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a b s t r a c t 

MnO 2 is regarded as a promising cathode material owing to its low cost, environmental friendliness and high the- 
oretical capacity. However, it is plagued by sluggish intercalation/extraction of multivalent cations into MnO 2 
lattice structure in diluted electrolytes, leading to short cycle life and fast capacity decay of aqueous MnO 2 
cathode. Here, we select Al/MnO 2 aqueous battery as a demonstration and report a new approach of using 
concentrated aqueous electrolytes to tune the solvation structures of Al 3 + cations to eliminate their intercala- 
tion into MnO 2 , ensuring high reversibility of MnO 2 cathode in the MnO 2 /Mn 2 + deposition/stripping chemistry. 
Molecular dynamics simulation and experimental analysis reveal that the radius of Al 3 + solvation sheath in the 
concentrated aqueous electrolytes is larger than the lattice spacing of MnO 2 , thereby avoiding their intercalation 
into the MnO 2 cathode. As a result, the newly developed Al/MnO 2 full cell in the optimized electrolyte delivers 
a high discharge voltage of ∼1.9 V, large specific capacity of ∼493 mAh/g and long-term stability of over 1000 
cycles. This work provides new opportunities to the development of highly reversible MnO 2 cathode for aqueous 
multivalent metal/MnO 2 batteries. 
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. Introduction 

Rechargeable Al batteries emerge as competitive alternatives to
ithium batteries [1–4] , because Al possesses high volumetric (8046
Ah/cm 

3 ) and gravimetric (2980 mAh/g) energy densities, as well as a
ow redox potential of Al 3 + /Al ( − 1.67 V vs. SHE) [ 5 , 6 ]. Moreover, the
igh abundance, low-cost and easy accessibility of Al resources enable
l batteries promising candidates for different energy storage systems
7] . However, the lack of suitable cathode materials has been a critical
ssue that prohibits the application of Al batteries. Recently, two cat-
gories of cathode materials have been developed for rechargeable Al
atteries. One is carbon-based materials with high specific surface areas
uch as 3D graphite-foam [8] and defect-free graphene [9] that can ac-
ommodate intercalation of Al x Cl y − anions, delivering high power den-
ity of 30 kW/kg due to the fast monovalent reaction kinetics. However,
he output specific capacity was largely restrained by the monovalent
harge storage characteristics. The other category of cathode materials
s based on Al 3 + cations intercalation/extraction mechanism, which can
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ealize high specific capacities. However, the discharge rate is usually
ow in these cathode materials because of the sluggish transport kinetics
f Al 3 + in the lattice structures [10–12] . For example, in the reported
 2 O 5 [13] , CuHCF [14] , spinel MnO 2 materials [15] , Al 3 + cations al-
ays have sluggish intercalation/extraction kinetics, leading to short

ycling life (usually less than 100 cycles), fast capacity decay with rel-
tively low discharge plateau (typically ranging from 0.3 V to 0.8 V vs.

l/Al 3 + ), which is hardly considered as practical cathode materials for
he Al batteries. Particularly, MnO 2 materials are promising cathodes
or Al batteries owing to their earth abundance, low-cost, environmen-
al friendliness and high theoretical capacity. [16–19] Recent progress
n Mn-based cathode materials including 𝛼-MnO 2 [16] , Birnessite MnO 2 
17] , Al x MnO 2 • nH 2 O [ 15 , 20 ], 𝛼-MnO 2 @Mn 2 AlO 4 [21] revealed that
nO 2 can be excellent candidates for aqueous multivalent metal batter-

es. Although much effort has been devoted to fabricate different types
f MnO 2 , their charge storage performance based on the Al 3 + interca-
ation/extraction mechanism showed poor reversibility, short cycling
ife and low discharge plateau [ 16 , 17 ]. Therefore, it is highly desirable
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o develop novel MnO 2 cathode materials or apply new chemistries to
ackle the critical issues remained in the intercalation of Al 3 + into MnO 2 
aterials. 

