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PS1. Adsorption energy(Eads), average Al3+/Al–carbon distance (R), and transfer 

Millikan charges for the internal and external adsorption of Al3+/Al on CNT(8,8), 

adsorption on one graphene sheet and between two graphene sheets

Table S1.Adsorption energies (Eads), average Al3+/Al–carbon distance (R), and transfer Millikan 

charges for the internal and external adsorption of Al3+/Al on CNT(8,8), adsorption on one graphene 

sheet and between two graphene sheets at B3LYP/6-31G(d) level. “+” and “-” in Transfer Millikan 

charge represent that the Al3+ and Al gains and loses electrons, respectively.

Al3+/Al@CNT/G 
Clusters

 Eads (kcal/mol) Rion/atom–C (Ǻ) Transfer Millikan 
Charge

Al3+@CNT(8,8)-in -811.5 2.648 +2.461
Al@CNT(8,8)-in -11.0 2.598 -0.537

Al3+@CNT(8,8)-out -818.7 2.722 +2.398
Al@CNT(8,8)-out -13.3 2.763 -0.454

Al3+@G -851.2 2.685 +2.445
Al@G -21.0 2.633 -0.495

G@Al3+@G -803.6 3.039 +2.395
G@Al@G -5.0 3.027 -0.573

The adsorption energy (Eads) is defined as

𝐸𝑎𝑑𝑠 = 𝐸
𝐴𝑙3 + 𝐴𝑙@𝐶𝑁𝑇

‒ 𝐸𝐶𝑁𝑇 ‒ 𝐸
𝐴𝑙3 + 𝐴𝑙

where , , and  are interaction energies of the Al3+/Al @CNT 
𝐸

𝐴𝑙3 + 𝐴𝑙@𝐶𝑁𝑇 𝐸𝐶𝑁𝑇
𝐸

𝐴𝑙3 + 𝐴𝑙

systems, the CNT, and the Al3+/Al, respectively. For Al3+ adsorption on one graphene 

sheet and between two graphene sheets, the similar formula is used to calculate the 



adsorption energy, just changing the CNT in the formula to one graphene sheet or two 

graphene sheets.

As showed in Table S1, the adsorption energy is 7.2 kcal/mol larger when Al3+ 

adsorbs on the external wall of CNT(8,8) than that on the internal wall of CNT(8,8), 

which demonstrates that Al3+ is more likely to adsorb on the external wall of CNT 

(8,8). The adsorption energy of Al3+ adsorption on one graphene sheet is the largest; 

while the adsorption energy is the smallest when Al3+ adsorbs between two graphene 

sheets. The adsorption energy of Al adsorption on the external wall is 5.6 kcal/mol 

larger than that on the internal wall, which shows that Al is also more likely to adsorb 

on the external wall of CNT(8,8). These results are consistent with that Li+/Li prefers 

to adsorb on the outside wall of CNT1. The adsorption energy of Al is much smaller 

than that of Al3+, which proves that Al3+-π interactions is much larger than Al-π 

interactions. 

PS2. The most stable geometry optimized structures for the internal and external 

adsorption of Al3+ on different dimaters of CNTs



Fig. S1. Top (a) and side (b) views of Al3+ internal adsorption at the most stable 

hollow site of (6,6),(8,8), (10,10), (12,12). Top (c) and side (d) views of Al3+ external 

adsorption at the most stable site of (6,6),(8,8), (10,10), (12,12).

PS3. The most stable geometry optimized structures for the internal and external 

adsorption of Al on different dimaters of CNTs



Fig. S2. Top (a) and side (b) views of Al internal adsorption at the most stable hollow 

site of (6,6), (8,8), (10,10), (12,12). Top (c) and side (d) views of Al external 

adsorption at the most stable site of (6,6), (8,8), (10,10), (12,12).

PS4. The most stable geometry optimized structures of Al3+ adsorption on one 

graphene sheet with different sizes

Fig. S3 Top (a) and side (b) views of Al3+ adsorption on one graphene sheet with 

different sizes.



PS5. The most stable geometry optimized structures of Al adsorption on one 

graphene sheet with different sizes 

Fig. S4 Top (a) and side (b) views of Al adsorption on one graphene sheet with 

different sizes.

PS6 .The most stable geometry optimized structures of Al3+ adsorption between 

two graphene sheets with different sizes

Fig. S5 Top (a) and side (b) views of Al3+ adsorption between two graphene sheets 

with different sizes.

PS7 .The most stable geometry optimized structures of Al adsorption between 

two graphene sheets with different sizes



Fig. S6 Top (a) and side (b) views of Al adsorption between two graphene sheets with 

different sizes.

PS8. Two Al3+ adsorption inside and outside of CNT(8,8) and multi-ion effect on 

the cell voltage and adsorption energy and the capacity.

