
This item was submitted to Loughborough's Research Repository by the author. 
Items in Figshare are protected by copyright, with all rights reserved, unless otherwise indicated.

High-energy SWCNT cathode for aqueous Al-ion battery boosted by multi-
ion intercalation chemistry

PLEASE CITE THE PUBLISHED VERSION

https://doi.org/10.1002/aenm.202101514

PUBLISHER

Wiley

VERSION

AM (Accepted Manuscript)

PUBLISHER STATEMENT

This is the peer reviewed version of the following article: PAN, W. ... et al, 2021. High-energy SWCNT cathode
for aqueous Al-ion battery boosted by multi-ion intercalation chemistry. Advanced Energy Materials, 11 (39),
2101514, which has been published in final form at https://doi.org/10.1002/aenm.202101514. This article may
be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-
Archived Versions. This article may not be enhanced, enriched or otherwise transformed into a derivative
work, without express permission from Wiley or by statutory rights under applicable legislation. Copyright
notices must not be removed, obscured or modified. The article must be linked to Wiley’s version of record on
Wiley Online Library and any embedding, framing or otherwise making available the article or pages thereof
by third parties from platforms, services and websites other than Wiley Online Library must be prohibited.

LICENCE

CC BY-NC-ND 4.0

REPOSITORY RECORD

Pan, Wending, Yan Zhao, Jianjun Mao, Yifei Wang, Xiaolong Zhao, Kee Wah Leong, Shijing Luo, et al.. 2021.
“High-energy SWCNT Cathode for Aqueous Al-ion Battery Boosted by Multi-ion Intercalation Chemistry”.
Loughborough University. https://hdl.handle.net/2134/16866826.v1.

https://lboro.figshare.com/
https://doi.org/10.1002/aenm.202101514


  

1 

 

High-Energy SWCNT Cathode for Aqueous Al-ion Battery Boosted by Multi-ion 

Intercalation Chemistry 

 

Wending Pan, Yan Zhao, Jianjun Mao, Yifei Wang, Xiaolong Zhao, Kee Wah Leong, Shijing 

Luo, Xinhua Liu*, Huizhi Wang, Jin Xuan, Shichun Yang, Yue Chen, D.Y.C Leung* 

 

W. D. Pan, J.J. Mao, X. L. Zhao, K. W. Leong, S. J. Luo, Prof. D.Y.C Leung 

Department of Mechanical Engineering, the University of Hong Kong, 999077, China. 

E-mail: ycleung@hku.hk 

 

Dr. X. H. Liu, Prof. S. C. Yang 

School of Transportation Science and Engineering, Beihang University, Beijing 100083, 

China.  

E-mail: liuxinhua19@buaa.edu.cn 

 

Dr. Y. Zhao, Dr. H. Z. Wang 

Department of Mechanical Engineering, Imperial College London, SW7 2AZ, UK. 

 

Dr. Y. F. Wang 

School of Mechanical Engineering and Automation, Harbin Institute of Technology, 

Shenzhen, 518055, China. 

 

Prof. J. Xuan 

Department of Chemical Engineering, Loughborough University, Loughborough LE11 3TU, 

UK. 

 

 

Keywords: Aqueous Al-ion battery, SWCNT cathode, High-capacity cathode, Multi-ion 

intercalation chemistry, Cl-assisted intercalation. 

 

Abstract: The aqueous Al-ion battery has achieved great progress in recent years so that it 

shows comparable performance to that of even non-aqueous Al-ion batteries. However, it also 

shows relatively low energy output and a limited general understanding of the mechanism 

behind it restricting its practical application. Thus, the development of high-performance 

cathode material is in great demand. Herein, a high-capacity single-walled carbon nanotube 

(SWCNT) was developed as cathode for the water-in-salt electrolyte-based aqueous Al-ion 

battery, which provided an ultra-high specific capacity of 790 mAh g
-1

 (based on the mass of 

SWCNT) at a high current density of 5A g
-1

 even after 1000 cycles. Moreover, the 

SWCNT/Al battery showed a complicated multi-ion intercalation mechanism, where AlCl4
-
, 

Cl
-
, Al

3+
 and H

+
 can function at the same time, promoting the battery output. Beyond recently 

revealed H
+
 and metal ion co-intercalation, Cl-assisted intercalation of Al

3+
 ions mechanism 

was also studied by experimental characterization and modelling for the first time, which 

significantly boosted the Al storage capacity. This multi-ion intercalation mechanism 
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combines the high-voltage anion deintercalation and the high-capacity cation intercalation, 

and thus, benefits the development and application of high-energy Al-ion batteries in the 

future. 

 

1. Introduction 

Shortage and environmental pollution of fossil fuels have long been a concern for modern 

society, thus it is in great demand to utilize renewable resources, such as solar and wind 

energy. To use these new energy resources effectively, energy storage techniques are crucial 

and rechargeable ion battery technology is one of the most developed energy storage 

technologies, which shows a very promising future. Although Li-ion batteries have achieved 

significant success, the high price of lithium metal and safety issues restrict its further 

development. Aluminium ion battery (AIB) is regarded as one of the most promising 

candidates for the post-Li-ion battery era, due to its low cost and high theoretical capacity. 

Although the ionic liquid electrolyte based AIB achieved a high operation voltage with high 

stability, it faces many problems, such as low capacity and high-cost electrolytes. Aqueous 

aluminium ion battery (AAIB) takes the advantage of AIB and avoid the expensive electrolyte 

of non-aqueous AIB, showing promising potential for practical applications. Among all the 

AAIBs, water-in-salt state (WIS) AAIB achieved comparable performance with non-aqueous 

AIBs, which successfully expanded the electrochemical window of the aqueous system, 

delivering a high discharge capacity of 200 mAh g
-1

 and a high discharge plateau voltage of 

1.8V. However, the capacity of the cathode material is limited compared with the high 

capacity of 2980 mAh g
-1 

of Al metal anode theoretically. Thus, it is demanded to promote the 

output of WIS-AAIB. 

Carbon materials show a bright future as high-performance cathode for AAIBs, with graphite 

and 2D structured graphene widely utilized in recently reported AIBs. Lin et al. 
1
 firstly 

assembled an ionic liquid electrolyte based graphite/Al battery, showing the ultrafast 

charge/discharge ability with high stability over 7500 cycles. After that, a series of studies on 

Al-ion batteries have been conducted, and the average voltage plateau of the graphite/Al 

battery system has been promoted to 1.8V
2-3

. As a novel 2D material, graphene has also been 

studied as cathode material for AIBs recently
4
. Chen et al. demonstrated a graphene/Al 

battery
5
, of which the cyclability and power density were boosted, delivering a high capacity 

retention of 98% after 25000 cycles at a high current density of 5A g
-1

. However, although it 

still shows a limited discharge capacity of around 120 mAh g
-1

. Thus, the carbon material for 

AIBs demands further development, especially for higher discharge capacity. Among all 
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carbon materials, 1D carbon material, e.g., carbon nanotube (CNT), has not been studied 

thoroughly for Al ion storage. Traditionally, CNTs were utilized in a variety of ways ranging 

from conductive additives, current collectors, and active materials for Li-ion batteries. Among 

different CNTs, the unique electrochemical and mechanical properties of single-walled carbon 

nanotube (SWCNT) make it potential for use in high energy density Li-ion batteries. A high 

theoretical specific capacity of more than 1116 mAh g
-1

 for Li ion storage has been 

theoretically calculated due to the abundant interstitial sites on the nanotube surface, inside 

the individual nanotubes, and between the respective SWCNTs in the close-packed bundles
6
. 

Experimentally, Ziat et al. achieved a high capacity of 1200 mAh
-1

 by a 1.75nm-diameter-

wide SWCNT, confirming the high capacity of SWCNT
7
. Moreover, SWCNT also shows a 

high OCV of 2.8V
8
 for Na-ion batteries, showing the promising future of CNT-based high-

performance ion batteries. Theoretically, the triple-valent Al
3+

 ion can provide much higher 

performance than that of monovalent Li
+
 ion, however, only a few investigations on CNT 

cathode has been conducted for AAIBs
9
.  

Besides, the complicated ion intercalation chemistry of AAIB has not been revealed 

thoroughly. Compared with sole intercalation ion in ionic liquid ([EMIm]Cl-AlCl3) based Al-

ion battery, e.g., AlCl4
-
, and organic electrolyte (Al(OTf)3) based

10-11
, e.g., Al

3+
, multi-ion can 

be regarded as active electrochemical species in non-organic aqueous electrolyte system
12-14

, 

for example, AlCl4
-
, Al

3+
, Cl

-
 and H

+
 co-exists in WIS-AlCl3 electrolyte

15
, which contribute a 

lot to the discharge capacity. Thus, the mechanism behind the multi-ion intercalation 

behaviour needs to be further studied as the interaction of these ions may affect the battery 

performance greatly. 