Recently, Chen et al. developed a new MnO 2 cathode in MnO 2 /Mn 2 + 

eposition/dissolution reactions and showed high discharge voltage
 ∼1.23 V vs. SHE), large capacity ( ∼616 mAh/g) and ultralong cycle life
over 10,000 cycles), which fundamentally solved the problems of low
apacity and poor reversibility of the traditional MnO 2 cathodes [22] .
fterwards, different MnO 2 based battery chemistries, for instance,
nO 2 /Zn [ 23 , 24 ], MnO 2 –/Cu [25] , and MnO 2 /Pb [26] have then been

eported and demonstrated good electrochemical performance. How-
ver, combination of the MnO 2 cathode based on the Mn 2 + /MnO 2 chem-
stry with Al anode has never been reported. We anticipate that high
apacity and great reversibility of aqueous Al/MnO 2 battery could be
chieved by coupling such a MnO 2 cathode with Al anode. Nevertheless,
he electrodeposited MnO 2 on the cathode during the charge process
ave good lattice structures, which may induce Al 3 + intercalation into
heir lattice structures during the battery discharge process. The strong
lectrostatic attraction between Al 3 + and O atom in MnO 2 will result
n the formation of inactive Al x MnO 2 , and eventually lead to the decay
f battery performance. Therefore, how to avoid Al 3 + intercalation into
nO 2 cathode is the key towards the fabrication of a high performance
l/MnO 2 battery in the Mn 2 + /MnO 2 chemistry. Designing a larger sol-
ation structure of Al 3 + cations than the MnO 2 lattice to hinder their
ntercalation is an effective solution, which can be achieved by tuning
he electrolyte solvation structures. It was well-recognized that in the
oncentrated electrolyte, anions and coordination solvents are strongly
oordinated with metal ions rather than staying as free ones [ 31 , 32 ],
hich can form large solvation structures of metal cations in the elec-

rolyte. Therefore, tuning the solvation structure of Al 3 + in the aqueous
l/MnO 2 battery became a promising strategy to explore. 

In this study, we proposed and demonstrated an aqueous Al/MnO 2 
attery based on the MnO 2 /Mn 2 + chemistry with high stability by tun-
ng the solvation structure of Al 3 + through the strategy of concentrating
lectrolytes for the sake of avoiding Al 3 + intercalation. In the optimized
aturated electrolyte (s-Al/Mn electrolyte composed of 4.4 M AlCl 3 and
 M MnCl 2 in H 2 O), the solvation structure of Al 3 + cations are larger
han the ones in the diluted electrolyte (d-Al/Mn electrolyte composed
f 1 M AlCl 3 and 1 M MnCl 2 in H 2 O). Therefore, self-intercalation of
l 3 + into MnO 2 lattice can be prohibited thanks to the larger solva-

ion structure of cations in the s-Al/Mn electrolyte, which guarantees
he high reversibility of the MnO 2 cathode. Benefiting from the de-
igned electrolyte, the Al/MnO 2 battery shows a high discharge plateau
t ∼1.9 V and delivers a large capacity of ~ 493 mAh/g with a stable
ycle life of over 1000 cycles. This electrolyte tuning strategy can be
pplied in more multivalent metal/MnO 2 battery systems to avoid the
rreversible multivalent metal cations intercalation. 

. Results and discussion 

.1. The solvation structures of Al 3 + in different electrolytes 

In order to investigate the solvation structures of Al 3 + in the elec-
rolytes of s-Al/Mn and d-Al/Mn, classical molecular dynamics ( c MD)
ere performed. As shown in Fig. 1 a and b, s-Al/Mn electrolyte and
-Al/Mn electrolyte were simulated by considering two cuboid areas in
imensions of 7.7 × 7.7 × 7.7 nm 

3 and 7.2 × 7.2 × 7.2 nm 

3 , respectively.
l, Mn, Cl and water molecules were colored by red, orange, blue and
hite, respectively. Simple point charge/electronic charge (SPC/EC)
odel was used to describe the water molecules and interatomic po-

entials of different ions [29] . As shown in Fig. 1 c, in the optimized
-Al/Mn electrolyte, one Al 3 + was bridged with 1.8 Cl − and 4.2 H 2 O
o form the solvation structure of AlCl 1.8 (H 2 O) 4.2 

1.2 + . A higher frac-
ion of water was found in the Al 3 + first coordination sheath in the
-Al/Mn electrolyte, forming AlCl 0.9 (H 2 O) 5.1 

2.1 + cluster ( Fig. 1 c). Ac-
ording to the reported literature in other diluted and concentrated elec-
114 
rolytes [30] , AlCl 0.9 (H 2 O) 5.1 
2.1 + should be easy to dissociate to form

l 3 + , 0.9 Cl − and 5.1 H 2 O in the diluted electrolyte, while high en-
rgy barrier was needed to dissociate AlCl 1.8 (H 2 O) 4.2 

1.2+ in the concen-
rated electrolyte. The above hypothesis was further verified by calcu-
ating the binding energies of solvation clusters of AlCl 0.9 (H 2 O) 5.1 

