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Supplementary Figures and Tables 

 

Fig. S1 (a) Snapshots of various Al(OTf)3 + TBAC electrolyte configurations used in this study.  

Fig. on right shows an oversaturated diglyme with Al(OTf)3 and the same solution when TBAC 

is added into it. Plating/stripping study in symmetric cells at multiple current densities of 0.1, 

0.2, 0.5 and 1 mA cm-2 for 1 hr each with varying concentrations of: (b) Al(OTf)3 + 0.1 M 

TBAC, (c) TBAC + 0.25 M Al(OTf)3, (d) TBAC + 0.5 M Al(OTf)3 and (e) TBAC + 1 M 

Al(OTf)3. (f) Long term comparative plating/stripping study in 0.5 M Al(OTf)3 vs. 0.5 M 

Al(OTf)3 + 0.1 M TBAC at multiple current densities, x, as indicated in the Fig. (x mA cm-2, x 

mAh cm-2) (g) Comparative plating/stripping in 0.5 M Al(OTf)3 + 0.1 M TBAC at 0.1 mA cm-

2, 0.1 mAh cm-2 and 0.5 mA cm-2, 0.5 mAh cm-2 
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Fig. S2 (a) SEM-EDX elemental mappings for Ni, Al, O, F, S, Cl and C on the surface of Al 

plated Ni foil. The sample is recovered after 5 rounds of plating/stripping (ending with plating) 

in 0.5 M Al(OTf)3 + 0.1 M TBAC electrolyte at 0.1 mA cm-2, 0.1 mAh cm-2. (b) Optical images 

of cell parts obtained after long periods of resting or cycling to inspect corrosion. SEM 

micrographs of (c) SS spacer polished with 1000 grit sand paper, (d) SS spacer polished with 

1000 grit sand paper and dipped in ~15 ml of 0.5 M Al(OTf)3 + 0.1 M TBAC electrolyte for ~ 

60 hours. The corrosion here is negligible compared to the large corrosion pits typically 

observed in AlCl3/[BMIM]Cl ionic liquid electrolytes [S1]. Chronoamperometry measurement 

of 0.5 M Al(OTf)3 + 0.1 M TBAC vs. commercial (Sigma Aldrich – CAS 742872) AlCl3 + 

EMICl (3:2) electrolyte on (e) Ti, (f) SS, (g) Ni and (h) Mo 
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Table S1 The flash point for various concentrations of TBAC in 0.5 M Al(OTf)3 and its 

comparison with other commonly used Li-ion battery electrolytes (data adopted from [S2, S3]) 

Electrolyte Flash Point (°C) 

This work  

0.5 M Al(OTf)3 + 0 M TBAC in diglyme 59.5 

0.5 M Al(OTf)3 + 0.1 M TBAC in diglyme 57.5 

0.5 M Al(OTf)3 + 0.25 M TBAC in diglyme 59.5 

0.5 M Al(OTf)3 + 0.5 M TBAC in diglyme 56.5 

Commonly used Li-ion battery electrolytes  

1 M LiPF6/ EC:EMC (1:1 wt) 31 

1 M LiPF6/ EC:DEC (1:1 wt) 38 

1 M LiPF6/ PC:DMC(1:1 wt) 26 

1 M LiPF6/ EC:DMC(1:1 wt) 25.5 

1 M LiPF6/ EC:DMC:EA (1:1:1 wt) 10 

Table S2 Electrolyte price comparison for an equivalent weight of 1.264 g 

Chemicals (Purity; CAS) Pricing (in SGD) Total 

1-Ethyl-3-methylimidazolium 

chloride, EMICl (>99%; 65039-09-

0) 

555 (25 g) Electrolyte 1[S4, S5]: 

EMICl:AlCl3 (1:1.3 with total 

mass of 1.264 g)- 27.24 SGD Anhydrous AlCl3 (> 99.99%; 7446-

70-0) 
525 (25 g) 

Urea (99%; 57-13-6) 40 (25 g) 

Electrolyte 2[S6, S7]: 

Urea:AlCl3 (1:1.3 with total 

mass of 1.264 g)- 20.23 SGD 

Triethylamine hydrochloride 

(>99%; 554-68-7) 
38 (25 g) 

Electrolyte 3[S8]: 

Triethylamine hydrochloride: 

AlCl3 (1:1.5 with total mass of 

1.264 g) -16.61 SGD 

Aluminum 

trifluoromethanesulfonate, 

Al(OTf)3 (99.9%; 74974-61-1) 

347 (25 g) 

This work: 0.5 M Al(OTf)3 + 

0.1 M TBAC in 1 ml of Diglyme 

(Total mass-1.264 g)– 5.15 SGD 

Tetrabutylammonium chloride, 

TBAC (>= 97.0 %; 1112-67-0) 