Herein, a high-capacity SWCNT/Al battery was reported, which achieved a record-breaking 

discharge capacity of 790 mAh g
-1

 (based on the mass of SWCNT) with two discharge 

plateaus at 1.8V and 1.2V, contributing to a high energy density of 980 Wh kg
-1

. The cathode 

was also found to have high stability with more than 1000 cycles at a high current density of 

5A g
-1

. More importantly, multi-ion intercalation chemistry was revealed: besides a high 

discharge voltage plateau at 1.8V for AlCl4
-
 de-intercalation, the Cl

-
 ion was found to play an 

important role for Al
3+

/H
+
 ion co-intercalation, enabling a promoted discharge plateau 

capacity at 1.2V. 

 

2. Results and discussion 

2.1 Preparation of SWCNT cathode and characterization 
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The single-walled carbon nanotube (SWCNT) with carboxymethyl cellulose (CMC) additive 

was directly utilized as cathode material without further processing. Its structure and degree 

of graphitization were characterized by Raman spectroscopy (Figure 1a), where almost 

neglectable D band wavelength could be detected, suggesting the limited defects in the 

SWCNT. This is consistent with the AlCl4
-
 intercalation favoured “defect-free” feature 

proposed by Chen et al. 
5
. The radical beam mode (RBM) region indicates the diameter of the 

SWCNT is around 0.89nm (267cm
-1

) and 1.31nm (186cm
-1

). Its surface groups were also 

examined by Fourier transform infrared (FTIR) spectroscopy (Figure 1b). Besides signals of 

C-C-C and C=C bonds
16

, some oxygen-containing groups, such as C-O-H and C=O 
17

, were 

found, which may result from functionalized SWCNT surface and additive CMC binder. The 

micromorphology of the SWCNT was observed by scanning electron microscope (SEM, 

Figure S1a-c), where its length of several micrometres to even tens of micrometres can be 

seen. A closer look of SWCNT was shown by high-resolution transmission electron 

microscopy (HRTEM, Figure 1c and Figure S1d), where the SWCNT bundle (mostly with a 

diameter of 10 nm) was found, which consists of several single SWCNTs, and the diameter of 

a single SWCNT can be determined to be around 1nm, corresponding to the RBM mode 

signal of Raman spectra (Figure 1a). As the agglomeration state is an important factor for the 

SWCNT bundles, it was further studied and labelled in Figure S1 c and d, which shows a 

uniform distribution of the bundle size around 15 nm, although some large bundles can reach 

a large size of 40 nm and some single SWCNTs still exist. The uniform distribution of the 

bundle size can contribute to the consistency of the electrochemical performance. Compared 

with large-diameter multi-walled carbon nanotubes (MWCNT, Figure S2), it is evident that 

the small-diameter SWCNT shows a large electrochemically active surface area, which can 

provide more potential interstitial sites. The crystal lattice of SWCNT was further observed 

by selected area electron diffraction (SAED, Figure 1d), where it is indexed to the standard 

pattern of carbon material and the (002) and (110) facet shows the highest intensity.  

 

2.2 Electrochemical performance of the SWCNT cathode 

Owing to the unique structure of SWCNT cathode, the SWCNT/Al AAIB shows an excellent 

discharge capacity of 690 mAh g
-1

 (corresponding to an energy density of 800 Wh kg
-1

, based 

on the mass of SWCNT, Figure 2a) at a current density of 1 A g
-1

, where three distinguished 

discharge plateaus at 1.8 V, 1.4 V and 0.7 V were shown. It is worth noting that the discharge 

capacity at 0.7 V can be quite large (more than 1000 mAh g
-1

, Figure S3), however, a cut-off 
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voltage was set as 0.72 V to obtain a high discharge voltage region mainly. Compared with 

the similar tube structure-based MWCNT, the SWCNT shows much higher discharge 

capacity, especially high-voltage capacity (90 mAh g
-1

 at 1.75 V) while the MWCNT only 

shows an unobvious discharge plateau at 1.3 V (Figure 2a). It may be explained by the 

different nanostructure of MNCNT and SWCNT, where the large ion group of AlCl4
-
 can be 

inserted into the interstitial sites of close-packed bundles between SWCNTs while it is hard to 

be intercalated into the thick-wall MWCNTs. Besides, the larger discharge plateau capacity at 

1.2 V can be attributed to the abundant interstitial sites on, inside and between single 

SWCNTs of bundles. It is also worth mentioning that lots of cathode materials show declined 

capacity during cycles. For example, MnO2/Al cell shows a seriously declined discharge 

capacity due to the collapse of lattice during cycles (Figure 2a), however, the SWCNT 

cathode shows an enhanced-discharge-capacity phenomenon after a certain cycles’ activation, 

especially for the discharge plateau at 1.2 V, indicating that an interesting intercalation 

mechanism occurs in the water-in-salt electrolyte system. 

The battery also shows good performance at different current densities (From 0.25A g
-1

 to 

10A g
-1

, Figure 2b-d), where enhanced capacity was found after cycling activation. 

Interestingly, a higher capacity at high voltage plateau of 1.8V was obtained at higher current 

density instead of decreasing, and a similar phenomenon was reported for large anion (de-

)intercalation previously
1, 18

, indicating that higher current density can crossover the diffusion 

barrier easier and thus cause more (de-)intercalation of AlCl4
-
 anions. Meanwhile, the 

discharge plateau at 1.2V was enhanced at a lower current density, indicating a better 

diffusion process for Al
3+

 cation (de-)intercalation. A fast charge test, that is, charge at a high 

current density of 10 A g
-1

 and discharge at a low current density of 1A g
-1

, was conducted, 

where the cell shows an enhanced high plateau capacity at 1.8V due to the in-depth 

intercalation of anions during the charging process, indicating the importance of charging 

condition for anion intercalation. The SWCNT cathode also has good cyclability, which 

shows almost no decline after 200 cycles at 1A g
-1

 (Figure S4). In addition, a long-term 

cyclability was shown at a high current density of 5A g
-1 

(Figure 2e), where a higher capacity 

of 790 mAh g
-1

 and a higher energy density of 980 Wh kg
-1

 were obtained after full activation 

(Figure S5). Although the discharge capacity slightly decreased after 900 cycles. the 

discharge capacity would run at a slightly lower level consistently (Figure S6). The 

degradation can be attributed to two main factors: the SWCNT cathode, which may show 

fewer intercalation sites by long-term cycles, and the water-in-salt electrolyte system, of 
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which the ion concentration and the ion diffusion condition may change during cycles. 

Overall, compared with metal oxides
19

 or sulphides 
20

, the carbon-based materials shows great 

stability. Thus, different from the previously reported cation-based ion battery, the multi-ion 

based SWCNT/Al battery shows a high output in the long-term cycles, which surpasses most 

of the Al-ion batteries and aqueous Zn-ion batteries
21-25

, making it a low-cost and high-

efficiency solution for large-scale energy storage. 

 

2.3 Triple-ion interaction chemistry of SWCNT cathode in WIS-AlCl3 electrolyte 

Different from widely used ionic liquid Al salt electrolyte, complicated intercalation 

mechanism was shown in aqueous Al-ion battery due to multiple active electrochemical 

species, such as AlCl4
-
, Al

3+
, H

+
 and Cl

-
. To reveal the intercalation chemistry in aqueous 

electrolytes, especially in water-in-salt state electrolytes, a series of comparative experiments 

utilizing various kinds of electrolytes, such as WIS-AlCl3, WIS-Al(NO3)3 and WIS-Al(NO3)3 

with HCl additive (WIS-Al(NO3)3/Cl, see Experimental Methods), were conducted with 

electrochemical tests and characterization methods, including X-ray powder diffraction 

(XRD), Raman, FTIR, X-ray photoelectron spectroscopy (XPS) and electrochemical quartz 

crystal microbalance (EQCM) tests. 

An electrochemical dynamics analysis was shown for an overall (de-)intercalation behaviour 

of SWCNT cathode, where four reduction peaks were found with scan rate gradually 

increased from 1mV/s to 10mV/s (Figure 3a). Generally, an approach for analysing the 

electrochemical kinetics process can be described as below: 

i=avb
, 

where a and b are adjustable parameters, i is the current, and v is the scan rate. The coefficient 

b normally varies in the range of 0.5-1.0 where a value of 0.5 represents a diffusion-limited 

process, while 1.0 indicates a capacitive behaviour.  