2.1 + 

nd AlCl 1.8 (H 2 O) 4.2 
1.2 + using DFT. As shown in the Figure S1, the bind-

ng energy of AlCl 0.9 (H 2 O) 5.1 
2.1 + is − 6.01 eV, while the binding en-

rgy of AlCl 1.8 (H 2 O) 4.2 
1.2 + is − 10.01 eV. The higher binding energy

f AlCl 0.9 (H 2 O) 5.1 
2.1 + indicated that it is easier to dissociate to form

l 3 + ions. The bond distances of Al-O and Al-Cl were calculated to be
.0 Å and 2.5 Å, respectively ( Fig. 1 d), and the maximum layer distance
f MnO 2 is 1.3 Å. Therefore, AlCl 1.8 (H 2 O) 4.2 

1.2 + cations are too large
o intercalate into the MnO 2 lattice, while the dissociated Al 3 + cations
0.5 Å) have the chance to intercalate into the MnO 2 lattice. 

The hypothetical electro-dissolution processes of MnO 2 in the elec-
rolytes of s-Al/Mn and d-Al/Mn are schematically illustrated in Fig. 1 e.
n the d-Al/Mn electrolyte, the reduction of MnO 2 in the initial state
s related to the dissolution of MnO 2 due to its higher redox potential.
n the following stage, some of dissociated Al 3 + cations (0.5 Å) inter-
alate into the lattice of MnO 2 (1.3 Å). The intercalated Al 3 + cations
ave strong electrostatic attraction with O atom in MnO 2 , resulting in
he formation of O vacancy. In this case, the intercalated Al 3 + cations
re hard to escape from the lattice structure of MnO 2 due to the sluggish
xtraction kinetics of Al 3 + from MnO 2 , which lead to the accumulation
f inactive Al x MnO 2 . In the s-Al/Mn electrolyte, the cations and anions
re hard to dissociate due to the high binding energy, thus, the radius
f AlCl 1.8 (H 2 O) 4.2 

1.2 + cations are large enough to avoid their interca-
ation into the MnO 2 lattice. Under such circumstance, the electrode-
osited MnO 2 is directly reduced to Mn 2 + in the electrolyte of s-Al/Mn,
chieving highly reversible MnO 2 /Mn 2 + reactions. In order to gain deep
nderstanding of the properties of d-Al/Mn and s-Al/Mn electrolytes,
onic conductivity, pH value and viscosity of both electrolytes have been
ested. The ionic conductivity was calculated by the impedance spectra
n Al||Al symmetric cells at ambient temperature (Figure S2). It revealed
hat the ionic conductivities decreased from 157 mS/cm to 44 mS/cm
hen the electrolyte shifted from d-Al/Mn to s-Al/Mn, which was com-
arable to that of WISE electrolytes [27] . The pH values of d-Al/Mn and
-Al/Mn electrolytes are 0.33 and 4.45, respectively, which are tested by
H meter. The lower pH value is favorable for the dissolution of MnO 2 ,
hile it is not the case in our battery systems ( Fig. 2 ), indicating that

he solvation structure of Al 3 + cations is more crucial to the dissolution
f MnO 2 . The viscosity of d-Al/Mn and s-Al/Mn electrolytes tested by
iscometer were 1.66 and 35.90 mPa • s, respectively. 

.2. The electrochemical performance of Al/MnO 2 battery 

In order to ensure the deposition/dissolution of MnO 2 within the
tability window of d-Al/Mn and s-Al/Mn electrolytes, linear sweep
oltammetry (LSV) was conducted to test the electrochemical oxida-
ion stability window using an Al-Pt cell. As shown in Figure S3, the
xidation stability windows of d-Al/Mn and s-Al/Mn electrolytes were
.0 V and 2.5 V, respectively. Therefore, the charge voltage should
e controlled to less than 2.5 V. It is worth to mention that the cur-
ent peaks in the range of 2.0 V to 2.5 V were not due to the oxy-
en evolution reaction but the deposition of MnO 2 . In order to figure
ut how the solvation structures of cations affect the dissolution pro-
ess of MnO 2 , we conducted both three-electrode and two-electrode
ell measurements in the s-Al/Mn and d-Al/Mn electrolytes. Firstly, the
hree-electrode cell was setup by using carbon felt as working electrode,
g/AgCl as reference electrode and Al as counter electrode, which was
ycled in the electrolytes of s-Al/Mn and d-Al/Mn under a current den-
ity of 2 mA/cm 

