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1. Computational Details

(1) MD simulations

The empirical force field parameters for all ions were described by the OPLS-AA 

format and were taken from the previous work1. Other small molecules were first 

optimized at the B3LYP/def2tzvp level by Gaussian 16 software to obtain a reasonable 

structure. The force field parameters were referred to the Ligpargen website 

(http://zarbi.chem.yale.edu/ligpargen/)2–4.

The modeling system of the bulk AlCl3-NaCl-LiCl system consisted of 200 LiCl, 200 

NaCl, and 600 AlCl3 salt ions, leading to a simulation box with a dimension of 

5.15*5.15*5.15 nm3.

In the modeling system of the graphene slit pore, each pore wall was modeled as three 

sheets of graphene (5.15770*5.10480 nm) separated by a distance Δ = 0.3 nm and fixed 

in space. The pore width H was defined as the minimum surface-to-surface distance 

between the two groups of graphene sheets in the z-direction. The carbon atoms in the 

graphene sheets were modeled as Lennard-Jones particles with σ = 0.350 nm and ε = 

0.334 K J mol−1. Moreover, the graphene sheets were kept fixed during all simulations.

In order to study the structure and ion dynamics of the nanoconfined AlCl3-NaCl-LiCl, 

we initially included a suitable number of ions inside the slit pores. All the systems had 

a density of ∼1.22 g cm−3, which was similar to the bulk density of the molten salt at 

398.15 K. 

Atomistic simulations were performed using GROMACS 2020.6 package5–7. Packing 

Optimization for Molecular Dynamics Simulations (Packmol) program was used for 

building initial configurations of the bulk system for molecular dynamics simulations8.

The simulation process was detailed as follows. The 5000-step steepest descent method 

and 5000-step conjugate gradient method were used to avoid unreasonable contact in 

the system. NPT ensemble was used to pre-equilibrate the system, and V-rescale 



temperature coupling and Parrinello-Rahman pressure coupling were used to control 

the temperature to 398.15 K, and the pressure was maintained at 1 atm. The non-

bonding cutoff radius was 1.2 nm, and the integration step was 2 fs. The bond length 

and angle were constrained by the LINCS algorithm. The two-way intercept was set to 

1.2 nm, van der Waals interaction, and the long-distance electrostatic interaction was 

set by the particle-mesh Ewald method. The trajectory file during the simulation was 

saved every 10.0 ps. 

(2) DFT simulations 

All calculations were performed using the plane wave based periodic DFT method as 

implemented in the Vienna Ab Initio Simulation Package (VASP)9,10. The electron-ion 

interaction was described with the projector augmented wave (PAW) method11,12. The 

electron exchange and correlation energies were treated within the generalized gradient 

approximation in the Perdew-Burke-Ernzerhof functional (GGA-PBE)13. The plane 

wave basis was set up to 520 eV. Computations were satisfied until the energy and force 

converged within 10−6 eV and 0.02 eV Å−1, respectively. A 6*8*1 supercell of 96 

carbon atoms is constructed for the intercalation of AlCl4
−.

To binding energy is calculated as following14：

Ebinding =  E[AlCl4]xCn
 ‒  ECn

 ‒  xEAlCl4

where , , and  are the total energy of intercalated graphene, bulk 
E[AlCl4]xCn

ECn
EAlCl4

graphene, and AlCl4.

The intercalation potential is calculated as following14:
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where z is the number of electrons transferred per formula unit, x is the number of AlCl4 

molecules intercalated. EAl is the total energy of a single Al atom in a bulk fcc structure. 



 is the average of the total energy of Li+AlCl4
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2. Supplementary Figures

Fig. S1 (a), (b) SEM and (c), (d) TEM images of the AC powders.



Fig. S2 (a) Argon adsorption-desorption isotherms and (b) pore size distributions of 

the AC powders.



Fig. S3 XPS spectra of the AC powders.



Fig. S4 Raman spectrum of the AC powders.



Fig. S5 XRD pattern of the AC powders.



Fig. S6 Digital photo of the AC electrode.



Fig. S7 SEM images of the surface and cross-sections of the AC electrodes with 

different thicknesses.



Fig. S8 DSC curve of the AlCl3-NaCl-LiCl electrolyte.



Fig. S9 CV curves of the AC electrode in the AlCl3-NaCl-LiCl electrolyte at 125 °C 

and different scan rates.



Fig. S10 CV curves of the AC electrode with experimental and fitted results at scan 

rates of (a) 5 mV s−1, (b) 10 mV s−1, (c) 20 mV s−1, (d) 50 mV s−1, and (e) 100 mV s−1. 

The blue areas represented the capacitive contributions.



Fig. S11 Representative simulation snapshot of the AlCl3-NaCl-LiCl system confined 

in the graphene slit pore with a width of 5.00 nm at 125 °C calculated by MD 

simulations.



Fig. S12 Number density profiles along the z-direction of the ions of the AlCl3-NaCl-

LiCl system confined in the graphene slit pore with a width of 5.00 nm at 125 °C 

calculated by MD simulations.