It is shown that all the intercalation/de-intercalation processes were controlled by both 

diffusion and capacitive effect (Figure 3b), however, the four reduction peaks did show 

different characters. Among these reduction peaks, reduction peaks at 1.0V (b=0.53 from 

figure S7), 0.5V (b=0.73) and -0.1V (b=0.58) vs Ag/AgCl shows less capacitive effect, 

indicating the possible reactions of (de-)intercalation of AlCl4
-
 or Al

3+
, while the reduction 

peak at 0.15V (b=0.90) shows more capacitive property, suggesting an adsorption process or a 
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different insertion type. The properties of these reduction peaks are consistent with the 

discharge behaviours (Figure 3c), where three clear discharge plateaus were found at 1.05V, 

0.5V and 0.05V vs Ag/AgCl, while only a sloping region was found from 0.3V to 0.1V vs 

Ag/AgCl in WIS-Al(NO3)3 electrolyte. Thus, these different responses suggest various 

intercalation behaviours in WIS-AlCl3 AAIB, where AlCl4
-
 can insert into SWCNT during 

charge and Al
3+

/H
+
 can intercalate into SWCNT with the assistance of residential Cl

-
 ions 

inside SWCNT (Figure 4a). Further investigation was conducted in WIS-Al(NO3)3 and WIS-

Al(NO3)3/HCl electrolytes to study the intercalation of Al
3+

. 

 

2.3.1 Intercalation behaviour in Al(NO3)3: H
+
 and Al

3+
 co-intercalation 

Two clear reduction peaks are shown in the CV curve of SWCNT in WIS-Al(NO3)3 

electrolyte by 3-electrode system test (Figure 3d), indicating the ion intercalation/adsorption 

happens around 0.1V and 0.66V vs Ag/AgCl. respectively. The dynamic analysis confirmed 

the reduction peak at 0.66V a capacitive process (b=0.96, Figure S8) and the reduction peak at 

0.1V (b=0.85, Figure S8) both capacitive and diffusion-controlled processes, which are 

different from that in WIS-AlCl3 electrolyte (Figure 3a and b), indicating the occurrence of a 

different intercalation type in WIS-Al(NO3)3 electrolyte. 

As NO3
-
 is not likely to be inserted into the SWCNT cathode, Al

3+
 may play a dominant role 

for ion intercalation in WIS-Al(NO3)3 electrolyte. However, other ions, for example, H
+
, may 

also affect the intercalation process. CV curve of the SWCNT cathode in H2SO4 also shows a 

reduction peak at around 0.5V (Figure S9a). Although the reduction peak shows a high 

capacitive feature (b=0.76, Figure S9b) as no obvious peak shift was found with increased 

scan rate, it should be attributed to the intercalation of H
+
 (See Figure S10) as a similar pair of 

redox peaks was found at 0.45 and 0.51V in H2SO4 electrolyte, suggesting that H
+
 can be 

reversely inserted/extracted from the SWCNT. However, it is hard to detect the intercalation 

of H
+
 as no evidence of H

+
 intercalation was found by the XRD and Raman test (Figure 4b-d). 

Luckily, the intercalated ion can be in-situ observed by EQCM (Figure 3e), where the type of 

intercalated ion can be shown by the revised ratio of the charge and mass changed (Q/M, see 

supplementary table 1 and 2). The adsorption/desorption process of NO3
-
 instead of 

intercalation was also confirmed by the EQCM test (Figure 3e), where the 

adsorption/desorption processes were recorded with the liner increased/decreased mass during 

oxidation/reduction scan without evident peaks. Eliminating the effect of 
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adsorption/desorption of NO3
-
, it is confirmed that the intercalation process in Al(NO3)3 

electrolyte was a mixture of (Al·6H2O)
3+

 and H3O
+ 

as the obtained M/Q value between them 

at reduction peaks of 0.5V, 0.2V and -0.1V (More Al
3+

 was intercalated at -0.1V due to higher 

Q/M value, supplementary table 1 and 2). The existence of hydrate ions may result from that 

hydration shell, which is significant for ion transportation in the aqueous system
26

. It is also 

worth mentioning that the storage of H
+
 is greatly affected by the pH value, where the acidic 

solution (H2SO4, HCl, Figure S11) shows a higher capacity of H
+
 than that of salt electrolyte 

(Al(NO3)3, AlCl3, Figure 3c).  

The intercalation of H
+
 was further confirmed by the FTIR spectrum (Figure 4e), where the 

increased intensity of hydrogen bonding of oxygen-containing groups (2360 cm
-1

)
27

 and 

COOH bonds (1732 cm
-1

)
28

 was captured after charge/discharge reaction in the acidic solution 

(H2SO4 and HCl), indicating some H
+
 was stored by the formation of -OH/COOH bond on the 

SWCNT. This result was confirmed by the recent report
27

. However, only a relatively weak 

COOH peak (531 eV) was found in the WIS-AlCl3 or WIS-Al(NO3)3 electrolytes (Figure 5a), 

compared with that observed in HCl electrolyte, indicating the intercalation of H
+
 was limited 

in Al salt based electrolytes, especially water-in-salt state electrolytes. Increased C-H peak 

was also observed in both HCl and WIS-AlCl3 electrolyte (Figure 5a), suggesting some H
+
 

can directly bond with carbon like other metal ions, such as Li
+
, Na

+
 and Al

3+
.  The 

intercalation method of H
+
 was further confirmed by the increased -OH/-COOH groups after 

long-term cycles (Figure S12, C 1s), compared with that after initial cycles (Figure S13, C 1s). 

To be specific, the amount of O inside the SWCNT was calculated precisely (Table S3), 

confirming its increase after long-term cycles. To further investigate the effect of the 

oxidation of the SWCNT cathode, a pre-oxidized SWCNT sample treated by HNO3 was 

prepared (see Experimental Methods). Compared with pristine SWCNT (Figure 5a), the 

oxidized SWCNT shows a distinguished COOH group (Figure S14), indicating that 

oxygenated functionalities were introduced successfully. As revealed in Figure S15, the 

oxidized SWCNT shows a clear discharge plateau at 0.35 V vs Ag/AgCl in the WIS-Al(NO3)3 

electrolyte within the 3-electrode system, which is still lower than that of 0.5 V vs Ag/AgCl 

obtained in the WIS-Al(NO3)3/HCl electrolyte, indicating a different intercalation mechanism 

from the Cl
-
 assisted intercalation of Al

3+
. An electrochemical dynamics analysis was further 

conducted (Figure S16), where the obtained reduction peak at 0.2 V vs Ag/AgCl (b=0.84) 

shows more capacitive feature compared with that obtained by the SWCNT in WIS-AlCl3 

electrolyte (reduction peak shown at 0.3 V with b=0.73 in Figure 3a), and it also shows 

promoted reduction potential compared with that obtained by the SWCNT in WIS-Al(NO3)3 
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electrolyte (reduction peak shown at 0.1 V with b=0.85 in Figure 3d). Although the reduction 

process is still a mixture of the intercalation of Al
3+ 

and H
+
, it is more like the reduction 

process occurred at 0.3 V in 1M H2SO4 (b=0.78, Figure S9), indicating that it may be mainly 

attributed to the intercalation of H
+
. The XPS measurement further revealed the intercalation 

mechanism that happened on the oxidized SWCNT cathode (Figure S17), where an enhanced 

COOH bond was found at both surface and the inner layer of the discharged sample, 

corresponding to the enhanced capacity of H
+
 intercalation. However, the Al-O bond was only 

found on the surface rather than inside the sample due to the oxidation by the ambient air 

during storage while the Al-C bond was shown inside the discharged sample instead. These 

findings suggest that the oxidation of SWCNT cathode can greatly affect the intercalation of 

H
+
, however, much less effect is observed on the intercalation of Al

3+
.  

The intercalation of Al
3+

 can be verified by elemental mapping analysis (Figure 3f), the 

occurrence of Al and Al2O3 peaks at discharged states by the XRD (Figure 4c, the existence 

of Al2O3 please see Figure S18) and the peak shown in the XPS, where the increased density 

of sp3 peak in C 1s (Figure 5a) and Al-C peak
29

 in Al 2p (Figure 5c) were found after 

discharging, indicating the intercalated Al
3+

 may bond with C within the SWCNT. To avoid 

the possible adsorbed Al on the surface of the SWCNT, the XPS chemical state analysis 

of sputter depth profiling measurement has been conducted. As shown in Table S3, the Al 

element shows both at the surface and inside the SWCNT in WIS-Al(NO3)3, confirming the 

intercalation of Al
3+

. Furthermore, the intercalation of Al
3+

 and H
+
 is assumed not 

controversial as the intercalation of Al
3+

 and H
+
 is not competing for the same intercalation 

sites. However, it does exist the possibility that the formed -OH/COOH bond affects the 

intercalation of Al on the SWCNT surface, though it shows no evidence at this stage. 

2.3.2 Intercalation behaviour in WIS-Al(NO3)3/HCl and WIS-AlCl3 electrolytes: Cl-

assisted intercalation 

SWCNT shows a high discharge plateau at 0.5V vs Ag/AgCl in WIS-AlCl3 electrolyte 

(Figure 3c), but it only shows a lower plateau at 0.3V vs Ag/AgCl in WIS-Al(NO3)3 

electrolyte. A similar phenomenon is also observed in solution electrolytes (Figure S10), 

where the intercalation of Al
3+

 shows two reduction peaks at 0.17V and 0.67V in 1M 

Al(NO3)3 electrolyte, however, the intercalation peaks were promoted to 0.38V and 0.74V in 

1M AlCl3 electrolytes, indicating that a promoted performance can be achieved by the 
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additive of Cl
-
. To show the effect of Cl

-
 ion in the electrolyte, further investigation was 

conducted using WIS-Al(NO3)3 with the HCl additive. As expected, two main reduction 

peaks occurred at 0.8V and 0.18V in WIS-Al(NO3)3/HCl electrolyte (Figure 6a), much higher 

than that in WIS-Al(NO3)3 electrolyte (Figure 3d). This also resulted in a higher discharge 

plateau (Figure 3c), and the mixed intercalation processes of capacitive and diffusion-control 

were found (b=0.85 and 0.81, Figures S19).  