2 . As shown in Fig. 2 a, two discharge plateaus can be
bserved in the d-Al/Mn electrolyte, which were positioned at 1.03 V
 vs. Ag/AgCl) and 0.77 V ( vs. Ag/AgCl). According to the reported lit-
rature [17] , they can be ascribed to the reduction of MnO 2 to Mn 2 + 

MnO + 4H 

+ + 2e − = Mn 2 + + 2H O) and the intercalation of Al 3 + ions
2 2 
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Fig. 1. (a) c MD simulated electrolyte structure in the d-Al/Mn electrolyte, where 11190 H 2 O (white), 1030 Cl − (blue), 206 Al 3 + (red) and 206 Mn 2 + (orange) 
molecules were dissolved into a periodic cuboid with dimension of 72.1 × 72.1 × 72.1 Å3 . (b) c MD simulated electrolyte structure of the s-Al/Mn electrolyte, where 
11,190 H 2 O (white), 3130 Cl − (blue), 906 Al 3 + (red) and 206 Mn 2 + (orange) molecules were dissolved into a periodic cuboid with dimension of 77.6 × 77.6 × 77.6 Å3 . 
(c) The coordination number of Al 3 + with Cl − and H 2 O in the electrolytes of d-Al/Mn and s-Al/Mn. (d) Radial distribution function of Al-O and Al-Cl pairs. (e) 
Schematic illustration of electrochemical dissolution process of MnO 2 in the electrolytes of d-Al/Mn and s-Al/Mn. 

115 
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Fig. 2. The voltage profiles of carbon felt (WE)-Ag/AgCl (RE)-Al (CE) three-electrode cell in the electrolytes of (a) d-Al/Mn and (b) s-Al/Mn at the current density of 
2 mA/cm 

2 . (c) The cycling performance of Al/MnO 2 full cell in the electrolytes of s-Al/Mn and d-Al/Mn. The voltage profiles of Al/MnO 2 full cell in the electrolytes 
of (d) d-Al/Mn and (e) s-Al/Mn with different rates. 
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nto MnO 2 (xAl 3 + + MnO 2 + 3xe − = Al x MnO 2 ). As for the voltage profile
f the three-electrode cell in the s-Al/Mn electrolyte, only one distinct
ischarge plateau positioned at 1.00 V ( vs. Ag/AgCl) was observed in
ig. 2 b, indicating that the reaction was dominated by the reduction of
nO 2 to Mn 2 + but not the Al 3 + cations intercalation into MnO 2 dur-

ng the cell discharge process. It was noticed that an activation process
as needed at the first cycle for carbon felt (Figure S4). The core-level

pectra of Mn 3 s was utilized to determine the valence states of the
eposited MnO x at different cycles. The average valence numbers of the
lectrodeposited MnO 2 were calculated to be 3.64 and 3.60 in the elec-
rolytes of d-Al/Mn and s-Al/Mn on the basis of the Mn 3 s peak splitting
nergy of 4.7 eV and 4.73 eV, respectively (Figure S5). Therefore, the
ctual electron charge transfer numbers in the Al/MnO 2 cell are 1.64
n the d-Al/Mn electrolyte and 1.60 in the s-Al/Mn electrolyte, respec-
ively. It was revealed that the electrodeposited MnO 2 showed almost
he same average oxidation state at the initial cycles. In other words,
egligible Al 3 + ions were intercalated into MnO lattice at initial cycles
2 

116 
n both electrolytes. However, at the 80 th cycle, the average oxidation
tate of the MnO 2 cathode dropped to 3.23 in the electrolyte of d-Al/Mn,
n contrast, the average oxidation state of the MnO 2 cathode maintained
t 3.53 in the electrolyte of s-Al/Mn. Such a change in the electrolyte
f d-Al/Mn reflected that Al 3 + ions were gradually accumulated in the
nO 2 lattice due to the smaller radius of Al 3 + ions (0.5 Å) compared
ith MnO 2 lattice (1.3 Å), and the strong electrostatic attraction of Al 3 + 

ons with O atom in the MnO 2 host leads to more O vacancy formation.
he radius of AlCl 1.8 (H 2 O) 4.2 

1.2 + ions are large enough to avoid their in-
ercalation, which evident the importance of tuning the solvation struc-
ures of Al 3 + ions for the reversibility of MnO 2 /Mn 2 + chemistry. 