Fig. S13 MSDs of the ions of the AlCl3-NaCl-LiCl system confined in graphene slit 

pores with widths of (a) 0.86 nm, (b) 1.17 nm, and (c) 5.00 nm at 125 °C calculated by 

MD simulations.



Fig. S14 (a) SEM image and corresponding EDX mappings of (b) Na, (c) Al, and (d) 

Cl of the MS@AC powders.



Fig. S15 Argon adsorption-desorption isotherms of the AC and MS@AC powders.



Fig. S16 XRD patterns of the AC, molten salt, and MS@AC powders.



Fig. S17 DSC curves of the AC, molten salt, and MS@AC powders.



Fig. S18 Schematic representations of the optimized structures of the graphene slit 

pores with widths of (a) 0.86 nm and (b) 1.17 nm with 0, 1, 2, 3, 4 intercalated AlCl4.



Fig. S19 GCD curve of the MS-EC cycled at 75 °C and a current density of 1 A g−1.



Fig. S20 Side reactions test. Two bare Mo meshes were applied as electrodes, and the 

device was cycled at 125 °C and a current density of 1 mA cm−1.



Fig. S21 GCD curves of MS-ECs with different M+/M- values at 125 °C and current 

densities of (a) 1 A g−1, (b) 2.5 A g−1, (c) 5 A g−1, (d) 10 A g−1, (e) 20 A g−1, and (f) 30 

A g−1.



Fig. S22 CV curves of the MS-EC with an M+/M− value of 0.67 at 125 °C and 

different scan rates.



Fig. S23 SEM images of the electrodes (a) in the pristine state and (b) after cycling.



Fig. S24 XRD patterns of the AlCl3-NaCl-LiCl electrolyte in the pristine state and 

after cycling.



Fig. S25 XPS curves of (a) Li 1s, (b) Na 1s, (c) Al 2p, and (d) Cl 2p of the AlCl3-

NaCl-LiCl electrolyte in the pristine state and after cycling.



Fig. S26 Raman spectra of the AlCl3-NaCl-LiCl electrolyte in the pristine state and 

after cycling.



Fig. S27 GCD curves of the MS-EC cycled at different temperatures and current 

densities of (a) 1 A g−1, (b) 2.5 A g−1, (c) 5 A g−1, (d) 10 A g−1, (e) 20 A g−1, and (f) 30 

A g−1.



Fig. S28 EIS measurements of four MS-ECs at different temperatures. Nyquist 

plot, normalized real capacitance, and normalized imaginary capacitance of (a) Device 

#1, (b) Device #2, (c) Device #3, and (d) Device #4.



Fig. S29 Self-discharge profiles of the MS-EC at (a) 90 °C, (b) 100 °C, (c) 125 °C, (d) 

150 °C, and (e) 175 °C with experimental and fitted results.



Fig. S30 (a) Self-discharge profiles of the MS-EC after different holding time and (b)-

(d) the corresponding fitted results.



Fig. S31 Leakage current profiles of the MS-EC at different temperatures.



Fig. S32 CV curves of the MS-ECs with AC electrodes based on the (a) NaCl-AlCl3, 

(b) LiCl-AlCl3, (c) LiBr-CsBr, (d) LiBr-KBr-CsBr, (e) LiI-CsI, and (f) LiI-KI-CsI 

electrolytes at a scan rate of 20 mV s−1.



3. Supplementary Tables

Table S1 Electrode thicknesses of the MS-ECs with different M+/M− values.

M+/M− Cathode thickness (μm) Anode thickness (μm)

0.50 ~137 ~300

0.67 ~137 ~205

1.00 ~137 ~137

1.50 ~205 ~137

2.00 ~300 ~137



Table S2 Element contents of the AlCl3-NaCl-LiCl electrolyte in the pristine state 

and after cycling based on the ICP-OES analysis.

Element Content 

(wt%)
Li Na Al

Pristine 1.61 4.53 15.59

After cycling 1.75 4.74 15.96

a) Based on the results above, it can be calculated that the molar ratios of LiCl, NaCl, 

and AlCl3 of the AlCl3-NaCl-LiCl electrolyte in the pristine state and after cycling were 

0.23:0.20:0.57 and 0.24:0.20:0.56, respectively.



Table S3 Performance metrics of the MS-ECs from the EIS measurements.

Temperature 

(°C)

ESR (Ω 

cm2)

Rint (Ω 

cm2)

Peak 

Frequency 

(Hz)

Relaxation 

time constant 

(s)

100 0.60 1.32 0.32 3.16 

125 0.46 1.10 0.40 2.51 

150 0.42 0.92 0.50 2.00 
Device #1

175 0.33 0.75 0.50 2.00 

100 0.37 2.00 0.20 5.00 

125 0.34 1.50 0.25 4.00 

150 0.32 1.24 0.32 3.13 
Device #2

175 0.30 1.05 0.40 2.50 

100 0.37 1.23 0.40 2.51

125 0.36 1.08 0.50 2.00

150 0.32 0.83 0.63 1.58
Device #3

175 0.32 0.78 0.63 1.58

100 0.33 1.14 0.40 2.51

125 0.29 1.03 0.40 2.51

150 0.27 0.80 0.63 1.58
Device #4

175 0.27 0.73 0.63 1.58



Table S4 Consumed energy in the heating process of the MS-ECs.