Fig. S7 Side and top views of two Al3+ adsorption inside (a) and outside (b) of CNT 
(8,8)

Table S2. The cell voltages and adsorption energy for different systems.

Internal wall External wall

Eads (kcal/mol) Vcell (V) Eads (kcal/mol) Vcell (V)
1- Al3+ -811.5 11.57 -818.7 11.65



2-Al3+ -1212.1 8.57 -1247.2 8.80

Taking CNT(8,8) as an example, we studied two Al3+/Al adsorption inside and 
outside of CNT(8,8) as showed in Fig. S7. The total adsorption energy increased and 
the adsorption energy per atom/ion decreased when two Al3+ was adsorbed inside and 
outside the CNT(8,8).The values of cell voltage decreased to 8 V when two Al3+ was 
adsorbed inside and outside the CNT(8,8),which is still higher comparing to the 
current experiments. As the increase of Al3+/Al density, the difference of cell voltage 
between the external wall and internal wall is larger, as shown in Table S2. Overall, 
our main conclusions don’t change, for example: the Al3+-π interaction is beneficial to 
cell voltage and the cell voltage is larger when Al3+ adsorbed on the external wall than 
that on the internal wall. We also note that the impact of Al3+-π interaction on the 
voltage becomes complex when multiple ions intercalate into the CNTs.

To further calculate the greatest density, we performed different numbers of Al 
atom adsorption on the periodic CNT(8,8), as shown in Fig.S8.When the number of 
Al atom increase from one to four, aluminum atom can be adsorbed in the dispersive 
way, when the number of aluminum increase further to eight inside the CNT, 
aluminum atom gather together to form cluster, the minimum distance between 
aluminum atom in the  cluster contained eight aluminum atom is 0.256 nm, which is 
less than the nearest distance of aluminum atom 0.286 nm in crystal structure. Outside 
the CNT(8,8), the density can reach AlC12. Our current results based on CNT(8,8) are 
smaller than the CNT-Li based batteries which can reach LiC2

2. As the diameter 0of 
CNT increases, the adsorption density can also may increase.

Fig. S8 The geometry optimized structures when different numbers of aluminum atom 
adsorption inside and outside of CNT(8,8).

We note that the specific capacity can be obtained through the formula C=nxF/Mf 
3,4, where n is the number of electrons transferred per formula unit, x is the number of 
Al atom involved, F is the Faraday constant, and Mf is the mass of formula unit AlC12. 
Thus the capacity can reach 470.273 mAh/g when aluminum atoms were adsorbed 
outside CNT(8,8).



PS9. Different cathode electrode materials and electrolytes for Al ion batteries in 
experiments and theoretical calculation

Table S3 Different cathode electrode materials and electrolytes for Al ion batteries in 
experiments and theoretical calculation

Cathode Material Electrolyte Intercalated Ion Cell Voltage (V)
Capacity

(mAh/g)

Current 

density

(mA/g)

Ref

Graphitic foam 1.3:1AlCl3:EMImCl AlCl4
− 2.0 70 4000 5

Pyrolytic graphite 1.3:1AlCl3:EMImCl AlCl4
− 2.0 65 66 5

Natural graphite powder 1.3:1AlCl3:EMImCl AlCl4
− 2.25~2.0;1.9~1.5 110 99 6

graphene aerogel 1.3:1AlCl3:EMImCl AlCl4
− 1.95 100 5000 7

GNHPG 1.3:1AlCl3:EMImCl AlCl4
− 2 123 5000 8

Large-Graphene 1.3:1AlCl3:PMImCl AlCl4
− 2 90 300 9

graphite powder 1.3:1 AlCl3:urea AlCl4
− 1.9~1.5 73 100 10

graphene film 1.3:1AlCl3:[Et3NH]AlxCly AlCl4
− 2.3~2.0;2.0~1.5 120 400000 11

Graphite paper 1.3:1AlCl3:EMImCl Al3+/ AlCl4
− 2.1 70 20 12

Li3VO4@C 1.3:1AlCl3:EMImCl Al3+ 0.5 137 20 13

Binder-free V2O5 1.1:1AlCl3:EMImCl Al3+ 0.6 239 44.2 14

VO2

1.1:1AlCl3:EMImCl, 

0.5 wt% C14H14OS 
Al3+ 0.5 165 50 15

TiO2  nanoleaves 1.0 M Al(NO3)3 Al3+ 0.95 278.1 50 16

 AlxMnO2·nH2O 5.0M Al(OTF)3-H2O Al3+ 1.1 467 30 17

Mo6S8 Carbon paper  1.5:1AlCl3:BMImCl Al3+ 0.55 148 12 18

G-VS2 1.3:1AlCl3:EMImCl Al3+  186 100 19

MoS2  1.3:1AlCl3:EMImCl Al3+ 0.8 253.6 20 20

Theoretical calculation

graphite AlCl4
− 2.01~2.3 69.62 21

Graphene/hBN AlCl4
− 2.14 183 3

SWNT AlCl4
− 1.96 275   4

CNT (In this paper) Al3+ ~11@CNT(8,8) ~470

CNHP= plasma-etched graphene nanoribbons on highly porous 3D graphene foam.The blank areas are the parameters that did 

not report in the literature.