To further reveal the mechanism of Cl-assisted intercalation, a Cl
-
 pre-intercalated SWCNT 

cathode (Cl-SWCNT, see Experimental Methods) was tested in WIS-Al(NO3)3, showing a 

large reduction peak in the range of 0.6V to -0.2V (Figure 6b). The Cl-SWCNT shows an 

obvious diffusion-controlled process (b=0.42, Figure S20), which is different from SWCNT 

in WIS-Al(NO3)3 and WIS-Al(NO3)3/HCl electrolytes. This suggests enhanced intercalation 

of Al
3+

 due to the intercalation of Cl
-
. An in-situ EQCM experiment was also conducted in a 

1M AlCl3 electrolyte (Figure 6c), revealing that a lot of Cl
-
 (M/Q=6.5e

-4
) were intercalated 

into the cathode material, however, not many were extracted during the cycle. This interesting 

irreversible intercalation behaviour of Cl
-
 may result from the high stable Cl-graphene like 

structure
30-31

. The formation of C-Cl bond was confirmed by FTIR spectrum 
32-35

 (563, 519 

and 434 cm
-1

, Figure 4e) at a charged stage in HCl solution and both charged and discharged 

stages in WIS-AlCl3 electrolyte, although the Cl-C signals in WIS-AlCl3 were minor due to 

two reasons: the limited intercalation amount of Cl
-
 and the formation of Cl-Al bond. Besides, 

for both SWCNT charged in 1M HCl and Cl-intercalated SWCNT discharged in WIS-

Al(NO3)3, Cl
 
element was found by XPS test (Figure 5d), indicating that some Cl

-
 was 

intercalated in SWCNT cathode even after discharge. Previous reports have shown that Cl-

doped graphene obtained higher electrochemical performance
36-37

, however, the mechanism, 

especially for metal ion intercalation, is not revealed.  

The intercalated ions at -0.05V and 0.2V vs Ag/AgCl were still confirmed to be the mixture 

of Al
3+

 and H
+
 rather than Cl

-
 by EQCM (Figure 6c), indicating the assisted function of Cl

-
. 

To further reveal the Cl-assisted intercalation behaviour, the SWCNT cathode at charged and 

discharged stages in WIS-AlCl3 was examined by FTIR test (Figure 4e), where Cl-Al bond 

signal occurred at 461, 755 and 957 
38-39

 cm
-1

. The peaks show clear peaks at both charged 

and discharged states in the WIS-AlCl3 electrolyte, while they are not shown in other 

electrolytes, suggesting the effect of Cl. Moreover, the intensity of the Cl-Al signal was 

decreased at the charged stage, while it enhanced at the discharged stage, indicating the Cl-Al 
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bond was formed during the discharging process by Cl-assisted Al
3+

 intercalation rather than 

the intercalation of AlCl4
-
. By elemental mapping analysis, the C, Al, Cl elements can be seen 

directly in the discharged SWCNT sample (Figure 6d). However, it mainly shows the signals 

from the surface of the SWCNT, where the intercalation state inside the SWCNT still 

demands to be studied. Thus, the ex-situ XPS chemical state analysis and XPS with 

sputter depth profiling provides more evidence. Firstly, the inorganic Cl peak was found at 

198.3 eV rather than 199.1 eV of AlCl4
-
 group in the discharged SWCNT even after Ar

+
 

etching (Figure S12), confirming that it is the intercalated Cl
-
 rather than AlCl4

-
 intercalated 

into the SWCNT. Moreover, the metal-halogen (Al-Cl, 75.3eV) peak
40

 was shown in the 

discharged SWCNT in AlCl3 (both surface and inside, Figure S12 and Figure 5c) and the 

discharged Cl-intercalated SWCNT in Al(NO3)3 (Figure 5c), while no evidence of that was 

found in the discharged SWCNT in Al(NO3)3 (Figure 5c) by XPS test. In addition, the precise 

atomic ratio examined by the XPS analysis shows that similar ratios of Al: Cl of 4.3: 1 was 

obtained inside the discharged SWCNT samples after 30 cycles (Table S3). These suggest the 

Cl
-
 assisted Al

3+
 intercalation happens during the discharge process.  

Moreover, a first-principles density-functional theory (DFT) based study was conducted for 

Al ion adsorption in graphene model with/without Cl
41

, and the result showed that lower 

adsorption energy was obtained by the graphene with adsorbed Cl (Figure S21), indicating 

that Cl-SWCNT structure is favoured by Al intercalation. More conditions have been 

considered as shown in Figure S22, where gradually increased intercalation energies can be 

obtained by more adsorbed Cl on SWCNT and decreased energies can also be found by more 

intercalated Al ions on the Cl-adsorbed SWCNT. It is worth mentioning that even 5 Al ions 

were intercalated with the Cl-adsorbed graphene model, it shows much lower energy than 

without the Cl (Figure S21), suggesting the important function of Cl for the intercalation of Al. 

Based on the ratio of Al: Cl inside the cycled SWCNT measured by the XPS with Ar
+
 etch, it 

shows that mostly 4.3 Al ions were intercalated on the Cl-adsorbed SWCNT (Table S3). This 

revealed the importance of the intercalated Cl for Al
3+

 intercalation even its amount may be 

not that large. It is also confirmed that resistance, especially double-layer resistance, was 

greatly lowered by the intercalation of Cl
-
 (Figure S23), indicating it is easier for Al

3+
 

insertion with pre-intercalation of Cl
-
. Thus, the enhanced discharge performance, especially 

the enlarged discharge plateau capacity at 1.2V (Figure 4b), can be explained by this Cl-

assisted intercalation of Al
3+

 ions, which is consistent with the increased Cl and Al amount 

within SWCNT cathode after long-term cycles examined by XPS (see supplementary table 3). 



  

12 

 

This Cl-assisted intercalation mechanism was similar to the previously reported halogen 

conversion-intercalation chemistry of aqueous Li-ion battery
42

, where Br-Cl was formed 

instead of C-Cl during intercalation of Cl
-
, indicating that halogen energy storage may be 

common in the aqueous system. For instance, higher performance (higher reduction potential 

and response current density) was found in WIS-NaCl than that in WIS-AlNO3 electrolyte 

(Figure S24). 

2.3.3 Intercalation behaviour in WIS-AlCl3 electrolyte: AlCl4
-
 intercalation 

With no Al
3+

 exists, AlCl4
-
 is the only active electrochemical species in ionic liquid 

[EMIm]Cl/AlCl3 based Al-ion battery, providing a high discharge voltage over 1.7V. In the 

present study, the high reduction peak at 1.75V only appears in the WIS-AlCl3 electrolyte 

rather than other aqueous Al salt electrolyte, indicating that AlCl4
-
 ion group occurs in WIS-

AlCl3 electrolyte (confirmed by our previous study
43

, see Electrochemical Measurement for 

details) rather than reported Al(OTF)3 based AAIBs
10

. Although Cl
-
 tends to form AlCl4

-
 ion 

group with AlCl3, few AlCl3 exist in an aqueous solution as most AlCl3 can be dissociated 

into Al
3+

 and Cl
-
 ions. Thus, AlCl4

-
 can hardly be formed in an aqueous battery system except 

in a “water-in-salt” state electrolyte system, where Al
3+

, Cl
-
 and AlCl3 can co-exist at the 

same time. Moreover, the amount of AlCl4
-
 was further confirmed as a function of the applied 

potential, which can be enhanced at high voltage, boosting the intercalation of AlCl4
-
 during 

charging (see Experimental Methods for details). In the previous section, the de-intercalation 

of AlCl4
-
 can be confirmed by the diffusion-controlled process (b=0.53, Figure 3a and b) at 

1.0V vs Ag/AgCl, suggesting the process of AlCl4
-
 intercalation into carbon layers, where an 

AlCl4-graphite intercalation compound (GIC) like structure was formed. Firstly, the SWCNT 

bundles and MWCNTs have been observed morphologically, where the interlayer of SWNCT 

bundles was enlarged due to the intercalation of large AlCl4
-
 anions (Figure S25), which 

shows almost no change after discharge due to the small size of Al
3+

 (0.68 pm). As a control 

group, the pristine and cycled MWCNT samples were also observed (Figure S26), where the 

interlayer space of the walls shows no change due to almost no intercalation of AlCl4
-
, 

corresponding to its discharge profile without high-voltage plateau. A clear peak of AlClxC 

(PDF: 07-0034)
44

 was shown at the charged stage of SWCNT as illustrated in the XRD 

spectra (Figure 4c). The charged SWCNT was further examined by SEM-Mapping (Figure 

S27), where an atomic ratio of Al: Cl almost equals to 1:4 was found, suggesting the 

formation of AlCl4
-
GIC. A calculated formula with intercalation stage and discharge voltage 
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came up with previous researchers
45

. Dino et al.
46

 further investigated the relationship by 

Raman spectra, confirming the intercalation of AlCl4
-
 by the up-shift of the G peak in Raman 

spectra at the fully charged stage (Figure 4d). Furthermore, ΔwG =4 cm
-1

, indicating an 

intercalation stage>4, which also corresponds to its discharge plateau of 1.75V rather than 2V 

(intercalation state <2) in ionic liquid-based Al-ion battery. This revealed that the discharge 

voltage difference of WIS-AlCl3 based and [EMIm]Cl-AlCl3 based AIBs comes from 

intercalation difference, where a lower intercalation depth may be obtained in AAIB due to 

potential H2O decomposition causing slightly insufficient charge. This suggests that the 

output of AAIBs can be further promoted by enlarged electrochemical stability window.  

