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Doping Regulation Stabilizing 𝜹-MnO2 Cathode for
High-Performance Aqueous Aluminium-ion Batteries

Shuimei Chen, Yueqi Kong,* Cheng Tang, Nashaat Ahmed Gadelhak,
Ashok Kumar Nanjundan,* Aijun Du, Chengzhong Yu,* and Xiaodan Huang*

𝜹-MnO2 is a promising cathode material for aqueous aluminium-ion batteries
(AAIBs) for its layered crystalline structure with large interlayer spacing.
However, the excellent Al ion storage performance of 𝜹-MnO2 cathode
remains elusive due to the frustrating structural collapse during the
intercalation of high ionic potential Al ion species. Here, it is discovered that
introducing heterogeneous metal dopants with high bond dissociation energy
when bonded to oxygen can significantly reinforce the structural stability of
𝜹-MnO2 frameworks. This reinforcement translates to stable cycling
properties and high specific capacity in AAIBs. Vanadium-doped 𝜹-MnO2

(V-𝜹-MnO2) can deliver a high specific capacity of 518 mAh g−1 at 200 mA g−1

with remarkable cycling stability for 400 cycles and improved rate capabilities
(468, 339, and 285 mAh g−1 at 0.5, 1, and 2 A g−1, respectively), outperforming
other doped 𝜹-MnO2 materials and the reported AAIB cathodes. Theoretical
and experimental studies indicate that V doping can substantially improve the
cohesive energy of 𝜹-MnO2 lattices, enhance their interaction with Al ion
species, and increase electrical conductivity, collectively contributing to high
ion storage performance. These findings provide inspiration for the
development of high-performance cathodes for battery applications.

1. Introduction

Manganese dioxides (MnO2) possess favorable characteristics as
cathode materials in rechargeable batteries due to their high re-
dox potential and the ability to undergo two-electron transfer in
Mn4+/Mn2+ reactions, resulting in high specific capacity (the-
oretically 616 mAh g−1) and high energy density.[1–3] Among
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various MnO2 polymorphs, 𝛿-MnO2,
with its layered crystalline structure and
large interlayer spaces of ≈0.7 nm, is
particularly well-suited for efficient ion
storage and transport in aqueous multi-
valent metal-ion batteries, where metal
cations are usually solvated and have
large sizes.[4–6] However, as a typical 3d
transition metal oxide, MnO2 cathodes at
discharge steps usually experience Mn3+

valence transition and undergo Jahn-Teller
distortion, leading to violent structural
instability and disproportion reactions
that release Mn ions into electrolytes and
cause battery performance degradation.[7–9]

This issue would become more se-
vere when MnO2-based cathodes encounter
multivalent charge carriers in many post-
lithium-ion battery technologies. For in-
stance, 𝛿-MnO2-based materials have been
recently studied as promising cathodes for
aqueous aluminium-ion batteries (AAIBs),
which demonstrated high initial capaci-
ties of over 550 mAh g−1 but experienced
fast capacity fading and short cycling life

(<100 cycles).[10] The theoretical study of the diffusion of Al ions
within 𝛿-MnO2 cathodes suggested complicated Jahn-Teller dis-
tortions in the Al/MnO2 system.[11] This can be ascribed to the
multivalent nature of Al ions and their complex cations that cause
substantial valence changes and alterations in the bond struc-
tures of the 𝛿-MnO2 hosts.[12] These highly charged ions can also
induce strong coulombic interactions with the 𝛿-MnO2 lattice,[13]
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leading to the collapse of crystalline lattices during battery cy-
cling. Several reports have shown the structural transition of 𝛿-
MnO2 cathodes from the layered birnessite phase to an amor-
phous state after the initial cycles.[13,14] The bond structure distor-
tion has been identified as a crucial issue for the leaching of man-
ganese ions into battery electrolytes, while a collapsed crystalline
structure would further exacerbate this process, collectively giv-
ing rise to the dissolution of active manganese species and a sub-
sequent decrease in capacity.

In recent studies on AAIBs, researchers have focused on op-
timizing the electrolyte composition to mitigate the dissolution
of 𝛿-MnO2 cathodes. He et al. introduced manganese sulfate
(MnSO4) into the AAIB electrolyte to regulate the reaction bal-
ance and alleviate manganese ion leaching.[10] This approach
led to improved specific capacity and discharge voltage of the 𝛿-
MnO2 cathode. However, the cathode capacity decayed over cy-
cling, resulting in a relatively short lifespan of only 65 cycles and
limited rate capacities. Further advancements in structural en-
gineering for cathode materials are necessary to address the ca-
pacity decay and lifespan limitations observed in 𝛿-MnO2-based
cathodes for AAIBs.

