kinetics 

Fig. 3. (a) CV curves of MnO2 and MMO-40. (b) Corresponding GCD profiles of MnO2 and MMO-40 at 0.1 A g− 1. (c,d) Cycling performance and rate performance of 
MnO2 and MMO-20, 40, 60, 80. (e) Cycling performance of MnO2 and MMO-20, 40, 60, 80 at 1.0 A g− 1. (f) CV curves at various scan rate from 0.2 to 1.0 mV s− 1. (g) 
The contribution ratios of the capacitive capacities in MMO-40 electrode. (h) Discharge-charge GITT profiles and the corresponding Ca ions diffusion coefficient of 
MMO-40 cathode.

C. Zuo et al.                                                                                                                                                                                                                                      Energy Storage Materials 72 (2024) 103763 

4 



after Mo doping. The CV curves of MMO-40 exhibit good overlap in the 
first three cycles, indicating the good reversibility of electrochemical 
reaction (Figure S9). Furthermore, the galvanostatic charge-discharge 
(GCD) curves (Fig. 3b) indicate that MMO-40 exhibits a lower polari
zation potential and higher specific capacity compared to those of 
MnO2. The rate performance and the cycling stability were investigated 
for MnO2 and MMO-20, 40, 60, 80 (Fig. 3c and d). The specific capacity 
of MMO-40 retains 140, 124, 117,115, 114 and 112 mAh g− 1 at the 
current densities of 0.1, 0.2, 0.3, 0.4, 0.5, and 1 A g− 1, respectively. 
Evidently, MMO-40 demonstrates superior performance in terms of both 

specific capacity and capacity retention, achieving an outstanding ca
pacity retention of 96 % (135 mAh g− 1) at 0.1 A g− 1. Additionally, the 
GCD curves show little change in the polarization of MMO-40 with 
increasing current density (Figure S10). Under the condition of 1 A g− 1, 
MMO-40 shows the most robust long-term cycling performance, main
taining a capacity retention rate of 93.9 % after 900 cycles (Fig. 3e). The 
excellent cycle stability (Figure S11) of MMO-40 cathode is superior to 
that of previously reported other CIBs cathode materials (Table S3). To 
illustrate the significant potential of MMO-40, a Ca-metal cell was 
assembled with MMO-40 as the cathode, Ca(TFSI)2/N,N- 

Fig. 4. (a) Normalized Mn K-edge XANES spectra of the Mn foil, MnO2 and MMO-40. (b) Wavelet transform (WT) contour plots of Mn foil (left), MnO2 (middle) and 
MMO-40 (right). (c) The radial distribution functions (RDFs) obtained from the k2χ(k) by Fourier transform (FT). (d) Photon energy vs. (αhv)2 curves of MnO2 and 
MMO-40 (inset: UV–vis diffuse reflectance spectra). (e) EPR spectra of MnO2 and MMO-40. (f) Four points resistance of MnO2 and MMO-40. (g) Density of states for 
MnO2 and MMO-40. (h) Contour charge maps of MnO2 and MMO-40 slabs. red and cyan regions represent the electron depletion and accumulation, respectively. (i) 
Ca ions migration behaviors along the a, b-axis in MMO-40.
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dimethylcyclohexylamine as the electrolyte, and Ca metal as the anode. 
The initial discharge capacity of MMO-40 at 30 mA g− 1 is 108 mAh g− 1 