Since AlCl4
-
 ions are as large as 5.28 Å in diameter, they are regarded to be inserted between 

layers rather than directly attached on the surface of carbon materials, such as graphite and 

graphene. Although no layer exists in a single unit of SWCNT, the SWCNT bundles provide 

interstitial sites between SWCNTs for AlCl4
-
 insertion as Figure 4a shown. This insertion site 

is confirmed by the decreased intensity of the RBM peak (IRBM/IG), representing the 

aggregation state
47

, as the slight infiltration of the SWCNT bundles can be observed after 

charging in WIS-AlCl3 by Raman spectrum (Figure 4d and Figure S29). This confirmed the 

AlCl4
-
 insertion into the interlayer sites inside the SWCNT bundles rather than on the 

surface
48

. This suggests that the agglomeration state can be regarded as an important factor for 

AlCl4
-
 intercalation, which is worth further investigation as shown in Figure S30. To further 

confirm the intercalation of AlCl4
-
, ex-situ XPS chemical state analysis and XPS with 

sputter depth profiling have been carried out as an accurate method to determine the element 

distribution inside the SWCNT cathode as previous studies reported
49-51

 (Figure 7). Increased 

intensity and up-shift of sp3 peak at charged in C 1s spectra indicates the interlayer 

intercalation. After Ar
+
 etching, the inorganic peak at 197.4 eV disappears since it belongs to 

the adsorbed Cl on the surface, while the Cl-Al peak at 199.1 eV still exists (Figure S28), 

corresponding to the chemical bond within the AlCl4
-
 group. Besides, a precise ratio of Al: Cl 

of 1: 3.9 inside the charged SWCNT can be calculated (Table S3), which is close to 1:4 of 

intercalated AlCl4
-
. This indicates that the intercalation of the whole ion group of AlCl4

-
 rather 

than the formation of the bond between Cl
 
and Al.  

3 Conclusion 

A high discharge capacity SWCNT was developed for AAIB, which shows an excellent 

discharge capacity of 790 mAh g
-1

 (based on the mass of SWCNT) at 5A g
-1

 for more than 
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1000 cycles, corresponding to a high energy density of 980 Wh kg
-1

. The SWCNT cathode 

also shows a good rate performance, which shows almost no decline at high current density, 

indicating a potential for fast charge. Moreover, the intercalation chemistry that happens in 

WIS-AlCl3 electrolyte was firstly revealed, e.g., AlCl4
-
 intercalation and Cl-assisted Al

3+
 and 

H
+
 co-intercalation, where halogen was found significant for the high performance of AAIB 

as higher discharge voltage can be obtained by the formation of Al-Cl bond during discharge. 

The SWCNT/Al AAIB offers a low-cost solution for the high-performance Al-ion battery 

development through multi-ion intercalation chemistry. With this multi-ion mechanism, other 

developed materials, such as graphene, Mxenes and inexpensive graphite-based materials, are 

expected to show high capacity in the AAIB system, boosting the practical applications of 

AAIB in the near future. 

 

 

4 Experimental Methods 

 

Preparation of electrodes and Morphology Characterization: The single-walled carbon 

nanotube (SWCNT) with carboxymethyl cellulose (CMC) was directly bought from OCSiAl 

and utilized as cathode material without additives of conductive carbon and binder. For 

comparison, multi-walled carbon nanotube (MWCNT, Aladdin) and α-MnO2, which was 

synthesized by a reported method
52

, were also used as cathode active material. The α-MnO2 

cathode is comprised of active material, acetylene black (STREM Chemicals) and PVDF 

(HSV900, Arkema) (8:1:1). To further investigate the effect of the oxidation of the SWCNT 

cathode, an oxidized SWCNT sample was prepared by immersing in 1M HNO3 

(VWR International) at 90 °C  overnight, which is a common method to introduce oxygenated 

functionalities 
53

. The cathode material was dropped onto a carbon paper (Toray Paper 060, 

Toray) substrate, then dried at 80°C for 2 h in air. High purity aluminium foil (99.9%, 

Aladdin) was used as anode material. The microstructure and chemical probing of the 

SWCNT, MWCNT cathodes and the aluminium anode was examined by FE-SEM (Hitachi S-

4800) analysis equipped with an EDX detector (Oxford Instruments X-Max 80 EDS Detector) 

and HR-TEM (FEI Tecnai G2) with TEM-EDX (Oxford Instruments X-Max 80T EDS 

Detector). 

 

Electrochemical Measurements: A mass ratio of 10:1 of AlCl3·6H2O and deionized water was 

utilized to form a water-in-salt (WIS) state electrolyte. The existence of AlCl4
-
 in the WIS 
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state electrolyte has been examined by Raman test in our previous study
43

, of which the signal 

of AlCl4
-
 can be observed clearly in the cycled water-in-salt electrolyte, although a weak 

signal of that was obtained at pristine state. This finding suggests that the AlCl4
-
 can be 

formed by the possible AlCl3+Cl
-
→AlCl4

-
 
54

 reaction as the abundant AlCl3 and Cl
-
 exists in 

the water-in-salt electrolyte system or Al2Cl7
-
+Cl

-
→AlCl4

-
 

55
 as Al2Cl7

-
 can be present with 

excess AlCl3 in the electrolyte. Besides, the reaction Al2Cl7
-
 →Al+AlCl4

-
 

1
 that happens on 

the negative electrode may form AlCl4
-
. That is why the discharge plateau at 1.8V occurs after 

the activation cycles (Figure S5), then the plateau capacity can be stable, indicating an ion 

balance inside the electrolyte has been formed. Other WIS electrolytes were prepared in a 

similar method, of which WIS-Al(NO3)3 with HCl additive was prepared by the 1M HCl 

solution instead of the deionized water. And Cl-intercalated SWCNT was synthesised by 

previously charged for 1000mAh g
-1

 in 1M HCl electrolyte. A comprehensive study of the 

aqueous WIS electrolyte was conducted in our previous paper
43

. To avoid potential corrosion, 

the AAIBs were assembled with PMMA shells in a 2-electrode system. The batteries were 

then cycled at various current densities by a battery testing system (CT2001A, Wuhan Land). 

Based on the previous report
14,56

 and our preliminary study on the intercalation of anion group 

during the charging process, it is hard to find a clear voltage gap to set a cut-off voltage due to 

the changeable charge voltage plateau. Thus, similar to the reported AAIB
43

 and MnO2/Zn 

battery
57

, the charge capacity was controlled rather than a charge cut-off voltage. It is worth 

noting that charge capacity was promoted after a certain cycles’ activation to show the 

enhanced capacity of the SWCNT cathode. And the discharge-cut off voltage was set at 

0.72V to obtain the high voltage discharge plateaus and avoid the low discharge plateau as 

possible. For long-term cycling stability tests, the cell using the WIS electrolyte was 

charged/discharged at a current density of 1,000 mA g
-1

 and 5,000 mA g
-1

. To test the rate 

capability of the SWCNT/Al battery, the current densities were varied from 250 to 10,000 mA 

g
-1

. And the max discharge capacity is controlled as large as the charge capacity to avoid the 

insufficient charge. CV curves were tested by an electrochemical workstation (CHI 660, 

Shanghai Chenhua). The in-situ electrochemical quartz crystal microbalance (EQCM) 

experiments were conducted by CHI400C (Shanghai Chenhua), where the SWCNT was 

dropped on a crystal electrode and then tested in 1M AlCl3 or 1M Al(NO3)3 electrolytes with 

a Pt wire counter electrode and an Ag/AgCl reference in the 3-electrode system. The 

electrolytes used for EQCM experiments only show a low viscosity of 2.03 cp and 1.83 cp for 

1M Al(NO3)3 
58

 and 1M AlCl3 
59

 at room temperature (298 K), respectively. The applicability 

of EQCM in more viscous systems has been reported in the literatures. For instance, an 
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electrolyte of 3M Zn(CF3SO3)2 with a viscosity of 55 cP
23

 was utilized for the EQCM 

experiment, and its validity was carefully examined, where the contribution from the 

viscoelastic effect was confirmed negligible as the full width at half maximum  (FWHM) of 

the tested signal was stable during the test, suggesting that the main contribution can be 

attributed to the gravimetric change of the electrode
60

. A stable state without the influence of 

the electrolyte viscosity can be obtained as Figure S27 shown as no mass change was 

observed after 200 s at the beginning of the test, which further suggests the reliability of the 

EQCM experiments in dilute aluminium salt electrolyte systems. However, EQCM-D is 

desired in the future studies for more accurate results including any possible dispersion effects. 