Pre-intercalation and heteroatoms doping are recognized as
effective structural engineering strategies for MnO2-based elec-
trodes in diverse electrical energy storage technologies including
supercapacitors, alkali metal-ion batteries, and aqueous zinc-ion
batteries.[8,15,16] Various cations (e.g., Li+, Na+, K+, Fe2+, Al3+, etc.)
are selected for pre-intercalation in 𝛿-MnO2 to regulate the inter-
layer environment and improve the structural stability.[4,17–19] In
AAIBs research, Yan et al. and Ran et al. separately reported the
preparation of Al3+ per-intercalated MnO2 cathodes (AlxMnO2)
to work with their Al alloy anodes (Zn-Al alloy and Al-Cu lamel-
lar alloy).[13,17] The AlxMnO2 cathode coupled with Zn-Al alloy
achieved a high initial capacity of more than 650 mAh g−1 at
100 mA g−1, but only presented 80 cycles at the same current
with a relatively low retained capacity of 460 mAh g−1 and a de-
creased rate capacity of 230 mAh g−1 at 1 A g−1.[13] The compli-
cated Al-Cu lamellar alloy can enable the AlxMnO2 cathode to run
400 charge/discharge cycles but deliver a relatively low capacity
(≈480 mAh g−1 at 100 mA g−1).[17]

Elemental doping, referring to the introduction of heteroatoms
into MnO2 lattices, is often considered as a more promising
strategy to inhibit the structure distortion for stable cathode
materials, because heteroatoms doping can tune the atomic
and electronic structures of MnO2.[15,16] Until now, only Geng’s
group recently reported cobalt (Co)-doped 𝛿-MnO2 nanosheets as
AAIB cathode, as Co has been identified to be a highly efficient
dopant for MnO2-based cathodes in alkali metal-ion and aqueous
zinc-ion batteries.[12] However, despite a high initial capacity of
585 mAh g−1 and a good cycling life of 300 cycles at 100 mA g−1,
Co-doped 𝛿-MnO2 appears not to have adequate long-term stabil-
ity, only displaying 78% capacity retention after cycling and low
rate capacities (e.g., 185 mAh g−1 at 500 mA g−1).

Transferring know-how from other batteries doesn’t seem di-
rectly practical considering the highest ionic potential (defined as
the charge-to-radius ratio) of Al3+ ions among all reported metal
ions as the primary charge carriers for rechargeable batteries.[20]

The high ionic potential induces strong affinities between Al3+

ions and partially negatively charged oxygen sites in the 𝛿-MnO2
cathode, and the system encounters a violent perturbation when

ions move through the lattices during battery cycling, resulting
in structural degradation. Therefore, stabilizing 𝛿-MnO2 cath-
ode remains particularly challenging in AAIBs for high capac-
ity and long cycle life, calling for a revisit of the doping strat-
egy. Heteroatom dopants having high bond dissociation ener-
gies with oxygens are recognized as “oxygen binders” in the fab-
rication of metal oxide thin-film transistors.[21] These dopants
can strengthen the metal oxide frameworks and enhance their
stabilities.[22,23] Recent studies of Ni-rich cathode materials for
lithium-ion batteries have also emphasized the importance of
high-bond dissociation energy dopants for structural stabiliza-
tion and improved electrochemical performance.[24,25] Exploring
heteroatoms doping with high bond dissociation energy in ox-
ide environments sheds promising lights on stabilizing 𝛿-MnO2
cathodes for high-performance AAIBs.

To validate this hypothesis, we selected three 3d metal el-
ements (Zn, V, and Ti) as model dopants and investigated
their impact on the electrochemical stability and battery perfor-
mance of 𝛿-MnO2-based cathodes in AAIBs (Scheme 1). Both
computational simulations and experimental studies demon-
strated that Ti─O and V─O bonds, with higher bond disso-
ciation energies (662 and 644 kJ mol−1) compared to Mn─O
bonds (402 kJ mol−1),[26] remarkably strengthen the 𝛿-MnO2
framework, contributing to enhanced structural stability and
suppressed Mn dissolution during battery cycling. Conversely,
Zn─O, with a lower bond dissociation energy (284 kJ mol−1), re-
sulted in the opposite effect. Additionally, V doping showed supe-
rior performance among Ti and V dopants, attributed to its alio-
valent nature (V5+ vs Ti4+ and Mn4+) and higher electronegativity,
which substantially improved electrical conductivity and induced
stronger affinity toward complex Al cations. V-𝛿-MnO2 exhibited
impressive electrochemical performance as an AAIB cathode ma-
terial, delivering a high reversible capacity of 518 mAh g−1 with
excellent cycling stability (86% capacity retention after 400 cy-
cles) at 200 mA g−1 and improved rate capabilities (468, 339, and
285 mAh g−1 at 0.5, 1, and 2 A g−1, respectively), surpassing other
reported cathode materials in AAIBs.

