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a b s t r a c t

Rechargeable aluminum batteries with multi-electron reaction have a high theoretical capacity for next

generation of energy storage devices. However, the diffusion mechanism and intrinsic property of Al in-

sertion into MnO2 are not clear. Hence, based on the first-principles calculations, key influencing factors

of slow Al-ions diffusion are narrow pathways, unstable Al-O bonds and Mn3+ type polaron have been

identified by investigating four types of δ-MnO2 (O3, O’3, P2 and T1). Although Al insert into δ-MnO2

leads to a decrease in the spacing of the Mn-Mn layer, P2 type MnO2 keeps the long (spacious pathways)

and stable (2.007–2.030 Å) Al-O bonds resulting in the lower energy barrier of Al diffusion of 0.56 eV. By

eliminated the influence of Mn3+ (low concentration of Al insertion), the energy barrier of Al migration

achieves 0.19 eV in P2 type, confirming the obviously effect of Mn3+ polaron. On the contrary, although

the T1 type MnO2 has the sluggish of Al-ions diffusion, the larger interlayer spacing of Mn-Mn layer,

causing by H2O could assist Al-ions diffusion. Furthermore, it is worth to notice that the multilayer δ-
MnO2 achieves multi-electron reaction of 3|e|. Considering the requirement of high energy density, the

average voltage of P2 (1.76V) is not an obstacle for application as cathode in RABs. These discover sug-

gest that layered MnO2 should keep more P2-type structure in the synthesis of materials and increase the

interlayer spacing of Mn-Mn layer for providing technical support of RABs in large-scale energy storage.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Facing the serious environmental pollution and massive con-

sumption of fossil energy, the devices towards large scale en-

ergy storage is trying to use green energy for replacing the fos-

sil energy sources [1–3]. Against the sporadic and unstable en-

ergy supply, rechargeable aluminum batteries (RABs), with theo-

retically high energy density and low cost, benefiting from multi-

electron reaction is a hopeful device for energy storage [4,5]. In

addition, due to the abundant resources of Al, it is easily to keep

the prices of Al supplies stable, even in the case of large-scale uti-

lization of Al minerals. Meanwhile, in order to maximize the ad-

vantages of RABs, cathode materials also tends to be cheaper and

environment-friendly. Therefore, MnO2, an adequate metal oxide,

become a candidate for matching the low cost anode.

MnO2 is reported to be a potential electrode material for dif-

ferent types of batteries such as Li-ion, Na-ion, Mg-ion, Zn-ion

[6–9]. As for the battery system of Al-ion, Brooke Schumm Jr
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in 1976 and A. Sivashanmugam et al. in 2008 used aluminum-

MnO2 dry cells of “D” size configuration for replacing the Lech-

lanche dry cell [10,11]. The two works were early humans using

MnO2 as a cathode material in primary aluminum batteries. In re-

cent years, MnO2 has gradually been used for rechargeable alu-

minum batteries, such as the experiments confirm the reversible

insertion/extraction of Al-ion under the 1mol/L Al(NO3)3 aqueous

electrolyte, Mg-doped α-MnO2 cathode and “water-in-salt” aque-

ous AlCl3/MnSO4 electrolyte, α-MnO2 coated Mn2AlO4 cathode

[12–16]. In addition, the experiment, an acid aqueous electrolyte

of 1mol/L Al(OTf)3, 1mol/L Zn(OTf)3 and 0.1mol/L MnSO4 or

1.3mol/L Al(OTf)3, 0.3mol/L Zn(OTf)3 and 0.3mol/L MnCl2 demon-

strates that MnO2 can be reversibly dissolved and deposited, allow-

ing exploitation of the 2-electron, charge storage capacity of MnO2

with high cyclability and efficiency, during the role of [Al(H2O)6]
3+

complex as a proton donor [17].