 

XRD, Raman, FTIR and XPS characterization: Avoid the signal interference from carbon 

paper substrate, the SWCNT samples were prepared by a conductive glass substrate. For the 

ex-situ X-ray diffraction (XRD, Rigaku SmartLab 9kW) study, the SWCNT/Al batteries were 

charged/discharged at a constant current density of 1 A g
–1

. To observe the change of peaks in 

the X-ray diffraction patterns at different stages, SWCNT cathode samples were charged for 

800 mAh g
-1

 and discharged to 1.4 and 0.72 V in WIS-AlCl3 electrolyte to obtain samples at 

fully charged, partially discharged and fully discharged stages. Then, the cathode material was 

dispersed in D.I water and ethanol solution and centrifugated 5 times to avoid the effect of the 

attached electrolyte. The SWCNT cathodes were also prepared for Raman, FTIR and X-ray 

photoelectron spectroscopy (XPS) analysis by the same preparation procedures but in a series 

of WIS electrolytes. Raman spectra were collected on a Renishaw InVia Raman spectrometer 

with diode-pumped solid-state (DPSS) laser of 50 mW at 532 nm. The Raman spectrometer 

was calibrated with Silica standard which is within 520-521 cm
-1

 before the test, and it has the 

spectra resolution of 0.3 cm
-1

 (FWHM). FTIR spectra were collected on a Bruker Tensor 27 

FTIR spectrometer (Hammer Trading Co,.Ltd.) with the resolution of 1 cm
-1

. XPS spectra 

were collected on a Thermo Scientific
TM

 K-Alpha
TM+

 spectrometer equipped with a 

monochromatic Al Kα X-ray source (1486.6 eV) operating at 100 W. Samples were analysed 

under vacuum (P < 10
−8

 mbar) with a pass energy of 150 eV (survey scans) or 25eV (high-

resolution scans). All peaks were calibrated with C1s peak binding energy at 284.8 eV for 

adventitious carbon. The experimental peaks were fitted with Avantage software. The 

existence of Al2O3  (in XRD
44

, Figure 4c, and in XPS 
1, 3, 61

, Figure 5c) can be attributed to the 

oxidation of some intercalated Al before measurement. This is firstly confirmed by the XPS 

depth profile analysis (Figure S13) in this study as the Al-O bond decreased greatly inside the 

SWCNT sample. 
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Ex-situ Raman tests on the speciation of AlCl4
- as a function of potential: 

The water-in-salt electrolyte samples have been prepared to show the speciation inside as a 

function of the applied potential, where the samples were charged/discharged at a series of 

constant voltages from 0.6 to 2.0 V for 1 h for 1-cycle and 10-cycle. Another two samples 

cycled for 50 and 150 cycles were also collected to show the effect of the cycle number.  As 

multiple species exist in the water-in-salt electrolytes, it makes the Raman signal more 

complicated (Figure S31). To be specific, the Al
3+

(H2O)6 shows peaks at around 430 and 530 

cm
-1

 
62

 and the Al2Cl7
-
 shows a strong peak at 300 cm

-1
 

63
, indicating its high content. 

Moreover, different from most reported ionic-liquid based electrolytes for non-aqueous 

electrolytes, where a clear peak at 345 cm
-1

 occurs, representing the AlCl4
-
, this peak in the 

water-in-salt electrolyte is weak although it would be strengthened after cycles (Figure S31 c 

and d), indicating the accumulated AlCl4
-
 during cycles. These features indicate that the 

Al2Cl7
-
, Al

3+
(H2O)6 and AlCl4

-
 can co-exist in the water-in-salt electrolyte, where Al2Cl7

-
 is 

the major species at initial cycles, which can be transferred to AlCl4
-
, making it a complicated 

system different from the AlCl4
-
 dominant ionic liquid electrolytes. Besides, only qualitative 

analysis can be provided by the analysis of the Raman spectra. Thus, the peaks at 150 and 175 

cm
-1

 
63-64

 were chosen to show the change of the species, e.g., Al2Cl7
-
 and AlCl4

-
 as they are 

sensitive enough in the water-in-salt system. As shown in Figure S31a, at the first cycle, the 

AlCl4
-
 shows the lowest amount at 0.6 V as the stripping happens at low potential, where the 

AlCl4
-
 was transformed to Al2Cl7

-
, and on the contrary, the plating happens at high potential, 

where a large amount of AlCl4
-
 was found due to the conversion of Al2Cl7

-
 to AlCl4

-
. When 

the applied potential is around 1.2/1.5 V, the changes of Al2Cl7
-
 and AlCl4

-
 is not obvious due 

to the insufficient stripping/plating current. Besides the first cycle, the speciation condition at 

the 10
th
 cycle has also been tested (Figure S31b), where the amount of AlCl4

-
 was found 

greatly increased at high potential, suggesting speciation balance can be built more efficiently 

after activation. However, the amount of AlCl4
-
 still became low at low potential, indicating 

the applied potential is important to the speciation inside the electrolyte. Besides, a clear peak 

at 345 cm
-1

 can be found after long cycles (Figure S31 c and d), indicating the accumulated 

AlCl4
-
. This also indicates that the amount ratio of AlCl4

-
 in the water-in-salt electrolyte is 

much less than that in the ionic liquid, although other species, such as the abundant Al
3+

, Cl
-
 

and H
+
 ions, also play an important role for the battery performance. 
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Density functional theory (DFT) calculations: DFT calculations were performed using the 

plane-wave code VASP
65

, with valence electrons described by a plane-wave basis with a 

cutoff energy of 500 eV. Interactions between core and valence electrons were described with 

the projector augmented wave (PAW) method
66

, with 2s
2
2p

2
, 3s

2
3p

1
 and 3s

2
3p

5
 treated as the 

valence electrons of C, Al and Cl, respectively. The Brillouin zone integrations were 

performed with the k-points sampled using Monkhorst-Pack (MP) grids of 3 × 3 × 1 for a  4 × 

4 graphene supercell, which was used to represent the SWCNT for simplification
41

. The 

convergence criterion of the electronic self-consistent iteration was set to 10
-5

 eV. The 

computation used the generalized gradient approximation (GGA) within the Perdew-Burke-

Ernzerhof (PBE) parameterization
67

. To model the Cl-assisted intercalation of Al, we first 

performed a full geometry optimization of graphene and a Cl pre-adsorbed graphene. The Al 

adsorption was carried out considering all possible adsorption configurations on both surfaces 

(Figure S21 and S22). The adsorption energies of an Al atom (EAdsorption) were calculated 

using equation (1):  

                EAdsorption = EFinal –EAl– EInitial                                        (1) 

where EInitial, EFinal, and EAl represent the total energies of the configurations before, after the 

adsorption of an Al atom, and the energy of a single Al atom, respectively. 

The average adsorption energies of per Al atom (EAdsorption) of multi-Al atom were calculated 

using equation (2): 

                EAdsorption = (EFinal –nEAl– EInitial)/n                               (2) 

where n represents the number of the adsorped Al atoms.  
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Figure 1. Characterization of single-walled carbon nanotube (SWCNT). a) Raman 

spectrum, b) FTIR spectrum, c) TEM image and d) SAED figure of SWCNT cathode.  
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Figure 2. Electrochemical performance of an SWCNT/Al cell. a) Galvanostatic charge and 

discharge curves of AAIB with cathode material of MWCNT, SWCNT and MnO2 in WIS-

AlCl3 electrolytes. b) Charge/discharge capability and coulombic efficiency at a series of 

current densities, where charge capacity was increased after 50 cycles for sufficient charge. (c 

and d) Galvanostatic charge and discharge curves at a series of current densities for initial 

cycles and subsequent cycles after activation, where enhanced capacity was found after 

activation. e) Cyclicality for charge/discharge capability and coulombic efficiency at a high 

current density of 5 A g
-1

. f). Comparison of electrochemical performance (including average 

voltage, capacity, energy density and cycle life) for various non-aqueous AIBs, AAIBs and 

AZIBs. 
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Figure 3. Electrochemical analysis for multi-ion intercalation chemistry. a and b) CV curves 

at a series of scan rates of SWCNT in WIS-AlCl3 and corresponding linear fitting figure of 

log (peak current density) and log (scan rate). c) Galvanostatic discharge curves of SWCNT in 

WIS-Al(NO3)3, WIS-Al(NO3)3/HCl and WIS-AlCl3 electrolytes. d) CV curves at a series of 

scan rates of SWCNT in WIS-Al(NO3)3 electrolyte.  e) In-situ EQCM tests of SWCNT 

cathode in 1M Al(NO3)3. f) EDX-mapping of SWCNT at discharged state in WIS-Al(NO3)3 

electrolyte. 