2. Results and Discussion

2.1. Synthesis and Characterization of Pristine and Doped
𝜹-MnO2

Pristine 𝛿-MnO2 nanoflakes and the doped variants were syn-
thesized via hydrothermal methods using manganese nitrate
(Mn(NO3)2) as the precursor and specific metal salts for dop-
ing. The morphology and crystal structure of the 𝛿-MnO2 materi-
als were examined using field emission scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM).
The SEM and TEM images reveal the sheet-like morphology of
𝛿-MnO2 nanoflakes, with lateral dimensions spanning from 20
to 200 nm (Figure 1a,b; Figure S1, Supporting Information). A
high-resolution TEM (HR-TEM) image of the pristine 𝛿-MnO2
nanoflakes reveals its distinctive layered lattice structure, display-
ing an interplanar spacing of 0.715 nm corresponding to the
(001) plane (Figure S1c, Supporting Information). In compari-
son, the V-𝛿-MnO2 sample maintains the layered lattice struc-
ture, yet the interplanar spacing of the (001) plane increases to
0.73 nm, as shown in Figure 1c. Additionally, well-crystallized
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Scheme 1. Schematic illustration of the impact of heteroatoms doping on the electrochemical stability and performance of 𝛿-MnO2 cathodes during
AAIBs cycling.

in-plane crystalline lattices of (110) and (200) are also observed
and verified by the selected area electron diffraction (SAED) anal-
ysis shown in Figure 1c inset. Upon Ti and Zn doping, the
nanostructures remain relatively consistent, accompanied by an
increased interplanar spacing of 0.734 nm for Ti-𝛿-MnO2 and
0.728 nm for Zn-𝛿-MnO2, respectively (Figure S1f,i, Supporting
Information). Figure S2 (Supporting Information) presents en-
ergy dispersive X-ray spectroscopy (EDS) elemental mappings of
the doped 𝛿-MnO2 materials, illustrating consistent distributions
of V, Ti, and Zn dopants throughout the materials. Additionally,
the high-resolution EDS mappings of the V-𝛿-MnO2 crystalline
plane (Figure 1d–g), indexed from the (110) lattice fringe mea-
suring 0.25 nm (Figure 1d), reveal isolated green dots (Figure 1f).
This observation signifies the uniform atomic dispersion of V
within the MnO2 crystalline plane.

The X-ray diffraction (XRD) pattern presented in Figure 1h dis-
plays the crystal structure of pristine 𝛿-MnO2, identified as the
Birnessite phase (JCPDS No. 43–1456). The distinctive diffrac-
tion peaks observed at ≈12.5° and 25.0° correspond to the (001)
and (002) planes, thus confirming the layered crystalline struc-
ture. According to the Bragg equation, the d-spacing of the (001)
plane is calculated to be 0.72 nm. V doping does not change the
layered crystalline structure, but it causes the diffraction peaks
to shift toward lower angles, indicating an expanded interplanar
spacing of 0.73 nm. The XRD patterns for Ti and Zn doped 𝛿-
MnO2 nanoflakes exhibit similar peak-shifting behaviors (Figure
S3, Supporting Information), with calculated interplanar spacing
values of 0.74 and 0.73 nm, respectively, consistent with the HR-
TEM observations. The slightly increased interlayer distance af-
ter doping implies weakened interactions between the adjacent
𝛿-MnO2 planes. Introducing dopants also causes peak broaden-
ing in XRD patterns, suggesting a reduced average thickness of
𝛿-MnO2 nanoflakes. By analyzing the full width at half maxi-
mum (FWHM) values of (001) peaks, the thickness of pristine
𝛿-MnO2 is determined to be 18.85 nm, while V-𝛿-MnO2, Ti-𝛿-
MnO2, and Zn-𝛿-MnO2 show decreased thickness of 14.06, 13.76,
and 14.75 nm, respectively (Table S1, Supporting Information).

X-ray photoelectron spectroscopy (XPS) analyses were con-
ducted to investigate the chemical composition and bonding
states of both pristine and doped 𝛿-MnO2 materials. The sur-
vey scanning spectra in Figure S4a (Supporting Information) can
confirm the presence of Mn, O, and V/Ti/Zn in the respective ma-
terials. By analyzing the atomic ratio of each element, the dop-
ing content of V, Ti, and Zn was calculated to be 8.8%, 10.8%,
and 11.6%, respectively (Table S2, Supporting Information). In
the high-resolution Mn spectrum of pure 𝛿-MnO2 (Figure 1i),
two distinct peaks at ≈654 and 642.3 eV in the Mn 2p spectra
correspond to Mn 2p1/2 and Mn 2p3/2, respectively. The bind-
ing energies of the Mn 2p peaks for the doped 𝛿-MnO2 sam-
ples are shifted to lower positions compared to those of pristine
𝛿-MnO2 (Figure 1i; Figure S4b, Supporting Information), indi-
cating a slight decrease in the mean oxidation states of Mn af-
ter doping.[9,27] The valence states of the dopants are also deter-
mined by their high-resolution XPS spectra shown in Figure 1i
and Figure S4c,d (Supporting Information). The V 2p spectrum
displays two characteristic peaks centered at 517.0 and 524.7 eV,
assigned to 2p3/2 and 2p1/2 of V5+ species. The Ti 2p3/2 and 2p1/2
peaks at 458.4 and 464.1 eV suggest the formation of Ti4+