Furthermore, we fabricated two-electrode full cells by using carbon
elt as the cathode current collector and Al foil as the anode in both the
-Al/Mn and s-Al/Mn electrolytes, in order to evaluate the influence of
he solvation structures of cations in the battery performance. As shown
n Fig. 2 c, the Al/MnO 2 full cell delivered a stable cycling life over 1000
ycles with a high specific capacity of ∼493 mAh/g and Coulombic effi-
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Fig. 3. SEM images of MnO 2 cathodes after (a-b) 3 cycles and (c-d) 80 cycles at charged states in the electrolyte of d-Al/Mn. SEM images of MnO 2 cathodes after 
(e-f) 3 cycles and (g-h) 80 cycles at charged states in the electrolyte of s-Al/Mn. 
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iency of ∼97% in the s-Al/Mn electrolyte. Although the Al/MnO 2 full
ell delivered a much higher initial discharge capacity ( ∼540 mAh/g),
t decayed to 0 mAh/g within 130 cycles in the d-Al/Mn electrolyte. A
.7-fold improvement in cycle life illustrated that the non-intercalation
f Al 3 + ions was beneficial to the high reversibility of the MnO 2 /Mn 2 + 

hemistry and the intercalation of Al 3 + cations was detrimental to the
tability of aqueous Al/MnO 2 battery. Al||Al symmetric cells were as-
embly to verify the reversibility of Al anode at a current density of
 mA/cm 

2 . As shown in Figure S6, the Al||Al symmetric cells displayed
olarization voltage as high as 0.15 V due to the aluminum oxide passi-
ation layer in both electrolytes. After activation, the polarization volt-
ge dropped to 0.012 V and stably cycled for 140 cycles, indicating
he similar behavior of Al anode in both electrolytes. In order to fig-
re out whether H 

+ is intercalated into MnO 2 , the deposited MnO 2 @CF
as coupled with Al foil and tested in 0.1 M HCl solution. As presented

n Figure S7, no discharge capacity can be detected even in the low
ut-off voltage of 1 V ( vs. Al/Al 3 + ). Previous studies reported that the
roton co-intercalation is usually determined by the crystal structure of
he electrodes and pH of the electrolyte [28] . In our Al/MnO 2 cells, no
vidence was illustrated on the H 

+ co-intercalation into the MnO 2 . The
dvantages of the Al/MnO 2 cell using s-Al/Mn electrolyte were further
videnced by the rate capability. At a low discharge rate of 1 mA/cm 

2 ,
he voltage plateaus relating to the dissolution of MnO 2 displayed com-
arable values in the d-Al/Mn and s-Al/Mn electrolytes, which were
ocated at 1.84 V and 1.91 V, respectively. With the discharge rate in-
reased from 1 mA/cm 

2 to 10 mA/cm 

2 , the discharge plateau decreased
rom 1.84 V to 1.54 V in the electrolyte of d-Al/Mn due to the gradual
l 3 + ions intercalation into the MnO 2 lattice that causes the sluggish
inetics. In contrast, the discharge plateau of the Al/MnO 2 cell in the s-
l/Mn electrolyte could be well maintained at 1.75 V even at the current
ensity of 10 mA/cm 

2 . The above electrochemical data showed that tun-
ng the solvation structures of cations provided an effective approach to
he prevention of Al 3 + cations intercalating into MnO 2 lattice and thus
he achievement of high-performance Al/MnO 2 batteries. 

.3. Characterizations of MnO 2 cathodes 

To gain a deeper insight into the mechanism underlying the encour-
ging phenomena, scanning electron microscopy (SEM) was carried out
o study MnO 2 morphologies after 3 and 80 cycles at the charged states
n the electrolytes of d-Al/Mn and s-Al/Mn. As shown in Fig. 3 a, the typ-
cal nanosheet structure of the deposited MnO 2 could be observed at the
 

rd cycle in the electrolyte of d-Al/Mn and the carbon felt was covered
ith a uniform layer of deposited MnO ( Fig. 3 b). While the nanosheet
2 

117 
tructure of the deposited MnO 2 became blurry at the 80 th cycle ( Fig. 3 c)
ue to the gradually changed MnO 2 /Mn 2 + conversion with cycling life
ncreasing, which can be reflected by a short cycle life ( ∼130 cycles) and
nstable discharge plateau in Fig. 2 a and 2 c. In addition, large aggrega-
ions could be observed after 80 cycles ( Fig. 3 d), which can be ascribed
o inactive Al x MnO 2 accumulation owing to the sluggish extraction ki-
etics of Al 3 + out of Al x MnO 2 . With regard to the electrolyte of s-Al/Mn,
he nanosheet structure of deposited MnO 2 maintained well at the 80 th 

ycle ( Fig. 3 g), as compared to that at the 3 rd cycle ( Fig. 3 e). Notably, no
arge aggregations can be observed even after 80 cycles ( Fig. 3 f and 3 h),
mplying the good reversibility of the MnO 2 cathode in the MnO 2 /Mn 2 + 