 

 

Figure 4. Mechanism of multi-ion intercalation into the SWCNT cathode. a) Schematic 

diagram of ion intercalation/de-intercalation during charge/discharge process; b) Discharge 
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profile showing de-intercalation of AlCl4
-
 and Al

3+
 insertion stages. c) XRD spectrum ranging 

from 10-50 degree; d) Raman spectrum ranging from 3000-1000 cm
-1

, where G band and 

RBM signals were enlarged. e) FTIR spectrum ranging from 4000-400 cm
-1

, where some 

important ranges were enlarged.  

 

Figure 5. XPS analysis of SWCNT to confirm the intercalation mechanism: XPS data of (a) 

C 1s, (b) O 1s, (c) Al 2p and (d) Cl 2p of charged and discharged SWCNT cathode in various 

electrolytes. 

 
Figure 6. Electrochemical analysis for Cl

-
 assisted Al

3+
 intercalation mechanism. a) CV 

curves at a series of scan rates of SWCNT in WIS-Al(NO3)3/HCl electrolyte and Cl-

intercalated SWCNT in Al(NO3)3 electrolyte.  c) In-situ EQCM tests of SWCNT cathode in 

1M AlCl3. d) EDX-mapping of SWCNT at discharged state in WIS-AlCl3 electrolyte. 
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Figure 7. XPS chemical state analysis of sputter depth profiling measurements to show the 

ion intercalation state inside the SWCNT cathode. a) Schematic figure of the sputter-etching 

technology, which allows XPS analysis to show the inner state of the sample. b) XPS depth 

profile of the charged and discharged SWCNT in WIS-AlCl3 and WIS-Al(NO3)3. 
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-
 and the high-capacity 
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Table S1 Q/M data of possible ions, where OH
-
 is not likely to be the main electrochemical 

active species due to the acidic nature of the electrolytes. 

Electrochemical 

active ions (EAIs) 

Q/M (g/C) Electrochemical 

active ions (EAIs) 

Q/M (g/C) 

AlCl4
-
 1.73E-03 NO3

-
 6.44E-04 

Al
3+

 9.34E-05 (Al 6H2O)
3+

 4.67E-04 

Cl
-
 3.68E-04 H3O

+
 1.97E-04 

H
+
 2.07E-05 OH

-
 1.76E-04 

 

Table S2 Q/M data obtained from EQCM test and revised Q/M, of which adsorbed ions were 

extracted, at non-peak region and reduction/oxidation peak region of the CV curves. 

In 1M AlNO3 

Potential region Original Q/M (g/C) Revised Q/M (g/C) Possible ions 

1.2-1.1 (Non-peak) 6.5E-04 
/ 

NO3
-
 (De-

absorption) 

0.9-0.8 (Reduction) 4.47E-04 1.09E-03 Ag
+
 

0.5-0.35 (Reduction) -3.66E-04 2.78E-04 

(Al 6H2O)
3+

 

&H3O
+
 

0.16-0.14 

(Reduction) 

-3.82E-04 2.62E-04 

-0.12- -0.175 

(Reduction) 

-2.69E-04 3.75E-04 

 

In 1M AlCl3 

Potential region Original Q/M (g/C) Revised Q/M (g/C) Possible ions 

1.2-1.0 (Non-peak) 3.62E-04 
/ 

Cl
-
 

(Absorption) 

0.8-1.2 (Non-peak) 3.65E-04 
/ 

Cl
-
 (Intercalation 

&Absorption) 

0.85-0.75 

(Reduction) 

9.39E-05 4.56E-04 
May AlCl4

-
 with Cl

-
 

0.45-0.3 (Reduction) -3.17E-05 3.30E-04 
(Al 6H2O)

3+
 

&H3O
+
 

0.3-0.1 (Reduction) -2.99E-05 3.32E-04 

0.1- -0.1 (Reduction) -1.91E-05 3.43E-04 

 

In 1M Al(NO3)3 electrolyte, the absorption/de-absorption of NO3
-
 is evident, as mass 

increased/decreased almost linearity with lost/accumulated charge. However, the Cl
-
 ion 

shows standard intercalation behaviour instead of absorption since almost no mass change 

was observed after the oxidation peak. 

 

Table S3 Atomic ratio of C, Al, Cl, O measured by XPS test after Ar
+
 sputtering etch. Data 

with 95% confidence bounds.  

Element 

(Etching 

for 60 s) 

Charged in WIS-AlCl3  

at 1-cycle 

Discharged in WIS-

Al(NO3)3 at 1-cycle 

Discharged in    WIS-

AlCl3 at 20-cycle 

Al 0.091 ± 0.006 (±6.6%) 0.693 ± 0.064 (±9%) 1.385 ± 0.158 (±11.4%) 
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Cl 0.351 ± 0.028 (±8.0%) / 0.320 ± 0.049 (±15.3%) 

C 96.757 ± 0.414 (±0.4%) 95.968 ± 0.365 (±0.4%) 92.587 ± 0.877 (±0.9%) 

O 2.800 ± 0.404 (±14.4%) 3.341 ± 0.295 (±8.8%) 5.708 ± 0.700 (±12.3%) 

Cl: Al 3.857:1 / 1:4.328 

Al: C 0.094% 0.722% 1.496% 

Calculated 

formula 
Al0.001Cl0.004O0.029C Al0.007O0.035C Al0.015Cl0.003O0.062C 

Note: The relatively large error (~10%) for Al, Cl and O elements is because that the AlCl4
-
, 

Al
3+

, Cl
-
 and H

+
 cannot be uniformly intercalated into the SWCNT cathode, causing 

fluctuation in the measurement. 

 

 

A Cl: Al ratio of 3.9:1 was obtained inside the charged SWCNT sample, indicating the 

intercalation of AlCl4
-
. This ratio is not exactly 4 because the amount of Al may be affected 

by the amount of adsorbed Al. Compared with WIS-Al(NO3)3 electrolyte, a higher amount of 

intercalated Al was found in WIS-AlCl3 electrolyte, where a high ratio of Al: Cl, i.e. 4.3:1, 

was obtained inside the discharged SWCNT sample (etched for 60 s), compared with that of 

0.26:1 inside the charged SWCNT sample. This indicates the Cl
-
 assisted intercalation of Al

3+
 

during the discharging process, which is different from the intercalation of AlCl4
-
 during the 

charging process 
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Figure S1 (a-c) SEM and (d) TEM images of SWCNT, where a dense SWCNT cathode layer 

was observed by SEM and a dispersed SWCNT sample was shown by TEM to see its 

microstructure. The size of SWCNT bundles was labelled, where they are mostly around 15 

nm. 
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Figure S2 (a and b) SEM and (c and d) TEM images of MWCNT, where a thick wall (close 

to 10nm) can be found. 

 
Figure S3 Galvanostatic charge and discharge curves at low discharge plateau region at a 

current density of 5 A g
-1

. When the SWCNT/Al cell was charged to 1.27V, only a low 

voltage discharge plateau at 0.7V was shown, while a higher voltage discharge plateau at 
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1.2V was displayed by charging to 1.75V, indicating both the discharge voltage plateaus at 

1.2V and 0.7V related to ion intercalation. 

 

 
Figure S4 a) Cyclicality for charge/discharge capability and coulombic efficiency at a current 

density of 1 A g
-1

 and corresponding b) Galvanostatic charge and discharge curves at different 

cycles. It is worth noting that charge/discharge capacity was limited by 600 mA g
-1

 rather than 

a voltage-cut off to avoid overcharge/overdischarge. No high voltage plateau was shown at 

the first cycle, indicating limited AlCl4
-
 ions inside the electrolyte. Then, both the discharge 

plateaus at 1.8V and 1.2V were enlarged until the discharge plateau at 1.2V plays a dominant 

role due to the insufficient charge. Finally, an enhanced capacity with two plateaus was 

obtained by increased charging capacity.  
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Figure S5 Galvanostatic charge and discharge curves at different cycles at a current density 

of 5 A g
-1

. At initial cycles, both the discharge plateaus at 1.8V and 1.2V were enlarged, 

indicating an optimized electrolyte component was formed. Subsequently, the discharge 

plateau at 1.2V continued to be enlarged while the plateau capacity at 1.8V decreases, 

showing enhanced intercalation of Al while the AlCl4
-
 intercalation was decreased at the same 

time due to insufficient charge. Finally, an enhanced capacity with two plateaus was obtained 

by increased charging capacity. 