In fact, there are five phases of MnO2 polymorphs, which are

α-MnO2, β-MnO2, γ -MnO2, δ-MnO2 and λ-MnO2 [18,19]. The con-

nectivity of the fundamental octahedral unit MnO6, e.g., via the

edges and/or corners, determines the structure of these MnO2

https://doi.org/10.1016/j.cclet.2023.108589
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Fig. 1. The optimization structure of δ-MnO2. (a) R3̄M (O3 type). (b) P3̄M1 (T1

type). (c) P63/mmc (P2 type). (d) C2/m (O’3 type).

polymorphs. Layered compounds can store the carriers into the

transition metal layers, providing a free room for ions diffusion.

Hence, δ-MnO2 is a candidate for solve the sluggish dynamics of

Al ions. According to the experiments, δ-MnO2 has two types of

electrolytes for battery design, ionic liquids (ILs) and aqueous solu-

tions. As for ILs, Paloma Almodóvar et al. [20] investigated δ-MnO2

(C2/m) nanofibers as cathode material and showed an initial dis-

charge capacity of 59 mAh/g. And the cycle life is about 15 cy-

cles at 37 mAh/g at a current rate of 100mA/g. Martin Eckert et

al. reports a high discharge voltage of 2.0–0.8V in RABs [21]. In-

teresting, aqueous aluminum ion batteries (AAIBs) has delivered

a remarkable energy density of 620Wh/kg and keep a capacity

of 320 mAh/g for 65 cycles [22]. However, since the electrolyte

is an acidic electrolyte, the disproportionation reaction of Mn3+

and the reversible electrodissolution/electrodeposition makes δ-
MnO2/Al cell more complex. The depositional δ-MnO2 phase is

hard to representation, further increases the difficulty of mecha-

nism investigated. However, the excellent electrochemical perfor-

mance of AAIBs has been confirmed in experiments [17,22]. There-

fore, the issues need to be solved to exploring the electrochemistry

performance of δ-MnO2 in AAIBs and understanding the Al-ion dif-

fusion mechanism of δ-MnO2. However, the current experimental

methods have encountered obstacles to investigate. Instead, a first-

principles calculation is successful to investigate the mechanism of

ions insertion and intrinsic characteristics of materials, and these

methods are supplements to experimental efforts for understand-

ing the performance in molecular scale [23,24].

There are four space groups of δ-MnO2 (layered MnO2), which

are R3̄M (O3 type), P3̄M1(T1 type), P63/mmc (P2 type) and C2/m

(O’3 type) showed in Fig. 1 [25]. For the different space groups

of MnO2, the stacking order of O layers is the key for different

space groups of δ-MnO2. For O3 and O’3 type MnO2, the O layer

is the order of “BACBAC…”. T1 type of MnO2 is “BABA…”. P2 type

of MnO2 is “BAAB…”. Although the difference between different

types of δ-MnO2 lies in the location of the Mn and O ions, the

small structure changes can lead to different results in Al3+ diffu-

sion. Zhou et al. reported the 1T-MnO2 as potential surface of mul-

tivalent cation diffusion. Although the work indicated the excellent

ion diffusion of Al, the drawback is that the JT (Jahn-Teller) distor-

tion of Mn3+ are not considered and the only 1T-MnO2 has been

investigated [26]. The published works have shown that JT distor-

tion can influence the ion diffusion, even to the contrary conclu-

sion [27]. Reviewing the current research, it is not clear for us to

understand the difference of four different MnO2 types during the

charging and discharging. Therefore, the molecular scale analysis is

necessary to understand the difference after Al insertion.

For convenience, the discussion of δ-MnO2 describes by the O3

type, T1 type, P2 type and O’3 type, respectively, and the space

groups are marked in diagrams. In this work, we investigated the

Table 1

The lattice parameters of δ-MnO2 in four different space groups.