─O
bonds, while the Zn 2p3/2 and 2p1/2 peaks at 1022.3 and 1045.3 eV
imply the formation of Zn2+

─O bonds.
Collectively, the material characterizations confirmed the lay-

ered crystalline structures with wide interlayer spaces of the syn-
thesized pristine and doped 𝛿-MnO2 nanoflakes. The selective in-
troductions of dopants, including V, Ti, and Zn, have been suc-
cessfully achieved within the 𝛿-MnO2 crystal planes, exhibiting
uniform distributions in the lattice planes. The expanded inter-
planar distance and the decreased nanoflake thickness of 𝛿-MnO2
after introducing these dopants would alleviate stress during the
reversible ion intercalation and de-intercalation processes, under-
scoring the structural benefit for the doped 𝛿-MnO2 materials as
high-performance AAIB cathode candidates. The slight decrease
of Mn mean oxidation states in doped 𝛿-MnO2 would also lead to
the deformation of the initial Mn─O bond structure to mitigate
the severe Jahn-Teller distortion during battery cycling.
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Figure 1. Material characterizations. a) SEM, b) TEM, and c) HR-TEM and SAED (inset) images of V-𝛿-MnO2 nanoflakes. d–g) HR-TEM EDS elemental
mapping of V-𝛿-MnO2 crystalline plane. h) XRD patterns and i) Mn 2p XPS spectra of 𝛿-MnO2 and V-𝛿-MnO2. j) V 2p XPS spectra of V-𝛿-MnO2.

2.2. First-Principles Calculations

To explore the doping effect on the structural stability and
ion storage property of 𝛿-MnO2, first-principles calculations
were performed based on the density functional theory (DFT)
(details can be found in the experimental section). Computa-
tional simulation of the structures of pristine and doped 𝛿-
MnO2 materials validates the increased average Mn─O bond
lengths post-doping (Figure 2a; Table S3, Supporting Infor-
mation). More importantly, we assessed the structural stabil-
ity of doped 𝛿-MnO2 through computational calculation of
the cohesive energy (ECoh) in a 3 × 3 × 1 supercell by
Equation 1:

ECoh = ((18 − x)𝜇Mn + 36𝜇O + x𝜇Metal − EMnO2 )∕54 (1)

where x represents the number of doped metal atoms in the su-
percell (x = 0 or 2), EMnO2 is the total energy of the pure/doped
𝛿-MnO2 bilayer, and μMn, μO and μmetal denote the chemical po-
tentials of Mn, O, and doped metal atoms, respectively. The po-
tentials of metal atoms were determined based on the averaged
energy of their corresponding stable crystal structures. Figure 2a
shows the calculated ECoh values of V-𝛿-MnO2, Ti-𝛿-MnO2, Zn-
𝛿-MnO2, and pristine 𝛿-MnO2. Ti-𝛿-MnO2 presents the highest
ECoh of 1.695 eV, followed by V-𝛿-MnO2 of 1.591, both surpassing
the value of raw 𝛿-MnO2 (1.567 eV), while Zn-𝛿-MnO2 exhibits
the lowest ECoh of 1.435 eV among all the materials. These calcu-
lated ECoh values align well with metal─O bond dissociation ener-
gies, where higher cohesive energy signifies greater stability.[28,29]

This suggests the feasibility of introducing high bond dis-
sociation energy dopants as “oxygen binders” into 𝛿-MnO2
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Figure 2. DFT calculations. a) Averaged bond length (lMn-O) for Mn─O, cohesive energy (ECoh), adsorption energy (EAds) of Al-OTF and transferred
electrons between metal (Ti, Vand Zn) doped 𝛿-MnO2 and Al-OTF, respectively. b) The charge density difference (iso-value of 0.01 e Å−3) of Ti-𝛿-
MnO2 and V-𝛿-MnO2 with Al-OTF intercalation, respectively. The yellow and cyan areas represent electron accumulation and depletion, respectively. The
corresponding adsorption energy for Al-OTF is marked below each configuration.

frameworks to enhance their stabilities for high-performance
AAIB cathodes.