(Figure S14). However, the discharge capacity of MMO-40 had decayed 
rapidly (Figure S15), which could well be due to the irreversible 
deposition/dissolution of Ca metal surface [31]. The electrochemical 
kinetics of MMO-40 were analyzed. Utilizing the multi-scan rate CV 
curves (Fig. 3f), the capacitive capacity contributions of MMO-40 were 
determined at various current densities (Fig. 3g). The capacitive ca
pacity contribution of MMO is 72 % at the sweep rate of 0.6 mV s− 1, 
confirming that capacitive processes largely dominate the electro
chemical behavior of the MMO-40 electrode (Figure S16). The high 
capacitive contribution of MMO-40 is responsible for its remarkable rate 
performance. Meanwhile, the galvanostatic intermittent titration tech
nique (GITT) tests were performed on MM0-40 and MnO2 to evaluate 
the Ca ions diffusion kinetics. The calculation of diffusion coefficients 
was derived from the GITT curves, as outlined depicted in Figure S17. 
The determined diffusion coefficients for Ca ions within the MMO-40 
electrode during discharge/charge process are 2.87 × 10− 10 ~ 1.30 ×
10− 11 and 3.61 × 10− 10 ~ 2.22 × 10− 12 cm2 s− 1 (Fig. 3h) respectively. 
These values surpass those of pristine MnO2 (3.50 × 10− 10 ~ 8.57 ×
10− 14 and 2.54 × 10− 10 ~ 7.31 × 10− 12 cm2 s− 1) (Figure S18). In 
addition, the resistance of MMO-40 and MnO2 was measured by elec
trochemical impedence spectroscopy (EIS) (Figure S19). The charge 
transfer resistance in the MMO-40 electrode is reduced compared to 
pristine MnO2, indicating enhanced interfacial charge transfer kinetics.

Further characterizations were conducted to investigate the changes 
in the local structure and electronic structure of Mn after Mo doping. In 
the XANES spectra (Fig. 4a), a weak edge front peak is present in both 
MnO2 and MMO-40 compared to standard Mn, which is due to the 
transition of 1s electron to unoccupied 3d orbitals [53]. In order to 
further determine the local coordination environment of Mn atoms in 
MMO-40 and MnO2, the wavelet transform (WT) technique was per
formed on their k-space. As shown in Fig. 4b, the bonding strength of 
Mn-Mn in MnO2 is higher than that of MMO-40. This indicates that no 
significant structural changes have occurred, and that structural stabil
ity has been preserved. In addition, the K-edge absorption of MMO-40 is 
shifted to lower energies, indicating a decreased oxidation state of Mn in 
MMO-40 [54]. The Mn K-edge extended X-ray absorption fine structure 
(EXAFS) spectrum of MMO-40 exhibits a coordination structure similar 
to that of MnO2 (Fig. 4c), indicating that Mo doping does not change its 
phase. In addition, the relative intensity of the peaks in MMO-40 is lower 
than that of MnO2, indicating a decrease in the coordination number 
and/or an increase in the degree of disorder [53]. The UV-visible 
spectroscopy further reveals the impact of Mo doping in MnO2. The 
MMO-40 exhibits stronger absorption in the wavelength range of 
400–800 nm compared to pristine MnO2 (Fig. 4d). Furthermore, the 
bandgap is reduced from 1.61 eV to 1.53 eV, indicating that Mo doping 
effectively enhances the intrinsic conductivity. In addition, the response 
of unpaired electrons in EPR spectrum is enhanced after Mo doping, 
confirming the increase in MMO-40 (Fig. 4e). The four-point probe ex
periments (Fig. 4f) indicate that the electron conductivity of the 
MMO-40 electrode is 4.45 S⋅cm− 1, which is significantly higher than 
that of MnO2 (2.19 S⋅cm− 1). The electronic structure of MnO2 and 
MMO-40 is further studied by DFT calculations. The density of states 
(DOS) calculated provides valid evidence for the increase in conduc
tivity (Fig. 4g). The pristine MnO2 exhibits a distinct band gap near the 
Fermi level, indicating that the pristine MnO2 is a semiconductor with 
low conductivity. In contrast, due to Mo doping, a defect energy level 
appears at the conduction band minimum (CBM) of MMO-40, reducing 
the band gap and enhancing the conductivity [55].