Consumed energy (Wh kg−1)Stored energy 

(Wh kg−1) Condition 1d) Condition 2 e) Condition 3 f)

Electrolyte a) 134.0 2.1 11.2 21.5 

Electrode b) 50.0 1.9 4.9 14.6 

Device c) 36.4 2.0 9.5 19.6 

a) The heat capacity of the AlCl3-NaCl-LiCl electrolyte is estimated to be 0.7 J g−1 K−1 

according to reference15. The fusion enthalpy of the AlCl3-NaCl-LiCl electrolyte is 

calculated to be 21.9 J g−1 from Fig. S8. 
b) The heat capacity of the AC electrode is estimated to be 0.7 J g−1 K−1 according to 

reference16.
c) The stored and consumed energy are calculated based on the masses of the electrolyte 

and the AC in the electrodes.
d) In condition 1, the device is cooled down to 90 °C, where the electrolyte is in the 

liquid state, and then heated to 100 °C.
f) In condition 2, the device is cooled down to 75 °C, where the electrolyte is in the solid 

state, and then heated to 100 °C. 
d) In condition 3, the device is cooled down to room temperature (25 °C) and then heated 

to 100 °C.



Table S5 Comparisons of the EC systems with AC electrodes based on the AlCl3-

NaCl-LiCl molten salt electrolyte and other electrolytes.

Energy density 

(electrode) (Wh 

kg−1) e)

Energy density 

(electrolyte) 

(Wh kg−1) f)

Ionic 

conductivity 

(mS cm−1)

Price

($ kWh−1) g)
Safety hazard

Aqueous a) 7–15 15–80 500–800 1–4 Corrosiveness

Organic b) 20–25 10–20 5–50 100–300
Flammability, 

volatility, toxicity

Ionic liquid c) 25–35 40–80 1–20 1000–3000 /

Molten salt d) 35–50 107 100–300 28 High temperature

a) The parameters of the ECs with aqueous electrolytes are calculated based on 

references17–20.
b) The parameters of the ECs with organic electrolytes are calculated based on 

references20–22.
c) The parameters of the ECs with ionic liquid electrolytes are calculated based on 

references21–24.
d) The parameters of the ECs with molten salt are calculated based on the experimental 

results of the MS-ECs with the AlCl3-NaCl-LiCl electrolyte.
e) The energy densities based on the active material mass in the electrodes correspond 

to the data with power densities of ~ 1 kW kg−1.
f) The energy densities based on the electrolyte mass are calculated based on the 

following equation21.

Eelectrolyte =  
1
2
αnm0FU

where Eelectrolyte is the energy density of an EC calculated based on the electrolyte mass, 

α represents the fraction of total salt removed from the bulk electrolyte upon complete 

charging, n refers to the charge number of the adsorbed ion, m0 is the initial salt molality 



in the electrolyte, F is Faraday’s constant, and U is the operative voltage. In 

approximation, α is assumed to be 1.0 for aqueous electrolytes and 0.5 for the organic 

and ionic liquid electrolytes according to reference21. For the AlCl3-NaCl-LiCl 

electrolyte, the molar ratio of Na+, Li+, AlCl4
−, and Al2Cl7

− is estimated to be 1:1:1:1 

according to reference25.
g) The prices of the raw materials are obtained from www.alibaba.com.



Table S6 Melting points and electrochemical windows of salt mixtures consisting of 

different anions.

Electrochemical window
Anions

Melting point 

(°C) Cathodic limit Anodic limit

Fluoride (F−) 26–28 ~480–700 N/A ~5.0 V vs. Li+/Li

Chloride (Cl−) 29 ~265–350 N/A ~3.7 V vs. Li+/Li

Bromine (Br−) 28,30 ~220–300 N/A ~3.2 V vs. Li+/Li

Iodine (I−) 31–33 ~200–300 N/A ~2.5 V vs. Li+/Li

Chloroaluminate (AlCl4
−, 

Al2Cl7
−, etc.) 34

~75–180 ~0 V vs. Al3+/Al ~2.2 V vs. Al3+/Al

Hydroxide (OH−) 35,36 ~150–200 ~−2.3 V vs. Ag+/Ag ~0.2 V vs. Ag+/Ag

Nitrate (NO3
−) 37–40 ~80–230 ~2.2 V vs. Li+/Li ~3.8 V vs. Li+/Li

Carbonate (CO3
2−) 41–43 ~490–710

~−2.0 V vs. 

Ag/Ag2SO4

~0.4 V vs. 

Ag/Ag2SO4
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