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ABSTRACT OF THE DISSERTATION 
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Lacking viable electrolytes is one of the fundamental obstacles preventing the realization 

of rechargeable aluminum batteries. The major challenge is to find electrolytes which can 

enable reversible Al deposition-stripping with excellent chemical and electrochemical 

stability. we investigated the interaction between vanadium(V) oxide (V2O5), which has 

been used as the cathode materials in a number of studies of rechargeable Al batteries, and 

the most common Al electrolyte based on an ionic liquid mixture of aluminum chloride 

(AlCl3) and 1-ethyl-3-methylimidazolium ([EMIm]Cl). We found that V2O5 reacted to 

AlCl3-[EMIm]Cl by identifying reaction products with electrochemical analysis, Raman 

and NMR spectroscopies. We also investigated the solvation properties in the solution of 

AlCl3 in -butyrolactone (GBL) and the resulted electrochemical properties. In the 

proposed work, we will further investigate the coordination structure between Al species 

and organic solvent to acquire the electrochemical active species. Furthermore, we report 

the first synthesis and characterizations of an Al “simple salt” electrolyte composed of 

aluminum hexafluorophosphate (Al(PF6)3) in dimethyl sulfoxide (DMSO). Al(PF6)3 salt 



 vii 

was synthesized via the reaction between triethylaluminium (Et3Al) and ammonium 

hexafluorophosphate, and purified via recrystallization. The single crystal X-ray 

diffraction reveals that the Al3+ cation is solvated with six DMSO molecules 

(Al(DMSO)6(PF6)3) in the salt crystal structure. The 0.25 M Al(PF6)3 solution in DMSO 

demonstrates high ionic conductivity at approximately 1.210-2 S cm-1. With 

characterizations including nuclear magnetic resonance spectroscopy, scanning electron 

microscopy and X-ray photoelectron spectroscopy (XPS), we demonstrate the reversibility 

of Al deposition-stripping in the electrolyte, which can be improved by the addition of trace 

amount of Et3Al as the electrolyte additive. The side reaction involving the reductive 

decomposition of DMSO to form aluminum oxide during Al deposition is identified by a 

combination of XPS and gas chromatography/electron ionization-mass spectrometry. 

Another Al-ion electrolyte with weakly coordinating tetrakis(hexafluoroisopropyloxy) 

borate ((B[hfip]4)
-) anion in DME was also synthesized and characterized. These Al-ion 

electrolytes with weakly coordinating anions exhibit distinct chemical and electrochemical 

properties comparing with chloroaluminate ionic liquid electrolytes. They create an 

opportunity to develop new Al electrolyte system. 

 

 

 

 

 

 

 

 



 viii 

TABLE OF CONTENTS 

 

 
ABSTRACT OF THE DISSERTATION .......................................................................... vi 

LIST OF FIGURES ........................................................................................................... xi 

LIST OF TABLES ........................................................................................................... xiv 

Chapter 1. Introduction ....................................................................................................... 1 

1.1 History of Aluminum Batteries ................................................................................. 1 

1.2 Electrolytes for rechargeable Al batteries ................................................................. 5 

1.2.1 High-temperature molten salts ........................................................................... 5 

1.2.2 Room-temperature chloroaluminate IL electrolytes .......................................... 6 

1.2.3 Non-IL Al electrolytes ....................................................................................... 7 

1.3 Anodes .................................................................................................................... 10 

1.4 Cathodes .................................................................................................................. 11 

1.4.1 Chemical stability of cathode materials ........................................................... 11 

1.4.2 Anion intercalation materials ........................................................................... 12 

1.4.3 Cation intercalation materials .......................................................................... 14 

1.4.4 Conversion-type cathodes ................................................................................ 16 

1.5 Summary ................................................................................................................. 19 

References ..................................................................................................................... 21 

Chapter 2. Chemical and Electrochemical Properties between V2O5 and Chloroaluminate 

Ionic Liquids ..................................................................................................................... 24 

2.1 Introduction ............................................................................................................. 24 

2.2 Experimental methods ............................................................................................ 25 

2.2.1 Synthesis .......................................................................................................... 25 

2.2.2 Electrochemical Measurements ....................................................................... 26 

2.2.3 Raman spectroscopy ........................................................................................ 27 

2.2.4 NMR Spectroscopy .......................................................................................... 27 

2.2.5 X-Ray Diffraction and X-Ray Photoelectron Spectroscopy ............................ 28 

2.2.6 Theoretical Calculations .................................................................................. 29 

2.3 Results and discussion ............................................................................................ 30 

2.4 Conclusion .............................................................................................................. 60 



 ix 

References ..................................................................................................................... 62 

Chapter 3. Room-Temperature Electrodeposition of Aluminum via Manipulating 

Coordination Structure in AlCl3 Solutions ....................................................................... 68 

3.1 Introduction ............................................................................................................. 68 

3.2 Experimental methods ............................................................................................ 70 

3.2.1 Electrolytes preparation ................................................................................... 70 

3.2.2 Electrochemical analysis .................................................................................. 70 

3.2.3 Spectroscopic and microscopic characterizations ............................................ 71 

3.2.4 Theoretical calculations ................................................................................... 72 

3.3 Results and discussion ............................................................................................ 73 

3.4 Conclusion .............................................................................................................. 83 

References ..................................................................................................................... 85 

Chapter 4. Synthesis and Electrochemical Properties of an Aluminum 

Hexafluorophosphate Electrolyte ...................................................................................... 88 

4.1 Introduction ............................................................................................................. 88 