hemistry by the strategy on tuning the solvation structures of cations.
EIS was further applied to study the MnO 2 cathode of the Al/MnO 2 
attery in the electrolytes of d-Al/Mn and s-Al/Mn at different cycles.
n order to exclude the effect of Al anode, a three-electrode CF (WE) –
g/AgCl (RE) – Al (CE) cell was setup by using carbon felt as working
lectrode, Ag/AgCl as reference electrode and Al as counter electrode.
s shown in Figure S8, the interfacial impedance of CF electrode in the
lectrolyte of d-Al/Mn was significantly increased from the 3 rd cycle
o the 80 th cycle, demonstrating that the undissolved MnO 2 on the CF
lectrode was gradually accumulated. While the interfacial impedance
f CF electrode in the electrolyte of s-Al/Mn at the 3 rd cycle was rel-
tively stable as compared to that at the 80 th cycle. In addition, the
nclined straight line in low frequency region is a crucial indicator to
valuate the diffusion rate of ions to the electrode. As shown in Figure
8a, the diffusion rate of ions in the electrolyte of d-Al/Mn at the 80 th 

ycle decreased dramatically as compared to that at the 3 rd cycle. In
ontrast, the diffusion rate of ions in the electrolyte of s-Al/Mn kept in
light changes with cycling (Figure S8b), implying the high reversibil-
ty of the cathode MnO 2 deposition and dissolution. The results of the
EIS measurements further support the morphology changes and elec-
rochemical performances of the Al/MnO 2 battery in the d-Al/Mn and
-Al/Mn electrolytes. 

Further, XRD was conducted to check the crystal structures of the
eposited MnO 2 after 3, 30 and 80 cycles using d-Al/Mn and s-Al/Mn
lectrolytes. As shown in Fig. 4 a, two peaks positioned at 36.1° and 65.5°
elonging to MnO 2 (400) and MnO 2 (002) planes could be observed
rom the MnO 2 cathode in the electrolyte of d-Al/Mn. With cycling life
ncreased from 3 cycles to 80 cycles, these two MnO 2 peaks shifted
o 37.0° and 66.1° gradually, which illustrated the shrinkage of lattice
pace due to the electrostatic attraction of intercalated Al 3 + cations to
 atoms in MnO 2 . While in the electrolyte of s-Al/Mn, no distinct XRD
eaks belonging to the electrodeposited MnO 2 could be observed, which
ay due to the amorphous characteristics or the small particle size of
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Fig. 4. XRD characterization of the deposited MnO 2 at the charge states after 3, 30 and 80 cycles in (a) d-Al/Mn and (b) s-Al/Mn electrolytes. O 1 s XPS spectra 
of the deposited MnO 2 at the charge states after 3 and 80 cycles in (c) d-Al/Mn and (d) s-Al/Mn electrolytes. (e) XPS survey spectra of the deposited MnO 2 at the 
charge states after 3, 30 and 80 cycles in the d-Al/Mn and s-Al/Mn electrolytes. 
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he electrodeposited MnO 2 . The structures of the deposited MnO 2 in
ifferent electrolytes were further characterized by transmission elec-
ron microscopy (TEM). High-resolution TEM of deposited MnO 2 in the
lectrolyte of d-Al/Mn showed particle sizes of ∼8 nm, and the lattice
ringes of 0.24 nm and 0.14 nm correspond to the (002) and (400) planes
f MnO 2 , respectively (Figure S9). However, the deposited MnO 2 in the
lectrolyte of s-Al/Mn showed rather amorphous nature with few parti-
les in sizes of only ∼2 nm, which may result in the undetectable XRD
eaks of the electrodeposited MnO 2 . It was noted that the XRD intensity
f carbon substrate in the electrolyte of d-Al/Mn became much weaker
ith the cycling life increased, which indicated the growing accumu-

ation of inactive Al x MnO 2 on the carbon substance. In contrast, the
arbon signals kept in the same intensity with cycling in the electrolyte
f s-Al/Mn due to the non-accumulation of inactive Al x MnO 2 on the car-
on substance. These results are in excellent agreements with the SEM
bservations ( Fig. 3 ). The peak around 29.1° can be ascribed to the XRD
older, because it can be detected from the plain carbon felt on the XRD
older (Figure S10). 