PS 10 The calculation results with the basis set of 6-311G (d,p)

In order to test different basis sets effect on the calculation results, we take the 
system of CNT(12,12) as an example to perform the single energy calculation using 
the basis set 6-311 G(d,p). 

As shown in Fig. S9, the cell voltage decrease slightly, but is still high ~11.9 V. 



The adsorption energy of Al3+ decrease slightly whether the Al3+ was adsorbed inside 
or outside CNT(12,12). The adsorption energy of Al increase slightly whether the Al 
was adsorbed inside or outside CNT(12,12).The cell voltage of Al3+ adsorption 
outside CNT(12,12) is larger than that of Al3+ adsorption inside CNT(12,12), which is 
consistent with the result in our main manuscript (at B3LYP/6-31 G(d)).

These results indicate that different basis sets have little effect on the cell voltage, 
adsorption energy, the main conclusions in the manuscript are still valid.

Fig. S9 (a) Cell voltage of Al3+ adsorption inside/outside CNT (12,12) using different 
basis sets. (b)Adsorption energy of Al3+ adsorption inside/outside CNT(12,12). 
(c)Adsorption energy of Al adsorption inside/outside CNT(12,12). The columns with 
diagonal lines stand for new calculation data with the basis set of 6-311G(d,p).

PS11. The effect of C-C bond length after Al3+/Al adsorption

As listed in Table S4, we have compared the average C-C bond length of the 
nearest six carbon atom around the Al3+/Al adsorption site on CNT/graphene with the 
average C-C bond of CNT/graphene without Al3+/Al adsorption. The data in the 
bracket are the percent of bond length relaxation after Al3+/Al adsorption. The percent 
of C-C bond length relaxation is calculated by the average C-C bond length difference 
with or without Al3+/Al adsorption divided the average C-C bond length of 
CNT/Graphene without Al3+/Al adsorption.
 Obviously, the bond length relaxation is very small, less than 1.5%. Thus the 
adsorption of Al3+/Al has little effect on the structure change of CNTs/graphene.

Table S4. The average C-C bond length in different systems with/without Al3+/Al 
adsorption.

DC-C (nm) Original Al-ion-In Al-ion-Out Al-atom-In Al-atom-Out

CNT(6,6) 0.142 0.144 (1.41%) 1.43 (0.70%) 0.144 (1.41%) 0.144 (1.41%)

CNT(8,8) 0.142 0.143 (0.70%) 0.143 (0.70%) 0.144 (1.41%) 0.144 (1.41%)

CNT(10,10) 0.142 0.143 (0.70%) 0.143 (0.70%) 0.144 (1.41%) 0.144 (1.41%)



CNT(12,12) 0.142 0.143 (0.70%) 0.143 (0.70%) 0.144 (1.41%) 0.143 (0.70%)

G_C144 0.142 0.143 (0.70%) - 0.143 (0.70%) -

G_C192 0.142 0.143 (0.70%) - 0.144 (1.41%) -

G_C240 0.142 0.143 (0.70%) - 0.144 (1.41%) -

G_C288 0.142 0.143 (0.70%) - 0.143 (0.70%) -

G-G_C144 0.142 0.143 (0.70%) - 0.143 (0.70%) -

G-G_C192 0.142 0.143 (0.70%) - 0.143 (0.70%) -

G-G_C240 0.142 0.143 (0.70%) - 0.143 (0.70%) -

G-G_C288 0.142 0.143 (0.70%) - 0.143 (0.70%) -

PS 12 The change of HOMO-LOMO energy gap after Al3+ adsorption on 
different diameters CNTs

The HOMO-LUMO energy gap Eg is calculated by the formula Eg=ELUMO-EHOMO, 
where ELUMO is the energy of the lowest unoccupied molecular orbital, EHOMO is the 
energy of the highest occupied molecular orbital. As shown in Table S5, as the 
diameter of CNT increased, the HOMO-LOMO energy gap increased without Al3+ 
adsorption, while when Al3+ was adsorbed inside or outside the CNT, the HOMO-
LOMO energy gap decreased gradually, and finally less than that without Al3+ 
adsorption. 

We note that Eg is related to electrical conductivity22 𝜎
𝜎 ∝ exp ( ‒ 𝐸𝑔/𝑘𝑏𝑇)

where kb is the Boltzmann constant, T is the temperature, Eg is the HOMO-
LUMO energy gap. The electrical conductivity increases as the decrease of Eg, thus  

the CNT with bigger diameter is beneficial to improve the electrical conductivity of 
Al ion batteries. 