Further, the charge density distribution of MnO2 and MMO-40 
(Fig. 4h) were analyzed using contour charge maps, in which the red 
and cyan regions represent electron depletion and accumulation, 
respectively. Compared to the Mn atoms, the red region around the Mo 
atoms is significantly enhanced, indicating the generation of a large 
number electron holes around the Mo atom. Additionally, the 

accumulation of electrons in the cyan region (indicated by yellow ar
rows in Fig. 4h) is a result of electronic redistribution after Mo doping, 
which further demonstrates that Mo doping enhances the charge around 
Mn. In addition, the Ca ions migration pathways and energy barriers of 
MnO2 and MMO-40 were investigated. Figure S20-21 illustrates the 
possible migration pathways of Ca ions. The calculated diffusion energy 
barriers for Ca ions in MMO-40 are 2.5 and 0.59 eV, respectively 
(Fig. 4i), whereas those for MnO2 are 2.61 and 0.87 eV (Figure S22), 
suggesting the faster reaction kinetics of Ca ions in MMO-40. The above 
results demonstrate the improved electronic conductivity of the MnO2, 
which shall be responsible for the improved Ca ions storage 
performance.

To further investigate the factors contributing to the excellent 
cycling performance of MMO-40, the Mn content and the material 
structure before and after cycling were analyzed. First, the change of the 
electrolyte after cycling was observed in a three-electrode system with 
MnO2 or MMO-40 as the working electrode, Ag+/AgCl as reference 
electrode and AC as the counter electrode. For MnO2 as working elec
trode (Fig. 5a), the electrolyte undergoes a noticeable color change after 
100 cycles, indicating the dissolution of Mn [12,56]. In contrast, the 
electrolyte for MMO-40 as working electrode remains colorless and 
transparent after cycling, indicating that the doping of Mo inhibits the 
dissolution of Mn. Moreover, the glass fiber separator in the MnO2//AC 
cell exhibits a dark yellow coloration after 500 cycles, while the color 
change of the separator in the MMO-40//AC battery after cycling is 
relatively slighter (Fig. 5b). Moreover, the ICP-OES tests indicate that 
the Mn content of the separator in the MMO-40//AC cell is significantly 
lower after cycling compared to that in the MnO2 //AC cell (Fig. 5c). To 
reveal the effect of J-T distortion on MnO2, the Mn10-O bond lengths of 
MnO2 and MMO-40 structures after insertion of Ca ions were compared 
by DFT calculation (Fig. 5d,e and Table S4). For MnO2, the bond length 
elongation is maximized at the Mn10 site. On the contrary, the bond 
length variation of MnO2 is small, improves the structural stability of 
MnO2. In addition, DFT calculations were applied to evaluate the energy 
barriers (E) of removing Mn atom from MnO2 and MMO-40 (Fig. 5g). An 
energy of 7.04 eV is required for Mn atom around Mo atom to detach 
from MMO-40, which is much higher than that of MnO2 (4.86 eV). 
Overall, the introduction of Mo atoms effectively mitigates the J-T effect 
the lattice distortion, as well as inhibits the dissolution of Mn to enhance 
the structural stability. Furthermore, the PDF test indicate that the Mn-O 
bond of MMO-40 at discharged state is shorter than that of MnO2 at 
discharged state (Fig. 5f), demonstrating the lattice distortion due to the 
J–T effect is reduced after Mo doping.