147 (25 g) 

Diethylene glycol dimethyl ether, 

diglyme (99.5%; 111-96-6) 

170 (100 ml) 
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Fig. S3 (a) Nyquist plot collected after every 10 cycle of cell fabrication for Al | 0.5 M Al(OTf)3 

+ 0.1 M TBAC | Al symmetric cells. (b) Electrolyte conductivity as a function of Al(OTf)3 

concentration with varying amounts of TBAC additive. SEM micrographs of pristine Al at (c) 

2000 X and (d) 20000 X, and plated Al (after 20 cycles; 0.1 mA cm-2, 0.1 mAh cm-2 ) at (c) 

2000 X and (d) 20000 X 

 

Fig. S4 Nyquist plot collected at various temperatures for varying amounts of TBAC additive 

in 0.5 M Al(OTf)3 electrolyte: (a) 0 M, (b) 0.1 M, (c) 0.25 M, (d) 0.5 M and (e) 1 M 
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Fig. S5 Nyquist plot collected at various temperatures for varying amounts of TBAC additive 

in 1 M Al(OTf)3 electrolyte: (a) 0 M, (b) 0.1 M, (c) 0.25 M and (d) logarithmic plot of inverse 

of charge transfer resistance (obtained after fitting respective data in Fig. S5 a, b and c) versus 

the inverse of the temperature. Each plot, which is also linearly fitted with the solid lines, is for 

Al | 1 M Al(OTf)3 + x M TBAC | Al symmetric cell with varying concentration (x) of TBAC 

 

Fig. S6 (a) Simulation box with its constituent molecules: diglyme has been shown as stick 

model in the simulation box. (b) Radial distribution and (c) calculated co-ordination number of 

TBA+ as a function of radial distance from Al3+ ion for the two electrolyte systems – 0.5 M 

Al(OTf)3 + 0.05 M TBAC (purple) and 0.5 M Al(OTf)3 + 0.1 M TBAC (orange) 
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Fig. S7 Atomic weight percentage from the narrow XPS spectrum of the respective elements 

as a function of sputtering time for the (a) plated Al and (b) stripped Al retrieved from the 

cycled symmetric cell. XPS spectra collected from different depths (etching time: 0, 0.5, 1, 2, 

5, 8 and 15 min) of cycled Al-metal: (c) Al 2p and (d) Cl 2p region of XPS spectra for the plated 

Al-metal foil, and (e) Al 2p and (f) Cl 2p region of XPS spectra for the stripped Al-metal foil 

http://springer.com/40820


Nano-Micro Letters 
 

S8/S14 

 

Fig. S8 XPS spectra collected from different depths (etching time: 0, 0.5, 1, 2, 5, 8 and 15 

min) of cycled Al-metal: (a) C 1s, (b) N 1s, (c) F 1s and (d) S 2p region of XPS spectra for 

the plated Al-metal foil 

 

Fig. S9 XPS spectra collected from different depths (etching time: 0, 0.5, 1, 2, 5, 8 and 15 

min) of cycled Al-metal: (a) C 1s, (b) N 1s, (c) F 1s and (d) S 2p region of XPS spectra for 

the stripped Al-metal foil 
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Table S3 Binding energy of species from Al 2p region of XPS spectra discussed in the XPS 

section 

Species Binding Energy (eV) Refs. 

Metal Al 72.6-72.8 [S9, S10] 

Al2O3 73.39-74.44 [S11-S14] 

AlCl4
- 75.4 [S4] 

Native AlOx 75.29-76.47 [S15, S16] 

Table S4 Binding energy of species from O 1s region of XPS spectra discussed in the XPS 

section 

Species Binding Energy (eV) Refs. 

Al oxide 530.3-531.2 [S17, S18] 

Organic species (C=O) 532.30 [S19, S20] 

SO3
- 533.64 [S21] 

Table S5 Binding energy of species from C 1s region of XPS spectra discussed in the XPS 

section 

Species Binding Energy (eV) Refs. 