 

 
Figure S6 Charge/discharge capabilities and coulombic efficiencies for 900-1090 cycles at a 

current density of 1 A g
-1

 to show the battery performance degradation process after 900 

cycles. 
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Figure S7 a) Cyclic voltammetry (CV) of the cycled SWCNT/Al cell at a series of scan rates 

in WIS-AlCl3 electrolyte and corresponding b) Linear fitting of log (peak current density) and 

log (scan rate). The peak 2 at 1.2V was enhanced compared with that of initial cycles and the 

peak 3 and 4 became less obvious. 
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Figure S8 Linear fitting of log (peak current density) and log (scan rate) of the CV curves of 

SWCNT in WIS-Al(NO3)3 electrolyte. Peak I displays a capacitive feature, and peak II shows 

both diffusion-controlled and capacitive properties, indicating different types of intercalation.  

 
Figure S9 (a) Cyclic voltammetry (CV) of the SWCNT in 1M H2SO4 at a series of scan rates 

by 3-electrode system and corresponding (b) Linear fitting of log (peak current density) and 

log (scan rate). 
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Figure S10 Cyclic voltammetry (CV) of the SWCNT in 1M H2SO4, 2M HCl, 1M AlCl3 and 

1M Al(NO3)3 electrolytes by the 3-electrode system. Among these CV curves, the 

intercalation peak of H
+
 intercalations shows around 0.5V, although it is limited in Al-based 

electrolytes. 

 
Figure S11 Galvanostatic discharge curves of SWCNT in 1M H2SO4, 2M HCl, 1M AlCl3 and 

1M Al(NO3)3 electrolytes by the 3-electrode system at a current density of 500 mA g
-1

. An 

obvious discharge plateau was found in 1M H2SO4 and 2M HCl electrolytes due to the 

intercalation of H
+
, however, only a sloping region was found in 1M AlCl3 and 1M Al(NO3)3 

electrolytes, indicating the limited concentration of both Al
3+

 and H
+
 affects the discharge 

behaviour. 
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Figure S12 XPS depth profile analysis of C 1s, Al 2p, O 1s and Cl 2p of discharged SWCNT 

(500-cycle) in WIS-AlCl3 electrolyte, which was collected at pristine and after etching for 60 

s, corresponding to a depth of 7 nm approximately
68

. 
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Figure S13 XPS depth profile analysis of C 1s, Al 2p, O 1s and Cl 2p of discharged SWCNT 

(1-cycle) in WIS-Al(NO3)3 electrolyte, which was collected at pristine and after etching for 60 

s. 
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Figure S14 XPS depth profile analysis of C 1s and O 1s of oxidized SWCNT (processed by 

immersing in 1M Al(NO3)3 overnight, see Experimental Methods), which was collected at 

pristine and after etching for 60 s. 

 

 
Figure S15 Galvanostatic discharge curves of SWCNT and oxidized SWCNT in WIS-

Al(NO3)3 and WIS-Al(NO3)3/HCl electrolytes by the 3-electrode system at a current density 



  

43 

 

of 500 mA g
-1

. A clear discharge plateau at 0.55 V was found by SWCNT in WIS-

Al(NO3)3/HCl electrolyte, indicating the Cl
-
 assisted intercalation of Al

3+
. However, only an 

obvious discharge plateau at 0.35 V was found by oxidized SWCNT in WIS-Al(NO3)3 

electrolyte due to the enhanced intercalation of H
+
 with more oxygen-containing groups. This 

shows the oxidation of the SWCNT cathode mainly affects the intercalation of H
+
 rather than 

Al
3+

. 

 

 

 
Figure S16 (a) Cyclic voltammetry (CV) of the oxidized SWCNT in WIS-Al(NO3)3 at a 

series of scan rates by 3-electrode system and corresponding (b) Linear fitting of log (peak 

current density) and log (scan rate).  
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Figure S17 XPS depth profile analysis of C 1s, O 1s and Al 2p of discharged oxidized 

SWCNT (1-cycle) in WIS-Al(NO3)3 electrolyte, which was collected at pristine and after 

etching for 60 s. 
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Figure S18 XPS data Al 2p of discharged SWCNT samples at initial cycles and after long-

term cycles, where the Al metal peak appears in the discharged sample at initial cycles, while 

no signal can be seen at the long-term cycled sample, indicating overcharged/over-discharge 

may cause the over-discharge/overcharge, and thus the reaction Al2Cl7
-
 →Al+AlCl4

-
 happens 

on the cathode during initial cycles as the ion balance has not been formed in the electrolyte, 

resulting in the Al0 peak in the obtained XRD patterns (Figure 4c).  

 

 
Figure S19 Linear fitting of log (peak current density) and log (scan rate) of the CV curves of 

SWCNT in WIS-Al(NO3)3/HCl electrolyte by the 3-electrode system. 
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Figure S20 Linear fitting of log (peak current density) and log (scan rate) of the CV curves of 

Cl-SWCNT in WIS-Al(NO3)3 electrolyte by the 3-electrode system. 

 

 

 
Figure S21 Adsorption energies of an Al atom on pristine and Cl-adsorbed graphene. 
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Figure S22 (a) Adsorption energies of an Al atom on multi-Cl-adsorbed graphene and (b) 

average adsorption energies per Al atom of multi-Al atom on Cl-adsorbed graphene. 

Interestingly, the energy increased significantly when 3 Cl ions were absorbed on the 

SWCNT, indicating an Al favourited intercalation state, which may form an intercalation 

stage similar to the intercalation of AlCl4
-
.  

 

 
Figure S23 Resistance of pure SWCNT and Cl-intercalated SWCNT in WIS-Al(NO3)3 

electrolyte in 3-electrode system. 

 



  

48 

 

 
Figure S24 CV curves of SWCNT in WIS-NaNO3 and WIS-NaCl electrolytes in 3-electrode 

system. 

 

 

 

 

 
Figure S25 TEM images of SWCNT at (a and b) pristine and (c and d) charged state, where 

the SWCNT bundles show distorted shape and the interlayer space was enlarged, indicating 

the intercalation of AlCl4
-
. 
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Figure S26 TEM images of MWCNT at (a and b) pristine and (c and d) cycled state and (e) 

corresponding EDX elemental analysis, where the MWCNT bundles show no change of 

morphology mostly, indicating only the intercalation of Al
3+

 without AlCl4
-
. 
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Figure S27 SEM-EDX of SWCNT cathode at first charged and first discharged states. An 

atomic ratio of 1:4 for Al: Cl was observed on the only charged SWCNT, indicating the 

intercalation of AlCl4
-
, while a low ratio of 1:0.4 was found on the only discharged SWCNT, 

suggesting the intercalation of Al
3+

 (Residential Cl may be from attached Cl on the surface). 
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Figure S28 XPS depth profile analysis of C 1s, Al 2p, O 1s and Cl 2p of charged SWCNT (1-

cycle) in WIS-AlCl3 electrolyte collected at pristine and after etching for 60 s. 

 
Figure S29 Raman spectrum ranging from 1800 cm

-1
 to 100 cm

-1
, presenting G band and 

RBM mode. And ratios of RBM intensity and G band intensity at different stages were also 

labelled, showing the different aggregation conditions of SWCNTs.   
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Figure S30 Schematic figures of the interlayer sites of SWCNT bundles in a plane (a) and 

with 3D structure (b). As an important factor, agglomerate related studies deserve further 

investigation and optimization in the future. For instance, the SWCNT bundles with n tubes 

show a maximum interlayer site number of n(n-1) in a plane, which can even be further 

increased by 3D structure. This suggests that the modification of SWCNT, especially 

controlling the agglomeration state, can further promote the intercalation capacity of large 

AlCl4
-
 anions. 
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Figure S31 (a-d) Raman spectrum ranging from 132 cm

-1
 to 600 cm

-1
, presenting the species, 

such as AlCl4
-
, Al2Cl7

-
 and Al

3+
(H2O)6, in the WIS-AlCl3 electrolyte at different stages. The 

ratios of AlCl4
-
 and Al2Cl7

-
 at different stages were also labeled by the intensity of the peaks 

at 175 and 141 cm
-1

, respectively, showing the different conditions of the WIS-AlCl3 

electrolytes. Moreover, the standard peak of AlCl4
-
 at 345 cm

-1
 is not easy to observe in the 

WIS-AlCl3 electrolyte initially due to the different configuration from traditional ionic liquid 

electrolytes, but occurs after tens of cycles (Figures c and d), indicating the increased amount 

of AlCl4
-
 after some cycles in the activation stage. 

 

 

 

 

Figure S32 Mass change of SWCNT during the beginning 400 s of the EQCM test in 1M 

AlCl3 electrolyte, which increased at first 100 s due to some ions attachment and became 

stable after 200 s, indicating the reliability of the subsequent EQCM measurement. 

 