Parameters O3 T1 P2 O’3

a (Å) 2.9188 2.9188 2.9166 5.0591

b (Å) 2.9188 2.9188 2.9166 2.9191

c (Å) 15.4392 5.0284 10.7773 5.7861

β (o) 90 90 90 123.8781

γ (o) 120 120 120 90

four types of δ-MnO2 and understand the intrinsic electrochemical

characteristics from atoms structure, electronic structure and ions

diffusion. The voltage of Al insertion into δ-MnO2 is T type > O

type > P type. However, the energy barriers of Al in T type and

O type are 1.00 and 1.08 eV indicated a sluggish diffusion. Inter-

esting, the energy barrier of Al migration is only 0.56 eV, due to a

long (spacious pathways) and stable (2.007–2.030 Å) Al-O bonds in

P2 type. By eliminated the influence of Mn3+, means the Mn3+ is

far away with the diffusion ion, the energy barrier of Al migration

could reach 0.19 eV in P2 type. It confirms the obviously effect of

Mn3+ polaron. Hence, key influencing factors of slow Al-ions dif-

fusion are narrow pathways, unstable Al-O bonds and Mn3+ type

polaron have been identified. Besides, due to the aqueous elec-

trolyte, the water cannot avoid in the experiment, resulting in a

large interlaminar spacing of ∼7 Å [21]. However, the dehydration

of δ-MnO2 makes the interlaminar spacing decrease to 5.5–5.6 Å

[28,29]. The interlayer spacing determines the room of the carrier

diffusion. Therefore, we also investigate the influence of large in-

terlayer spacing (6.5 Å [29]) during the Al insertion/extraction. It is

discovered that large interlayer spacing is beneficial to ions diffu-

sion. These discover provide more evidence for researchers in de-

veloping a high energy density cathode material.

The Vienna ab initio simulation package (VASP) based on den-

sity functional theory (DFT) with the Projector Aleugmented Waves

(PAW) method was used throughout our calculations [30,31]. A

spin-polarized generalized gradient approximation (GGA) and the

plane wave basis projector augmented wave (PAW) methods are

used to solve the Kohn-sham equations with the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional [31–33]. The va-

lence configurations of Mn (3d5, 4s2), O (2s2, 2p4), Mg (3s2), Na

(3s1) and Al (3s2, 3p1) orbital are considered in our calculations.

Because of strong on-site electron-electron correlations among the

Mn-3d electrons, the GGA+U method has been employed and the

Ueff value is set as 3.9 eV [34–37]. The Monkhorst-Pack scheme with

3× 3× 2 k-point mesh is used for supercell [38]. The model of

O3 (3× 3× 1 supercell), T1 (3× 3× 3 supercell) and O’3 type of

MnO2 (3× 3× 1 supercell) contains a supercell with 54 O atoms

and 27 Mn atoms. The model of P2 contains a 3× 4× 1 super-

cell with 48 O atoms and 24 Mn atoms. The optimized lattice pa-

rameters of δ-MnO2 in four different space groups are showed in

Table 1. The cutoff energy for the expansion of plane wave func-

tion is 500 eV. During the optimization, all the atomic positions

are fully relaxed and the final force between all the atoms is less

than 0.01 eV/Å. And the energy converged to 10−7 eV/Å. To describe

the effect of van der Waals interaction, the DFT-D3 method was

considered in the ions adsorption, not in Al insertion into δ-MnO2

[39]. Besides, the Al insertion into a 14 Å vacuum layer was used

for supercell to avoid unwished interaction between the two MnO2

layers on monolayer MnO2. To investigate the diffusion pathways

of Al ions in MnO2, the NEB approach is employed by using 5 im-

ages from the starting to the ending most stable position [40,41].

In addition, the adsorption energy of metal ions is calculated by

the follow formula:

Ead = Emetal−MnO2
− Emetal − EMnO2

(1)

2
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Fig. 2. The metal ions are adsorbed on the monolayer MnO2. (a-c) Al ions, Mg ions

and Na ions on the M-hollow site. (d-f) Al ions, Mg ions and Na ions on the O-

hollow site.

where Ead is the adsorption energy of metal ion on the monolayer

MnO2. Emetal−MnO2
, Emetal and EMnO2

are the energy of metal ion

on the monolayer MnO2, the binding energy of bulk metal and the

energy of monolayer MnO2, respectively.