Computational studies were conducted to investigate pristine
and doped 𝛿-MnO2 cathodes at the intercalation state, aiming
to understand the interactions between charge carriers and the
𝛿-MnO2 lattice. The adsorption energy (EAds) of intercalated 𝛿-
MnO2 was calculated using a 3 × 3 × 1 𝛿-MnO2 bilayer unit with
the insertion of one aluminum trifluoromethanesulfonate com-
plex cation ([Al-OTF]2+) per unit.[30] The equation (Equation 2)
for determining EAds is as follows:

EAds = EMnO2−Al − EMnO2 − 𝜇Al−OTF (2)

where EMnO2-Al represents the total energy of the bilayer after
[Al-OTF]2+ intercalation, EMnO2 is the total energy of the pris-
tine/doped 𝛿-MnO2 bilayer, and μAl-OTF is the energy of the [Al-
OTF]2+ complex cation. The calculated EAds results and typical
intercalated structures are presented in Figure 2a,b. Doped 𝛿-
MnO2 materials exhibit significantly more negative EAds values
compared to pristine 𝛿-MnO2 (Table S3, Supporting Informa-
tion), indicating a more energetically favorable insertion of [Al-
OTF]2+ ions after doping. Specifically, V-𝛿-MnO2 and Zn-𝛿-MnO2
show similar EAds values of −5.92 and −5.55 eV, both lower
than that of Ti-𝛿-MnO2 (−4.27 eV). This difference can be at-
tributed to the higher electronegativity of V (1.63) and Zn (1.65)
compared to Mn (1.55) and Ti (1.54), as well as their aliovalent
natures.

These factors promote the activity and electron mobility of oxy-
gen sites and enhance the interaction with [Al-OTF]2+ ions, which
can be further validated by the increased transferred electrons be-
tween [Al-OTF]2+ and MnO2 layers in V-𝛿-MnO2 and Zn-𝛿-MnO2
over both Ti-𝛿-MnO2 and pure 𝛿-MnO2 (Figure 2a; Table S3, Sup-
porting Information). While the enhanced interaction benefits
the attraction of [Al-OTF]2+ ions for high-capacity 𝛿-MnO2 cath-
odes, it can also lead to structural perturbations during ion diffu-
sion within the interlayers, which would be detrimental to Zn-𝛿-

MnO2 with an inferior ECoh, to other 𝛿-MnO2 materials. Combin-
ing the DFT calculations of both ECoh and EAds, the computational
simulations indicate the promising potential of V-𝛿-MnO2 as a
high-performance cathode for AAIBs.

2.3. Electrochemical Performances of Pristine and Doped
𝜹-MnO2

The cathode performances of pristine and doped 𝛿-MnO2 were
assessed in coin-cells utilizing aqueous Al(OTF)3 solutions
(2.0 mol L−1) as the electrolyte and Al alloy foils as the anode
(see details in the experimental section). In Figure 3a, the ini-
tial cycle’s galvanostatic charge and discharge curves for the four
𝛿-MnO2 cathodes, measured at a current density of 200 mA g−1,
are presented. The selected voltage range for these tests spanned
from 0.1 to 1.65 V. All four 𝛿-MnO2 cathodes exhibit distinct
voltage plateaus during both charge and discharge steps. Most
of the discharge capacities are delivered above 1.0 V, consistent
with the cyclic voltammetry (CV) analysis results (Figure S5, Sup-
porting Information) and characteristic behavior of 𝛿-MnO2 cath-
odes in AAIBs.[10,13,31,32] V-𝛿-MnO2 demonstrates the highest spe-
cific discharge capacity of 518 mAh g−1, surpassing Ti-𝛿-MnO2
(481 mAh g−1), Zn-𝛿-MnO2 (432 mAh g−1), and pristine 𝛿-MnO2
(472 mAh g−1). V-𝛿-MnO2 and Ti-𝛿-MnO2 also exhibit elevated
discharge voltage plateaus at 1.14 V, which is higher than those of
Zn-𝛿-MnO2 (1.09 V) and pristine 𝛿-MnO2 (1.06 V). In the second
cycle, Ti-𝛿-MnO2, Zn-𝛿-MnO2, and pristine 𝛿-MnO2 cathodes ex-
perience a decrease in both discharge voltage and specific capac-
ity (Figure S6, Supporting Information). Their discharge voltages
decrease by 0.02, 0.1, and 0.05 V, respectively, and their specific
capacities decrease by 9, 34, and 19 mAh g−1, respectively. In con-
trast, V-𝛿-MnO2 maintains its initial voltage profiles and specific
discharge capacity, highlighting the advantage of high bond dis-
sociation energy dopants in stabilizing 𝛿-MnO2 frameworks for
enhanced cathode performance.
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Figure 3. Electrochemical performances of pristine and doped 𝛿-MnO2 cathodes. a) Galvanostatic voltage profiles at the first cycle under a current density
of 200 mA g−1. b) Nyquist plots of V-𝛿-MnO2 and 𝛿-MnO2 electrodes (Inset is the equivalent circuit). c) The charge transfer resistance of pristine and
doped 𝛿-MnO2 cathodes. d) Rate performances of four 𝛿-MnO2 cathodes. e) and f) Cycling performances at 200 and 500 mA g−1, respectively.