To understand the energy storage mechanism of MMO-40, both in- 
situ XRD and ex-situ characterization were conducted to elucidate al
terations in chemical composition and crystal structure during the (de) 
intercalation process of Ca ions. Fig. 6a shows the diffraction peaks at 
25.8◦ and 36.5◦ gradually decrease in intensity during the discharge 
process, suggesting that MMO-40 becomes partially disordered during 
the intercalation of Ca ions. In contrast, These diffraction peaks 
exhibited reversible recovery and gradual enhancement upon the 
extraction of Ca ions. The peak at 36.5◦ shifted slightly to a lower angle 
after discharge in the ex-situ XRD patterns, indicating the lattice 
expansion due to the insertion of Ca ions (Fig. 6b). Conversely, the peak 
returned to the initial position after charging, indicating lattice 
contraction due to the extraction of Ca ions. These findings indicate that 
the Ca ion storage mechanism of MMO-40 involves a reversible ordered- 
disordered transition. The STEM-EDS mapping images (Fig. 6c) of the 
discharged MMO-40 exhibit distinct profiles of Mn, O, Mo and Ca 
element, demonstrating the insertion of Ca ions. For MMO-40 at the 
charged state, the signal of Ca becomes weaker, indicating the extraction 
of Ca ions. The HRTEM images (Fig. 6d, e) reveal the emergence of a 
partially disordered structure in the discharged, while the layers are 
smooth after the charging process. This result suggests a transition from 
ordered to disordered insertion/extraction mechanism of Ca ions for 
MMO-40. The XPS was utilized to investigate the valence changes of Mn 
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during the insertion/extraction process of Ca ions. In the Mn 2p XPS 
spectra (Fig. 6f), the peaks at 640.4, 641.6 and 642.6 eV are associated 
with Mn2+, Mn3+ and Mn4+, respectively. In the discharge state, the area 
of the Mn3+ peak increased, indicating that the insertion of Ca ions 
caused the reduction of Mn4+ to Mn3+. In the charge state, the recovery 
of Mn3+ peak area indicates that the change of Mn valence state is 
reversible during the charging/discharging process. In addition, the Ca 
2p signal is observed in the discharged state and notably diminished in 
the charged state (Fig. 6g). Furthermore, the Ca content of MMO-40 at 
different states was determined by ICP tests (Table S5).

For MMO-40 at pristine, discharged, charged, and 2nd discharged 
states, the atomic ratios of Ca to Mn are 0.02:1.00, 0.10:1.00, 0.03:1.00, 
and 0.11:1.00, respectively. These results indicate the reversible inser
tion/extraction of Ca ions in MMO-40. In addition, TOF-SIMS results 
show that the Ca ions are inserted within the electrode of the material 
rather than attached to the surface (Fig. 6h, i). In the pristine state, the 
elements Mn and O were shown to uniformly distribute within the 
MMO-40 electrode, however, no obvious Ca signal is detected. In the 
fully discharged state, the elements Mn, O and Ca were uniformly 
distributed within the MMO-40 electrode, demonstrating the intercala
tion of Ca ions.

3. Conclusions

In summary, Mo substitutionally doped MnO2 was successfully syn
thesized and assessed as cathode materials for CIBs. The doping of Mo 
optimizes the electronic structure and enhances the electrical conduc
tivity of MnO2. Meanwhile, Mo doping reduces the J-T distortion and 

suppresses the dissolution of Mn. The kinetic analysis and DFT results 
indicate that Mo doping enhances ion transport kinetics and mitigates 
the dissolution of Mn. Consequently, MMO-40 demonstrates remarkable 
rate performance (112 mAh g− 1 at 1 A g− 1) and robust long cycle sta
bility (~93.9 % capacity retention after 900 cycles at 1 A g− 1). Impor
tantly, the capacity and voltage of MMO-40 are also superior to most 
reported cathode materials of the CIBs. This work presents a high- 
performance cathode materials for CIBs and provides a new insight for 
the development of manganese-based cathode materials.
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Fig. 5. Digital images of electrolyte: (a) Pristine (left) and (b) after 100 cycles. (b) Digital images of glass fiber separators: pristine state (left), after 500 cycles in AC// 
MMO-40 coin cell (middle) and after 500 cycles in AC//MnO2 coin cell (right). (c) The ICP result of the glass fiber separator under different cycle number. (d,e) The 
variation of Mn-O bond length at discharged state for MnO2 and MMO-40. (f) The PDF spectra in the first cycle (pristine, first charge to -1.5 V). (g) Energy barrier of 
manganese vacancy formation from the structure of MnO2 and MMO-40.
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