The δ-MnO2 exhibits four structure classification, distinguishing

by the stacking order of Mn-O layers. According to previous re-

ports, it is unfavorable for Al ion adsorption on graphene [42]. In

order to understand the adsorption of Al ions and multi-electron

reaction of Al on the MnO2 surface, the Al ions’ adsorption on

the monolayer MnO2 is estimated. Similar to common layered ma-

terials, such as graphene, MoS2, phosphorene, the weak van der

Waals force cannot securely bind the MnO layers, leading to the

monolayer MnO2 from bulk MnO2 [43–45]. In 2003, the mono-

layer MnO2 had been synthesized by Yoshitomo Omomo et al. in

experiment [46]. In addition, the monolayer MnO2 also reflects the

electrochemical properties of MnO2 (001) surface, which is facing

to the electrolyte. In order to better understand the multi-electron

reaction of Al, the Na+ and Mg2+ are added as comparisons and

the same-period elements could remit the effect of different ionic

radius on performance.

According to previous works and our tests in Fig. S2 (Support-

ing information), the two types of adsorption sites are choose in

the calculations, which are located above O and transition metal,

named O-hollow site and M-hollow site in this paper, respectively

[47]. All the ions are fullly optimized without fixation in the cal-

culations. And the structures of Al ions’ adsorption are shown in

Fig. 2. According to the crystal field theory, the 3d orbital of Mn3+

splits into two parts, t2g orbital and eg orbital. The last electron of

Mn3+ occupies the higher eg orbital forming the Jahn-Teller dis-

tortion. Due to the low Gibbs free energy of JT effect in Table S1

(Supporting information), all structures are taken into account the

JT effect of Mn3+, except P2-type MnO2. On the M-hollow posi-

tion, the distance between O and Na is 1.757 Å, which are largest

among the distance of Al and O (1.248 Å), the distance of Mg and

O (1.306 Å). Besides, on the O-hollow position, the distance of Na

and O, Mg and O, Al and O are 1.634, 1.121 and 1.064 Å, respec-

tively. Compared the distance of O-hollow position with the dis-

tance of M-hollow position, the distance between metal ions and O

in the O-hollow position is smaller. Hence, the adsorption energy

in the O-hollow position is larger than the M-hollow position in

Table 2, indicating the strong adsorption force. Therefore, the sta-

ble adsorption sites of metals are O-hollow positions. In particular,

Table 2

The adsorption energy of Na, Mg and Al on the monolayer MnO2.

Type Ead-Al (eV) Ead-Mg (eV) Ead-Na (eV)

M-hollow −1.31 −2.19 −2.68

O-hollow −1.60 −2.56 −2.76

Fig. 3. The DOS of Na, Mg and Al adsorption on the monolayer MnO2. Due to the

valence configurations of Mg-3s and Na-3s, the DOS of Na and Mg are Mg-3s and

Na-3s orbitals. The PDOS of Al are showed in Fig. S3 (Supporting information).

as the chemical valence of metal ions increased, the high electron

transfer, the distance between metal ions and O decreased, the ad-

sorption energy of ions become smaller in harmonization of elec-

tromagnetic forces.

Due to the special electron configuration (3s23p1) of Al, when

one electron loses from 3p1 orbital, Al has a stable electron config-

uration (3s23p0). In the previous work of our group, it is proved

that the special electron configuration of Al makes the charge

transfer between Al and borophene achieve one electron [48]. The

electrons in 3s orbital is stable. Hence, it’s not a multi-electron re-

action. In addition, excellent electronic conductivity is also an im-

portant performance of electrode materials. The electronic conduc-

tivity of MnO2 has shown by examining the electronic structure of

monolayer MnO2. In Fig. 3, the pure monolayer MnO2 has a band

gap of 1.71 eV. After the Na, Mg and Al ions are adsorbed on the

monolayer MnO2, the electron transfer from metal ions to MnO2,

Mn-eg orbital gained valence electrons from the metal ions. Hence,

the part of the Mn-eg orbital is below the Fermi energy level, lead-

ing to the small band gaps. The band gaps of ions adsorption on

the MnO2 are 0.41, 0.29 and 0.37 eV for Na, Mg and Al adsorption,

respectively. In addition, the 3s orbitals of Mg and Na are empty

in Fig. 3, means the valence electrons of ions completely transfer

from 3s orbitals to monolayer MnO2. Interesting, the part of Al-s

and Al-p orbital is below the Fermi energy level, when Al adsorbed

on the MnO2, indicating that the valence electrons of Al are not

completely lost. Comparing the DOS of Mg@MnO2 with Al@MnO2

in Fig. 3, the electronic structures of Mn are same, two peaks of

Mn-eg below the Fermi level. And the Bader calculation proves the

1.78|e| of Al and of 1.68|e| of Mg have been transferred. Hence,

there are two Mn ions on the MnO2 forming two Mn3+, proved
by the magnetic moment of Mn. In a word, although the adsorp-