Electrochemical impedance spectroscopy (EIS) analyses were
performed to investigate the electrochemical properties of 𝛿-
MnO2 cathodes in AAIB systems. The Nyquist plots of four AAIB
cells using V-𝛿-MnO2, Ti-𝛿-MnO2, Zn-𝛿-MnO2, and pure 𝛿-MnO2
cathodes are shown in Figure 3b and Figure S7 (Supporting In-
formation). The Nyquist plots, composed of semicircles in high
frequency (f) region and sloping lines in low f area, can be fitted
using the equivalent circuit (Figure 3b inset). In the circuit, R1 is
the electrolyte resistance and R2 is the charge transfer resistance
(Rct). Based on the fitting results of the equivalent circuit, the de-
termination of Rct offers valuable insights into the electrochemi-
cal characteristics of the investigated cathodes. Figure 3c reveals
that the Rct fitting value of pristine 𝛿-MnO2 cathode is 1547 Ω.
After doping, the Rct significantly decreases, with the values for
V-𝛿-MnO2, Ti-𝛿-MnO2, and Zn-𝛿-MnO2 to be 414, 750, and 696Ω,
respectively. These changes occur because heterogeneous metal
doping in 𝛿-MnO2 effectively increases the electrical conductivity
and reduces the charge transfer resistance through the introduc-
tion of additional pathways for ion conduction and the creation
of active sites.[12,33] The density of states (DOS) calculations in
Figure S8 (Supporting Information) show that the pure 𝛿-MnO2
is a semiconductor with a band gap of ≈1.113 and 1.284 eV for
spin-up and down channels. However, metallic states near the
Fermi level exist in heterogeneous metals doped 𝛿-MnO2 mate-
rials, suggesting the enhancement of conductivity.[27,34]

The rate capacity and cycling performance of the doped
and pure 𝛿-MnO2 cathodes were further assessed to evaluate
their structural stability during battery operations. As shown in
Figure 3d, V-𝛿-MnO2 exhibits the most favorable rate perfor-
mance, delivering specific capacities of 531, 515, 498, 468, 412,

339, and 285 mAh g−1 at current densities ranging from 50 to
2000 mA g−1. In comparison, Ti-𝛿-MnO2 shows relatively lower
rate capacities at the corresponding current densities, maintain-
ing a specific capacity of 197 mAh g−1 at 2000 mA g−1. However,
Zn-𝛿-MnO2 and pristine 𝛿-MnO2 display significantly worse rate
performances than V-𝛿-MnO2 and Ti-𝛿-MnO2. They experience
substantial capacity decay as the current density increases, retain-
ing only ≈10 mAh g−1 at 2000 mA g−1. Furthermore, when the
current density is reduced from 2000 to 50 mA g−1, V-𝛿-MnO2
and Ti-𝛿-MnO2 almost fully recover their initial specific capaci-
ties. In contrast, Zn-𝛿-MnO2 and pristine 𝛿-MnO2 can only re-
store ≈60% of their initial capacities. The voltage profiles of V-𝛿-
MnO2, Ti-𝛿-MnO2, Zn-𝛿-MnO2, and pristine 𝛿-MnO2 cathodes at
selected current densities of 500, 800, 1000, and 2000 mA g−1 are
also presented in Figure S9 (Supporting Information). V-𝛿-MnO2
exhibits the highest discharge voltage plateaus at all four current
densities, whereas Zn-𝛿-MnO2 and pristine 𝛿-MnO2 experience
severe voltage polarization at high currents.

The cycling stability of doped and pure 𝛿-MnO2 cathodes was
measured at current densities of 200 and 500 mA g−1, and the
results are presented in Figure 3e,f. V-𝛿-MnO2 exhibited the
most stable cycling performance at both current densities, re-
taining high capacities of 436 mAh g−1 (86% at 200 mA g−1)
and 383 mAh g−1 (80% at 500 mA g−1) after 400 cycles. The
charge/discharge voltage profiles of V-𝛿-MnO2 remained well-
maintained throughout the cycling process (Figure S10, Sup-
porting Information). Ti-𝛿-MnO2 also exhibits good cycling sta-
bilities for 400 cycles and maintains capacity retentions of 74%
(372 mAh g−1) and 75% (333 mAh g−1) at 200 and 500 mA g−1. In
contrast, the capacities of Zn-𝛿-MnO2 and pure 𝛿-MnO2 rapidly
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Figure 4. Composition and structural characterizations of 𝛿-MnO2 cathodes. a) and b) are the Mn 2p and Al 2p XPS spectra of V-𝛿-MnO2 cathodes in
the pristine and discharged states. c) and d) are the Mn 2p and Al 2p XPS spectra of pure 𝛿-MnO2 cathodes in the pristine and discharged states. e) The
element distribution in V-𝛿-MnO2 after discharging. f) The atomic ratios of Al to Mn in 𝛿-MnO2 cathodes after discharging at different cycles. g) Mn
content in 𝛿-MnO2 cathodes at different cycles. h) XRD patterns for V-𝛿-MnO2 and 𝛿-MnO2 electrodes at different states. The active material represents
V-𝛿-MnO2 and 𝛿-MnO2 in the electrodes. The current collector is titanium metal foil.