CF3 292.8 [S22, S23] 

C-N 286.15 [S24] 

C-S 285.57 [S25] 

O-C=O 289.37 [S26] 

C-O-C 286.88 [S26] 

C-C 284.8 [S26] 

Table S6 Binding energy of various species, F, Cl, S and N as discussed in the XPS section  

Species Binding Energy (eV) References 

C-F 688.10 [S27, S28] 

Al-F 685.52 [S27, S28] 

C-Cl 200.24 [S26] 

AlCl4
- 198.72 [S26] 

C-S 164.30, 163.14 [S29] 

CF3SO3
- 169.6, 168.46 [S30] 

Protonated N 402.19 [S31] 
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Fig. S10 (a) Cyclic voltammogram of full-cell EG500 (8th cycle) at 10 mV sec-1 for varying 

concentrations of TBAC in 0.5 M Al(OTf)3 (a) 0 M, 0.05 M, 0.1 M, (b) 0.25 M, 0.5 M and 1 

M, (c) First 10 CV cycles for the full cell – EG500 | 0.5 M Al(OTf)3 + 0.1 M TBAC | Al at 10 

mV sec-1, (d) Nyquist plots collected for Al symmetric cell, comparing 0.5 M Al(OTf)3  and 0.5 

M Al(OTf)3 + 0.1 M TBAC after 5 rounds of cycling. (b) X-ray diffraction pattern collected for 

pristine, charged, and discharged EG 500 

 

Fig. S11 SEM micrograph and EDX map of (a) charged EG500 and (b) discharged EG500 
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Table S7 Table comparing the anodic overpotential and plating/stripping cycling life of our 

work (in orange) with the non-AlCl3 (in blue) and AlCl3-based (in black) organic electrolytes 

reported for RAB 

No Electrolyte 

Anodic over-

potential 

(stripping) 

Cycling rate 

Number of 

cycles 

(time) 

Electro-

chemical 

technique 

Refs. 

1 
0.5 M Al(OTf)3 + 0.1 M 

TBAC 
0.4 V 20 mV s-1 - CV 

This 

work 

2 
0.5 M Al(OTf)3 + 0.1 M 

TBAC 
<0.1 V 

0.2 mA cm-2 , 

0.2 mAh cm-2 

Tested for 

10 cycles 

(20 h) 

Multi-rate 

GCD 

This 

work 

3 
0.5 M Al(OTf)3 + 0.1 M 

TBAC 
0.4 V 

0.1 mA cm-2 , 

0.1 mAh cm-2 

1300 cycles 

(2600 h) 
GCD 

This 

work 

4 [Al(BIm)6][TFSI]3 0.4 V 
20 mV s-1    (at 

80 °C) 
- CV [S32] 

5 
0.25 M Al(PF6)3 with 

Et3Al in DMSO 
1.2 V 25 mV s-1 - CV [S33] 

6 
0.5 M Al(TFSI)3 in 

acetonitrile 
1 V 10 mV s-1 - CV [S34] 

7 

Al(OTf)3/NMA/urea 

(molar ratios 

0.05/0.76/0.19) 

0.6 V 20 mV s-1 - CV [S35] 

8 
NaCl–KCl–AlCl3 

(26:13:61, mol/mol) 
0.1 V 

10 mV s-1 

(at 180 °C) 
- CV [S36] 

9 
NaCl–KCl–AlCl3 

(26:13:61, mol/mol) 
0.1 V 

50 mA cm-2 , 1 

mAh cm-2 (at 

180 °C) 

50 cycles (2 

h) 
GCD [S36] 

10 AlCl3/EMIBr =1.3 0.1 V 
1 mV s-1 (at 

80 °C) 
- CV [S37] 

11 AlCl3/[EMIm]Cl =1.3 0.4 V 10 mV s-1 - CV [S4] 

12 AlCl3/Et3NHCl = 1.5 0.35 V 1 mV s-1 - CV [S38] 

13 
AlCl3/Et3NHCl = 1.7 

encapsulated in PA 
0.3 V 1 mV s-1 - CV [S39] 

14 

AlCl3/Et3NHCl = 1.5 

diluted with organic 

electrolytes 

0.2 V 100 mV s-1 - CV [S40] 

15 AlCl3/AcAm =1.3 0.07 V 
0.2 mA cm-2 , 

0.2 mAh cm-2 

500 cycles 

(1000 h) 
GCD [S41] 

16 
PMMA - AlCl3 0.68 - 

EMImAlCl4 80% 
0.8 V 50 mV s-1 - CV [S42] 

17 
AlCl3 + EMICl (molar 

ratio 1.5:1) 
0.25 V 20 mV s-1 - CV [S35] 

18 AlCl3/urea = 1.4 0.28 V 1 mV s-1 - CV [S43] 

19 AlCl3/urea = 1.3 0.35 V 0.5 mV s-1 - CV [S6] 

20 AlCl3/[EMIm]Cl =1.3 0.4 V 20 mV s-1 - CV [S44] 

21 

AlCl3/[EMIm]Cl =1.3; 

with porous Al metal 

foil 

0.25 V 
3 mA cm-2 , 0.5 

mAh cm-2 

300 cycles 

(100 h) 
GCD [S45] 
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