3
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Fig. 4. The optimal structure of one Al insertion into δ-MnO2. (a) O3 type, (b) T1

type, (c) P2 type, (d) O’3 type.

tion energy of Al ions is high enough to store Al ions, the electron

transfer of 3|e| cannot be achieved, limiting the capacities of RABs.

In order to break though the electron transfer of Al on mono-

layer MnO2, we investigated Al insertion into bulk MnO2 to achieve

the 3|e| electron reaction of Al. In Fig. 1, the δ-MnO2 has four

types, named O3, T1, P2 and O’3, respectively. The distance of Mn-

Mn layers are 5.15, 5.03, 5.39 and 4.80 Å for O3, T1, P2 and O’3

types, respectively. In our works, after relaxing all the atoms, the

β angle of O’3 type is 123.88° After comparing the Gibbs free en-

ergy of Al insertion with different structures, the best positions of

Al insertion are showed in Fig. 4 because of the lowest structure

energy. The details are showed in Table S2 (Supporting informa-

tion). The optimal Al insertion position in O3 and O’3 types are

the octahedral positions, the best position in P2 type is the cen-

ter of triangular prism. Interesting, the best Al insertion position

in T1 type is the tetrahedral position. In addition, for the O3, T1,

P2 and O’3 types, the average bonds of Al-O are 1.964, 1.806, 2.005

and 1.952 Å, respectively. When Al inserted into layered MnO2, the

interlayer spacing of Mn-Mn layers decreased to 4.69, 5.01 and

4.57 Å for O3, P2 and O’3, respectively, except T1 type, indicated

the stronger interaction between Al and O.

According to previous reports, in experiments, the two dis-

charge plateau of δ-MnO2 are Mn4+ to Mn3+ and Mn3+ to Mn2+

when Al insertion into MnO2 [15,20,26,49]. And the main dis-

charge plateau of Mn4+ to Mn3+ is 87% of experimental capaci-

ties (279.17 mAh/g of 320 mAh/g [28]). Besides, due to the dispro-

portionation reaction of Mn3+ and the dissolution of Mn2+, MnO2

causes phase transitions and collapses of structures [50,51]. How-

ever, the physical coating and ions doped avoid the reactions be-

tween the acid electrolyte and MnO2, alleviating phase transitions

and structure collapse [50,52]. In order to accurately understand

the electronic structure and voltage of Al insertion into layered

MnO2, avoiding the effect of Mn2+, the main discharge plateau of

Mn4+ to Mn3+ is discussed in this work to estimate the main volt-

age value and electronic structure of MnO2.

In Fig. 5, before the Al ion inserted into MnO2, layered MnO2

had typical semiconductor characteristics, and the band gap of

1.71 eV made the electron conductivity of MnO2 have to be as-

sisted by some conductive agents. When Al inserted into MnO2

(Al0.111MnO2 for O3, T1 and O’3, Al0.083MnO2 for P2) initially, the

P2 type presents an obvious metallic state with a good electronic

conductivity, while the T1 type has obvious semiconducting char-

acteristics. Besides, the band gap of T1 is obviously reduced. Partic-

ularly, due to the split of Mn-eg, the band gaps of O3, T1 and O’3

are narrow than the initial MnO2. With the further increase of the

Al concentration to Al0.333MnO2, the Mn-eg orbitals in the O3 and

O’3 types constantly gain electrons from Al, and the energy gap in-

Fig. 5. The density of states of Al insertion into four types of δ-MnO2. (a) O3

type, (b) T1 type, (c) P2 type, (d) O’3 type. And the O3, T1 and O’3 have four dif-

ferent concentrations of Al0.333MnO2, Al0.222MnO2, Al0.111MnO2 and Al0MnO2. The

P2 type has five different concentrations of Al0.333MnO2, Al0.25MnO2, Al0.167MnO2,