Table S5 The HOMO-LUMO energy gap Eg in different diameters of CNT 
with/without Al3+ adsorption
Eg (kcal/mol) Original Al3+-In Al3+-Out

CNT(6,6) 21.88 33.41 33.51

CNT(8,8) 23.95 29.37 29.28

CNT(10,10) 25.01 24.97 25.03

CNT(12,12) 25.60 19.97 20.00

PS13. The Al3+ diffusion constant in different systems 

We note that the diffsion constant can be estimated by formula23 D=νa2exp(-E/kbT) 
where E is the energy barrier in the diffusion pathway, and kb and T are the 
Boltzmann constant and temperature, respectively, a is the lattice constant 0.245 nm. ν 
is the frequency of ion motion. Refer to the data in literature23 ν≈1012 Hz, the Al3+ 

diffusion constant is 5.24*10-4 cm2/s at room temprature when Al3+ is adsorbed 
outside of CNT(8,8). 



The data about Al3+ diffusion constant along the axis direction in different systems 
are listed in Table S6.

Table S6 Energy barrier of Al3+ diffusion in different systems and the estimated 
diffusion constant.

Energy barrier (kcal/mol) D (10-4cm2/s)
Al3+@CNT(8,8)-In 1.811 5.37
Al3+@CNT(8,8)-Out 2.197 5.24
Al3+@G 2.820 5.04
G@Al3+@G 2.837 5.04

PS14. Detailed description about calculation method and models

All geometry optimization computations were performed using the standard all-
electron basis set 6-31G(d), which is widely used in the computational study of 
nanostructured materials. All DFT calculations are carried out using the Gaussian-09 
program.24 

The 14-Å-long armchair type single-walled carbon nanotubes with the chiral 
index (6,6), (8,8), (10,10) and (12,12) are studied  (Figures S1-6 in Supporting 
Material). The diameters of the CNTs are 8.13 Å, 10.85 Å, 13.56 Å and 16.27 Å. All 
dangling carbon atoms were passivated with hydrogen atoms. Initially, the Al3+/Al 
was located in different sites including hollow, bond and top sites, and was more 
stable adsorbed above the hollow site after geometry optimization, which is consistent 
with previous results that the hollow site above the hexagonal ring was the most stable 
ion adsorption sit compared with the site above the C-C bond and carbon atom1,25. 
Thus, we optimized the geometry of Al3+/Al adsorption at the hollow site of the 
hexagonal ring. All atoms are free in geometry optimization. For comparison, we also 
built one graphene sheet and two graphene sheets models of different sizes and kept 
the same number of carbon atoms with different CNT diameters.

The simplified chemical reactions involved in the Al-ion battery when we consider 
both Al3+–π and Al–π interactions can be described as follows:
Anode:                                               (1) 𝐴𝑙↔𝐴𝑙3 + + 𝑒 ‒

Cathode:                                  (2) 𝐴𝑙3 + @𝐶𝑁𝑇 + 𝑒 ‒ ↔𝐴𝑙@𝐶𝑁𝑇

The overall reaction is represented by the following expression:  
                                   (3)𝐴𝑙 + 𝐴𝑙3 + @𝐶𝑁𝑇↔𝐴𝑙3 + + 𝐴𝑙@𝐶𝑁𝑇

The cell voltage can be determined by the Nernst equation1, 26,27 

                                                         (4)
 𝑉𝑐𝑒𝑙𝑙 =

‒ ∆𝐺
𝑧𝐹

Where z is the charge on the Al3+ in the electrolyte (z = 3), F is the Faraday constant, 
and ΔG is the change in Gibbs free energy for the chemical reaction of Al-ion battery, 



ΔG = ΔE+PΔV−TΔS. The contributions of volume effects and entropy can be 
negligible at 0 K,1,3,4,21, 26,27 thus we can calculate the change of Gibbs free energy by 
computing the change of the corresponding internal energy. The change of internal 
energy ΔE can be expressed as
∆𝐸 = 𝐸𝐴𝑙 + 𝐸

𝐴𝑙3 + @𝐶𝑁𝑇
‒ 𝐸𝐴𝑙@𝐶𝑁𝑇 ‒ 𝐸

𝐴𝑙3 +

                             (5)
   = (𝐸

𝐴𝑙3 + @𝐶𝑁𝑇
‒  𝐸

𝐴𝑙3 + ) ‒ (𝐸𝐴𝑙@𝐶𝑁𝑇 ‒ 𝐸𝐴𝑙)

where , and  are total energies of the Al3+/Al @CNT systems, and 
𝐸

𝐴𝑙3 + 𝐴𝑙@𝐶𝑁𝑇  
 𝐸

𝐴𝑙3 + 𝐴𝑙

the Al3+/Al, respectively.
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