declined within the initial 50 cycles and eventually reached neg-
ligible values after 400 cycles for both current densities of 200
and 500 mA g−1. The coulombic efficiencies of doped and pure
𝛿-MnO2 cathodes during the cycling tests were also recorded
(Figure S11, Supporting Information). V-𝛿-MnO2 and Ti-𝛿-MnO2
both exhibit higher and more stable coulombic efficiencies com-
pared to Zn-𝛿-MnO2 and pure 𝛿-MnO2 over 400 cycles. The cy-
cling and rate performance measurements clearly demonstrate
the outstanding properties of the V-𝛿-MnO2 cathode, surpass-
ing other 𝛿-MnO2 cathodes and the reported cathode materials
for AAIBs (Table S4, Supporting Information).[10,12–14,17,30–32,35–39]

These results highlight the significantly improved cycling and
rate performances of V-𝛿-MnO2 and Ti-𝛿-MnO2 compared to
pristine 𝛿-MnO2, emphasizing the advantages of introducing
high bond dissociation energy dopants to strengthen the 𝛿-MnO2
frameworks, thus enhancing their structural stabilities. Con-
versely, Zn doping leads to the formation of Zn─O bonds with in-
ferior bond dissociation energy compared to Mn─O, weakening
the cohesive energy of 𝛿-MnO2. Consequently, Zn-𝛿-MnO2 ex-
hibits the worst electrochemical performances among the doped
and pure 𝛿-MnO2 cathodes.

To further understand the impact of different dopants on the
stability and electrochemical performance of 𝛿-MnO2 cathodes,
the chemical composition and structural evolution of doped and
pristine 𝛿-MnO2 were investigated. The XPS analyses of four 𝛿-
MnO2 electrodes before and after the first cycle discharging at
200 mA g−1 were presented in Figures 4a–d and S12a–d (Sup-
porting Information). The deconvoluted Mn 2p3/2 peaks of the
V-𝛿-MnO2 electrode (Figure 4a) demonstrate that Mn is predom-
inantly present as Mn4+ species and upon discharging, a pro-
nounced reduction of Mn4+ to Mn2+ can be observed. The XPS
spectra of V, Ti, and Zn in the doped 𝛿-MnO2 electrodes exhibit
no significant valence change during battery charging and dis-
charging (Figure S13, Supporting Information). This observation
suggests that the dopants are not directly involved in the electro-
chemical reactions, and the cathode capacities are contributed by
the redox reactions of Mn species. In the Al 2p XPS spectra, a
new peak centered at 74.8 eV appears after discharging, corre-
sponding to the simultaneous intercalation of Al ion species dur-
ing the reduction of Mn4+ (Figure 4b). Similar phenomena can
also be observed in Ti-𝛿-MnO2, Zn-𝛿-MnO2, and pure 𝛿-MnO2
electrodes. TEM-EDS elemental mappings of a typical V-𝛿-MnO2
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in the discharged state (Figure 4e) show uniform distributions of
Mn, O, V, and Al throughout the specimen, verifying the interca-
lation of Al ion species during AAIB discharging, which is con-
sistent with previous reports of 𝛿-MnO2 cathode reactions.[12,14]

The XPS element analyses of discharged cathodes throughout
400 cycles at 200 mA g−1 (Figure 4f) provide further confirma-
tion of the incorporation of Al3+ species in 𝛿-MnO2 electrodes.
Among the four cathodes, V-𝛿-MnO2 exhibits the highest Al to
Mn ratios, and Ti-𝛿-MnO2 displays slightly lower values, which
align with the long-cycling capacities as shown in Figure 3e. In
contrast, for Zn-𝛿-MnO2 and pure 𝛿-MnO2 cathodes, despite the
notable Al to Mn ratios at 200 and 400 cycles, their capacities have
decayed to almost negligible levels, indicating severe Mn leach-
ing during battery cycling. We further employed the inductively
coupled plasma-optical emission spectroscopy (ICP-OES) tech-
nique to monitor the Mn dissolution behavior of doped and pure
𝛿-MnO2 cathodes. After 400 cycles, the V-𝛿-MnO2 cathode retains
80% of the Mn, outperforming the Ti-𝛿-MnO2 cathode with a re-
tention rate of 72% (Figure 4g). In comparison, both 𝛿-MnO2 and
Zn-𝛿-MnO2 cathodes demonstrate fairly low Mn retentions, mea-
suring below 20%. These results suggest that the doping of V/Ti
effectively suppresses the Mn dissolution from 𝛿-MnO2 during
cycling.