Al0.083MnO2 and Al0MnO2.

creased. At last, the Mn4+ completely transformed into Mn3+, the
band gaps of Al0.333MnO2 become 0.29, 1.16 and 0.48 eV for O3,

T1 and O’3, respectively. However, the band gaps of Al0.333MnO2 is

smaller than pure MnO2. Interesting, the MnO2 of the P2 type al-

ways has metallic state regardless of the Al concentration. Besides,

in the T1 type, the band gap decreases to 0.32 eV of Al0.222MnO2,

keeping on the typical semiconductor characteristics. Until the Al

concentration reaches Al0.333MnO2, the band gap becomes 1.13 eV.

The energy gap is derived from the energy level difference be-

tween dz2 and dx2−y2 . In Fig. 5, there is no electronic state of Al

around the Fermi level, indicated the Al is complete oxidation. Fur-

ther analyzing the magnetic moment of Mn, it shows that all the

valence electron of Al transfer to Mn. Hence, the electron transfer

could reach 3|e|, and the Al ions are ionic states.

The open circuit voltage is an important parameter for estimat-

ing the performance of batteries. Improving the voltage of RABs

can increase the energy density of batteries. In our work, we cal-

culate the voltage of Al insertion into MnO2 by using the following

formula:

Vave = Einsertion−xAl − Einsertion−yAl + (y − x)EAl
3(y − x)e

(y ≥ x) (2)

where Einsertion-xAl is the energy of x Al insertion into MnO2,

Einsertion-yAl is the energy of y Al insertion into MnO2, EAl is the

energy of Al metal, x and y is the number of Al ions. The average

voltages are shown in Table 3. Hence, the voltage of the T1 type is

the highest of 2.56V. The voltage of the P2 type is only 1.82V. And

the voltages of the O3 and O’3 types are 2.28V and 2.18V, which is

fit with the experiment (O’3 type of 2.1V) [20]. In addition, during

4
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Table 3

The open circuit voltage of Al insertion into four types of δ-MnO2.

Sample O3 (V) T1 (V) P2 (V) O’3 (V)

Al0.333MnO2 2.28 2.56 1.82 2.18

Al0.25MnO2 – – 2.01 –

Al0.222MnO2 2.11 2.11 – 2.13

Al0.167MnO2 – – 1.68 –

Al0.111MnO2 1.91 1.75 – 1.93

Al0.083MnO2 – – 1.53 –

Al0.037MnO2 1.71 1.46 – 1.74

Fig. 6. The energy barriers of Al ions diffusion in δ-MnO2 of four types. (a) O3 type,

(b) T1 type, (c) P2 type, (d) O’3 type.

the discharge of Mn4+ to Mn3+, the average voltages are 2.08V,

2.11V, 1.76V and 2.06V for O3, T1, P2 and O’3 type, respectively.

It was found that the O type MnO2 has the high voltage, over 2V,

while the voltage of P type MnO2 is less than 2V. And the average

voltages are T type > O type > P type.

Due to the high valence of Al, the strong force between Al and

O leads to a sluggish diffusion of ions in cathode materials, which

hampers the application of RABs. Although, Zheng et al. proposed

measures, such as widening diffusion channel and choosing flat

potential energy surface, to promote the diffusion of Al after sum-

marizing the published research works [53]. It is undeniable that

the diffusion of Al ions is still a major obstacle to the develop-

ment of RABs. Therefore, investigating the diffusion of Al ions is

an unavoidable issue for improve the performance of RABs. After

evaluated the diffusion of Al ions in the four types by DFT calcu-

lations, Figs. 6a and b showed the energy barriers of Al ions in O3

and T1 type are 1.08 eV and 1.00 eV, respectively. When Al inserted

into the P2 types, the diffusion barrier of Al ions is only 0.56 eV in

Fig. 6c. Facing the high charge characteristics of Al3+, the diffusion

of ions is faster than Na ions in the layered material, Na2MnO3, in-

dicating that P2 type is beneficial for ions diffusion [54]. However,

Fig. 6d showed that the energy barrier of Al ions in the O’3 type

was the highest, reaching 2.41 eV, indicated the difficult diffusion

of Al ions in the intercalation.