X-ray photon spectroscopy (XPS) and X-ray absorption spectroscopy
XAS) tools were further applied to analyze the deposited MnO 2 in the
lectrolyte of s-Al/Mn. The O 1 s XPS spectra can be split into three
omponents that are associated with the Mn–O–Mn bond (529.7 eV) for
etravalent MnO 2 , the Mn–OH bond (531.2 eV) for trivalent MnOOH
nd the H–O–H bond (532.6 eV) for residual water ( Fig. 4 c), respec-
ively. With the cycling number increased, the peak intensity of trivalent
nOOH increased greatly in the electrolyte of d-Al/Mn, and this phe-

omenon further confirmed that Al 3 + ions intercalate into MnO 2 lattice
nd attract to O atoms in the host material, resulting in the accumula-
118 
ion of trivalent MnOOH. Binding energy peaks of the Mn 2p XPS spectra
xhibited the upward shifts in the electrolyte of d-Al/Mn (Figure S11a).
hese shifts together with O observation verified the generation of O
acancy in the MnO 2 , which was identical to the XRD results. Triva-
ent MnOOH was detectable in the s-Al/Mn electrolyte because of the
mperfection of deposited MnO 2 , different from in the d-Al/Mn elec-
rolyte, the peak intensity of trivalent MnOOH kept unchanged even
fter 80 cycles in O 1 s spectra of the MnO 2 in the s-Al/Mn electrolyte
 Fig. 4 d), suggesting no AlCl 1.8 (H 2 O) 4.2 

1.2 + ions intercalated into MnO 2 
o induce the generation of O vacancy. As for the XPS survey, the Al 2p
eak at 73 eV was growing in the deposited MnO 2 cathodes with cycling
n the electrolyte of d-Al/Mn, further verifying the intercalation of Al 3 + 

ations into MnO 2 ( Fig. 4 e). While in the electrolyte of s-Al/Mn, no Al
p signal can be detected even after 80 cycles ( Fig. 4 e), which implied
hat no Al 3 + cations intercalate into MnO 2 lattice. The highly improved
eversibility of the MnO 2 /Mn 2 + chemistry was strongly associated with
he solvation structure of Al 3 + . 

The deposited MnO 2 after 3, 30 and 80 cycles were examined by O
-edge X-ray absorption spectroscopy (XAS) to gain insight into their
lectronic structure change. As presented in Fig. 5 a and b, t 2g and e g 
rise from the hybridization of O 2p with Mn 3d t 2g and 3d e g orbitals,
espectively, and the broad peak G is associated with the hybrid states
f O 2p with metallic Mn 4sp characters. Therefore, the decrease of the
 2g peak indicates the formation of the oxygen vacancy and e g peak in-
icates lattice oxygen. As shown in Fig. 5 a and c, the relative intensity
f t 2g /e g in the O K-edge XAS spectra showed a dramatic decrease in the
lectrolyte of d-Al/Mn when the cycling life increased from the 3 rd cycle
o the 80 th cycle, suggesting the formation of O vacancy. The change of
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Fig. 5. O K-edge XAS of deposited MnO 2 after 3, 30 and 80 cycles in (a) d-Al/Mn and (b) s-Al/Mn electrolytes. t 2g /e g ratios estimated from O K-edge spectra at 
various charge states in (c) d-Al/Mn and (d) s-Al/Mn electrolytes. 
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he broad post-edge features can be attributed to the distortion of the
rystal structure. As shown in Fig. 5 a, the broad G peak distorted with
he increasing of cycling number, which implied that the intercalated
l 3 + ions induce the change of the lattice structures. The distortion of
nO 2 lattice structure is unfavorable for the extraction of Al 3 + ions.
hile in the electrolyte of s-Al/Mn, owing to the high reversibility of
nO 2 cathode, no visible change could be observed in the peaks of t 2g ,
 g and G ( Fig. 5 b). In addition, t 2g /e g ratios showed only a small change
 Fig. 5 d). The XAS results further illustrated that the solvation structures
f Al 3 + cations in the electrolyte of s-Al/Mn contribute to the high re-
ersibility of the MnO 2 /Mn 2 + reactions by completely eliminating the
l 3 + intercalation into MnO 2 lattice structure, thus achieving the highly
table Al/MnO 2 battery. 