Figure 4h presents the XRD patterns of the electrodes at the
initial, discharged, and charged stages in the first cycle. In the
initial state of the V-𝛿-MnO2 electrode, diffraction peaks corre-
sponding to both 𝛿-MnO2 nanoflakes and the titanium current
collector (Figure S14, Supporting Information) can be observed.
Even after the first discharging and charging processes, compa-
rable peaks are still evident, indicating the preservation of the
layered V-𝛿-MnO2 despite the insertion and extraction of charge
carriers. In contrast, it becomes challenging to observe diffrac-
tion peaks of the layered structure in pure 𝛿-MnO2 electrode after
the first cycle discharge, and this effect remains irreversible after
charging, suggesting the disruption of the layered structure. The
layered structure of the Ti-𝛿-MnO2 cathode is also well-preserved
after the first cycle charge and discharge, as shown in Figure S15
(Supporting Information). However, in Zn-𝛿-MnO2 cathodes, the
diffraction peaks of 𝛿-MnO2 become almost indiscernible after
the first cycle discharge and charge. Notably, even after undergo-
ing 400 cycles, the V-𝛿-MnO2 cathode continues to exhibit iden-
tifiable diffraction peaks corresponding to its layered structure
(Figures S16 and S17, Supporting Information). These observa-
tions provide strong evidence for the enhanced structural stability
of V-𝛿-MnO2 and Ti-𝛿-MnO2 to withstand the reversible intercala-
tion and de-intercalation of Al ions with high ionic potential. This
validates the hypothesis of introducing high bond dissociation
energy dopants, such as Ti─O and V─O, as “oxygen binders” to
strengthen 𝛿-MnO2 frameworks, verifying the results of our com-
putational studies. The stabilized 𝛿-MnO2 materials effectively
preserve active Mn species in the cathodes, improve conductiv-
ity, and eventually deliver high capacities with prolonged cycling
life in AAIBs.

3. Conclusion

In summary, we have synthesized heterogeneous metals (V, Ti,
and Zn) doped 𝛿-MnO2 nanoflakes and studied the impact of
different dopants on the stability of 𝛿-MnO2 cathodes in AAIBs.

Through a combination of computational simulations and exper-
imental characterizations, it has been revealed that metal dopants
forming strong bonds with oxygen can effectively enhance the
cohesive energy of 𝛿-MnO2 lattices and result in improved struc-
tural stability against the reversible intercalation of high ionic po-
tential Al ions. Electrochemical testing demonstrated that V-𝛿-
MnO2 and Ti-𝛿-MnO2, with high energy V─O and Ti─O bonds,
exhibit stable cycling performance for 400 cycles and remarkable
rate capabilities, outperforming Zn-𝛿-MnO2 and pure 𝛿-MnO2.
Further comparative analysis between V-𝛿-MnO2 and Ti-𝛿-MnO2
indicates that the higher electronegativity and the aliovalent na-
ture of V contribute to an enhanced affinity for Al ion species,
resulting in improved specific capacities at various current den-
sities. This work presents a new strategy to stabilize manganese
oxide-based cathode materials for AAIB and holds promise for in-
fluencing cathode design in other aqueous multivalent metal-ion
batteries.

4. Experimental Section
Preparation of 𝛿-MnO2-Based Cathode Materials: 𝛿-MnO2 was synthe-

sized using hydrothermal procedures. During the process, a solution con-
taining 4 mL of 0.3 m Mn(NO3)2 was mixed with 16 mL of 0.6 m NaOH
and 2 m H2O2 (30 wt.%) and vigorously stirred for 30 min at room temper-
ature, resulting in the formation of a precipitate. The precipitate was then
dissolved in 30 mL of 2 m NaOH solution and transferred to a 100 mL
Teflon-lined stainless-steel autoclave. The autoclave was heated at 150 °C
for 20 h. After cooling to room temperature, the product was centrifuged,
washed with deionized water three times, and dried at 60 °C overnight
to ensure its purity and remove any residual impurities. V/Ti/Zn-MnO2
was prepared using the same method but with the inclusion of dopants
in the precursor solution. The dopants, namely NH4VO3, TiOSO4, and
Zn(NO3)2 6H2O, were added to the solution in a doping metal-to-Mn
atomic ratio of 3:10.

Computational Method: First-principles calculations were performed
based on the density functional theory (DFT), as implemented in the Vi-
enna ab initio simulation package (VASP).[40,41] The exchange-correlation
energy of the ions was described by the Perdew–Burke–Ernzerhof func-
tional within the framework of the generalized gradient approximation
(GGA-PBE) method.[42] A 3 × 3 × 1 Gamma-Centred k-grid was adopted to
simulate the first-Brillouin zone in the reciprocal space, due to large lattice
parameters in the 3 × 3 × 1 supercell of MnO2. The kinetic cut-off energy
was set to be 500 eV, while the criterion for convergence was set to be
10−4 and 0.01 eV Å−1 for the energy and force on each atom, respectively.
The DFT-D3 correction was adopted for the weak interlayer van der Waals
interactions.[43]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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