To understand the mechanisms of ions diffusion in δ-MnO2, ob-

serving the transition structure of ion diffusion in Fig. 7, the diffu-

sion of Al ions in T1 is from tetrahedron sites to trigonal site to

tetrahedron sites. However, the diffusion of Al ions in O3 is from

octahedral sites to triangle center site to octahedral sites. Further

observed the structure of the transition state in Fig. 4d, it should

be noticed that the interlayer spacing of Mn-Mn layers is only

4.57 Å. The narrow interlayer spacing makes the length of Al-O

bonds 1.702 Å be shorter than 1.951 Å of ground states before dif-

Fig. 7. The initial structure, transition structures and final structure of Al3+ diffu-

sion in the δ-MnO2. (a) O3 type, (b) T1 type, (c) P2 type, (d) O’3 type.

fusion in Fig. 7d. Hence, at the effect of narrow interlayer spacing

and short bonds, the strong force between Al and O increases the

difficulty of Al ion diffusion. In addition, the Al-O bonds of transi-

tion structure in O3 and T1 are 1.747 Å and 1.764 Å. As for the ions

diffusion of O3 and T1 types, considering the larger interlayer spac-

ing of Mn-Mn slabs, the energy barriers of Al ions in O3 (1.08 eV)

and T1 (1.00 eV) are less than O’3 type (2.41 eV). Interestingly, in P2

type, the transition structure is showed in Fig. 7c. The Al ions are

always located in the center of the triangular prism. And the aver-

age bonds of Al-O are 2.009, 2.030 and 2.007 Å from initial struc-

ture to transition structure to final structure, respectively. The sta-

ble and long Al-O bonds showed a fast Al diffusion due to the sta-

ble potential energy surface. To understand the influence of Mn3+

during the Al migration, the Mn3+ has been eliminated by getting

rid of 3|e| in the calculation. And the energy barrier of Al migra-

tion could reach 0.19 eV in P2 type in Fig. 8a. Therefore, it confirms

the effect of Mn3+ type small polaron is obvious. To improve the

ions diffusion, restraining the Mn3+ type small polaron need to be

studied.

However, in most cases of experiments, the layered MnO2 exists

H2O in the aqueous AIBs. Hence, the influence of water during the

Al ions’ diffusion cannot be ignored. Because the actual structure of

H2O is complex and numerous. It is difficult to show the practical

effect of H2O insertion into δ-MnO2. In next calculation, our group

explores the effect of the large interlayer spacing causing by H2O

in the Al ions’ diffusion. In Na-ion batteries, the co-intercalation of

H2O and Na brings about a large interlayer spacing, which makes

the interlayer spacing of the Mn-Mn layer reach 5.5–5.6 Å, or even

more than 7 Å [22,29,49]. In a published paper, Lucht et al. calcu-

lated the co-intercalation of H2O and Al in MnO2 and showed the

interlayer spacing of Mn-Mn layers could reach 6.5 Å [29]. Hence,

the fixed interlayer spacing of 6.5 Å is employed in the calculations

(Fig. 8). The DOS is showed in Fig. 8b and Al ion adsorbed on the
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Fig. 8. (a) The energy barrier of Al ions diffusion in the P2 type, which the Mn3+ is

far away from Al3+ . (b) The density of states of Al insertion into MnO2 in the large

interlayer spacing of 6.5 Å. (c) The initial structure and transition structure during

the Al diffusion in the large interlayer spacing of 6.5 Å. (d) The energy barriers of

Al ions diffusion on the monolayer MnO2 and the large interlayer spacing of 6.5 Å.

top layer of Mn-Mn layers in Fig. 8c. The DOS shows the Al@MnO2

has a good electron conductive and the Al ions is ionic state. In or-

der to show the influence among the Mn-Mn layer during the dif-

fusion of Al ions, we added the diffusion of Al ions on the mono-

layer as a control group. In Fig. 8d, it is showed that the energy

barrier of Al ions’ diffusion reached 0.84 eV in the large interlayer

spacing of Mn-Mn layers, which has excellent ions diffusion. In ad-

dition, the diffusion barrier of Al ions in the monolayer reaches

1.78 eV, which is much higher than that of Al and H2O insertion

into the MnO2 layer. Further observe the transition structure of Al

diffusion in 6.5 Å interlayer spacing in Fig. 8c, when Al ions mi-

grate, due to the attraction of Al and O (bottom layer), the dis-

tance of Al and O (bottom layer) decrease from 3.650 Å to 2.910 Å.