. Conclusion 

In conclusion, the solvation structures of Al 3 + ions were tuned by
oncentrating electrolyte to form larger clusters of AlCl 1.8 (H 2 O) 4.2 

1.2 + 

hat are unavailable in the diluted electrolytes. The large radius of
lCl 1.8 (H 2 O) 4.2 

1.2+ cations avoided self-intercalation into MnO 2 lat-
ice and guaranteed the high reversibility of MnO 2 cathode in the
nO 2 /Mn 2 + deposition/stripping chemistry. In the optimized elec-

rolyte, the newly developed Al/MnO 2 full cell delivered an enhanced
attery performance with a high discharge plateau of ∼1.9 V, a large
pecific capacity of ∼493 mAh/g and long-term stability of over 1000
ycles. While in the diluted electrolyte, the performance decayed very
ast (less than 130 cycles with two discharge plateaus positioned at 1.9 V
nd 1.6 V). Our molecular dynamic simulations and experimental results
emonstrated that no Al 3 + cations can be intercalated into MnO 2 by tun-
ng their solvation structures in concentrated electrolyte, which was the
ey for the greatly improved performance of the Al/MnO battery. This
2 

119 
tudy opens new avenues to the development of Al batteries with high
eversibility, which could be applied to other multivalent batteries. 

. Experimental section/methods 

.1. Materials 

All reagents and materials in this work are commercially available
nd were used without further purification. Aluminum foil (Al, 99%),
luminum chloride hexahydrate (AlCl 3 • 6H 2 O, ≥ 98.0%), manganese
hloride tetrahydrate (MnCl 2 • 4H 2 O, ≥ 99.0%), hydrochloric acid (HCl,
5.0–98.0%) were purchased from Guoyao Corporation. 

.2. Al/MnO 2 cell assembly 

The aqueous Al/MnO 2 battery was assembled using carbon felt
1.2 × 1.5 cm 

2 ) as the cathode-less current collector and Al foil (1.2 × 1.5
m 

2 ) as the anode. Carbon felt was treated by plasma for 5 min and Al
oil was polished by sandpaper before use. 1 M MnCl 2 + 1 M AlCl 3 in
 2 O and 4.4 M AlCl 3 + 1 M MnCl 2 in H 2 O with 0.05 M HCl were used
s the electrolytes for Al/MnO 2 battery. The addition of HCl can help
mprove the redox reversibility of Mn 2 + /MnO 2 , which was well studied
y previous work [18–20] . 

.3. Characterization 

Powder diffraction X-ray (PXRD) patterns were collected on a
hilips X’Pert PRO SUPER Xray diffractometer equipped with graphite
onochromatized Cu K 

𝛼
radiation. Scanning electron microscope (SEM,

EOL-6700F) was carried out to characterize the morphologies, sizes
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nd structures of the MnO 2 . Valence state measurements were charac-
erized by X-ray photoelectron spectroscopy (XPS) using a monochro-
atic Al K a1 source (1486.6 eV). For the XRD, SEM and XPS measure-
ents the carbon felt cathodes were washed with deionized water at

east three times to avoid residuals and dried overnight in a vacuum
ven before tests. O K-edge XAS test was carried out at the Catalysis
nd Surface Science Endstation at the BL11U beamline in the National
ynchrotron Radiation Laboratory (NSRL) in Hefei, China. 

.4. Electrochemical tests 

The cycling performance and rate capability of the cells were tested
n a battery testing system (Landt, Wuhan, China). In the charge-
ischarge measurements, a technique of constant current with 1.4 V
ut-off potential was used for the discharge process and a constant po-
ential 2.2 V with cut-off capacity was applied to the charge process of
he cells. The cyclic voltammetry and the electrochemical impedance
pectra with a frequency range of 100 kHz to 1 Hz were collected using
 Biologic electrochemical work station (Biologic, France). All electro-
hemical tests were conducted at room temperature. 

.5. Simulation details 

All MD simulations in this work were performed in NVT ensemble
sing LAMMPS package [33] . The temperature of electrolyte was main-
ained at 300 K by the Nosé-Hoover thermostat with an integration time
tep of 1 fs [34] . 3D periodic boundary condition was applied. A combi-
ation of electrostatic and Lennard-Jones (LJ) potential was employed
o describe the nonbonding interactions. SPC/E water model was used
35] and LJ potential of ions Al 3 + , Mn 2 + and Cl − were from ref. [36–38] .
he geometric mixing rule was applied to generate the Lennard-Jones
arameters between different atom pairs. The cut-off of LJ potential and
he real space electrostatic interaction are 10 Å. The long-range electro-
tatic interaction was solved by particle-particle particle-mesh (PPPM)
lgorithm [39] . The C 

–H bond was maintained by the SHAKE algorithm
40] . The MD simulation of both electrolyte systems were first heated
p from 1 K to 300 K in 3 ns in NVT ensemble. Then the systems were
quilibrated at 300 K for 2 ns in NVT ensemble and for 5 ns in NPT
nsemble. At last, a 10-ns production run was used for data analysis. 
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