Hence, the average Al-O bonds increase from 1.761 Å (three bonds)

to 1.782 Å (two bonds) weakened the force between Al and O. Con-

sequently, the MnO2 layer balance the force between Al and O (Top

layer), promoting the Al ions diffusion. Comparing the O3 type and

6.5 Å interlayer spacing, the energy barrier decreases to 0.84 eV.

Paloma Almodovar et al. synthesized O’3 MnO2. In the aluminum

ion battery, the interlayer spacing of MnO2 reached ∼7 Å, which

was fit with the calculation simulation [20,22]. And MnO2 achieves

intercalation and deintercalation of the aluminum species at large

layer spacing, achieving a reversible capacity of 37 mAh/g [20],

verified the effective strategy of increased the interlayer spacing.

Therefore, the insertion of H2O can effectively reduce the diffusion

barriers of Al ions and increase the diffusion speed of Al ions. Of

course, this case is a simplified representative of Al ions insertion

into crystal water of MnO2. However, it reflects the effect of larger

interlayer spacing during the Al ions’ diffusion.

In summary, this work provides a systematic and comprehen-

sive assessment of four type layered MnO2 (O3, T1, P2 and O’3

type) as cathode materials in RABs, and by atomic structures, elec-

tronic structures, and diffusion of Al ions analysis, the suitable P2-

type layered MnO2 has been verified to apply for RABs. As for

O3 and T1 type MnO2, the higher open-circuit voltage promotes

the MnO2 to achieve the higher energy density at the expense of

charging/discharging speed. Regarding the O’3 type layered MnO2,

the higher energy barrier of 2.41 eV indicates extremely slow ions

diffusion and the key issues for application is to improve the dy-

namics. Base on the previous work for 2D materials, by compar-

ing the carriers adsorption (Na, Mg, Al) of different chemical va-

lence, the multi-electron reaction of Al in monolayer MnO2 has

been investigated and the results shows the electron transfer has

not reached 3|e|, means incomplete multielectron reaction. Given

the key issue proposed, multilayer MnO2 could achieve a 3|e| mul-

tielectron reaction, which reduce the cost of production and advise

researchers keep more multilayer MnO2 structure. To solve the is-

sue of slow diffusion, further analysis of the mechanism of Al ion

diffusion, the main reason of Al slow diffusion in O’3 is unstable

and short Al-O bonds. Besides, the distance of Mn-Mn layers de-

crease because of Al insertion, reduced the room of Al migration.

Comparing the T1 and O3 type MnO2, O3 type MnO2 has more

spacious pathways and T1 type MnO2 has more stable Al-O bonds.

Hence, the energy barriers of Al diffusion are similar. Interesting,

the P2-type MnO2 keep a low energy barrier of 0.56 eV, due to

a long and stable Al-O bonds of 2.007–2.030 Å Specially, the ex-

periment cannot avoid water into layered MnO2. After considering

the huge interlayer spacing of Mn-Mn layers causing by water, in-

creasing the interlayer spacing can accelerate the diffusion of Al

ions, promoting the application of O’3 types MnO2. In addition, if

the Mn3+ is far away from the diffusion ions, the energy barrier

of Al diffusion is reduced to 0.19 eV. It confirms the obviously ef-

fect of Mn3+ polaron. Therefore, there are three main reasons for

slow ions diffusion that are narrow pathways, unstable Al-O bonds

and Mn3+ type polaron. Although the average voltage of P2 (1.76V)

is the lowest than others, considering comprehensive performance,

our works suggest that layered MnO2 should keep more P2-type

MnO2 in the synthesis of materials for RABs, further developing

the cathode materials of RABs and paving the way for large-scale

energy storage.
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