4.2 Experimental methods ............................................................................................ 89 

4.2.1 Synthesis of Al(PF6)3 ....................................................................................... 89 

4.2.2 Single crystal X-ray Diffraction ....................................................................... 90 

4.2.3 NMR Spectroscopy .......................................................................................... 93 

4.2.4 Surface characterizations ................................................................................. 93 

4.2.5 GC/EI-MS analysis .......................................................................................... 94 

4.2.6 Electrochemical analysis .................................................................................. 94 

4.2.7 Ionic conductivity measurement ...................................................................... 95 

4.3 Results and discussion ............................................................................................ 95 

4.4 Conclusion ............................................................................................................ 106 

References ................................................................................................................... 107 

Chapter 5. Synthesis and Electrochemical Properties of an Aluminum Fluorinated-

Alkoxyborate Electrolyte ................................................................................................ 110 

5.1 Introduction ........................................................................................................... 110 

5.2 Experimental methods .......................................................................................... 111 

5.2.1 Synthesis of Al[B(hfip)4]3 .............................................................................. 111 

5.2.2 Electrochemical Analyses .............................................................................. 113 

5.2.3 NMR Spectroscopy ........................................................................................ 114 



 x 

5.2.4 X-ray Diffraction (XRD) ............................................................................... 115 

5.2.5 Surface Characterizations .............................................................................. 115 

5.3 Results and discussion .......................................................................................... 115 

5.4 Conclusion ............................................................................................................ 121 

References ................................................................................................................... 123 

Chapter 6. Summary ....................................................................................................... 126 

6.1 Conclusions ........................................................................................................... 126 

6.2 Future directions ................................................................................................... 127 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xi 

LIST OF FIGURES 

Figure 1.1 Historical progress of the development of Al batteries                                             4 

 

Figure 1.2 Crystal structure illustrations of pristine and Al-intercalated Mo6S8                                   15 

 

Figure 2.1 XRD pattern and SEM image of the V2O5 nanoparticles                                              26 

 

Figure 2.2 Digital images of the Lewis acidic ionic liquid electrolyte                                 30 

 

Figure 2.3 CV scans and NMR of the Lewis acidic AlCl3-[EMIm]Cl electrolyte before and 

after reaction with V2O5 at 70C                                                                                                             32 

 

Figure 2.4 CV scans and NMR of the Lewis acidic AlCl3-[EMIm]Cl electrolyte before and 

after reaction with V2O5 at room temperature                                                                                        33 

 

Figure 2.5. XRD pattern of the precipitate                                                                         35 

 

Figure 2.6 Solid-state 2D 27Al triple-quantum (3Q)-MAS NMR spectrum of the precipitate 

from the reaction between V2O5 and Al2Cl7
 –

                                                                                          35 

 

Figure 2.7 Solid-state 51V MAS NMR spectrum of the precipitate                                              36 

 

Figure 2.8 Raman spectra of the Lewis acidic AlCl3-[EMIm]Cl (molar ratio 2:1) electrolyte 

at 70C                                                                                                                                 38 

 

Figure 2.9 DFT-calculated Raman spectrum of VOCl3                                                                                                       38 

 

Figure 2.10 Raman spectra of the Lewis acidic AlCl3-[EMIm]Cl (molar ratio 2:1) 

electrolyte at room temperature                                                                                             39 

 

Figure 2.11 Digital images of the Lewis neutral AlCl3-[EMIm]Cl (molar ratio 1:1) ionic 

liquid electrolyte                                                                                                                   40 

 

Figure 2.12 CV scans of the Lewis neutral AlCl3-[EMIm]Cl electrolyte before and after 

reaction with V2O5 at different V2O5/AlCl3 molar ratio                                                        41 

 

Figure 2.13 Liquid-state (a) 51V NMR and (b) 27Al NMR spectra of the Lewis neutral AlCl3-

[EMIm]Cl electrolyte                                                                                                          43 

 

Figure 2.14 Liquid-state (a) 51V and (b) 27Al NMR spectra of the Lewis neutral AlCl3-

[EMIm]Cl (molar ratio 1:1) electrolyte (full spectra)                                                         43 

 



 xii 

Figure 2.15 Raman spectra of the Lewis neutral AlCl3-[EMIm]Cl (molar ratio 1:1) 

electrolyte before and after reaction with V2O5                                                                  44 

 

Figure 2.16 Effect of V-O bond length and O-V-O bond angle on Raman shifts                    47 

 

Figure 2.17 MD simulation of VO2Cl in the [EMIm]+ solvent environment                     47 

 

Figure 2.18 Molecular structure of VO2Cl and 4-coordinated AlCl3VO3
 –

(IV)                  51 

 

Figure 2.19 ELF plot for AlCl3VO3
 –

(IV) and AlCl3VO3
 –

(VI)                                             53 

 

Figure 2.20 The ELF along V-O3, V-Cl3, Al-O3, and Al-Cl3 in 4-coordinated 

AlCl3VO3
 –

(IV)                                                                                                                      54 

 

Figure 2.21 The ELF along the path of Al-Cl, V-O, and Al-O in 6-coordinated 

AlCl3VO3
 –

(VI)                                                                                                                         55 

 

Figure 2.22 The ELF along V-Cl and V-O in VO2Cl                                                          55 

 

Figure 2.23 The lm-decomposed density of states of V, O3, Cl3, and Al of the 4-coordinated 

AlCl3VO3
 –

(IV)                                                                                                                       56 

 

Figure 2.24 The lm-decomposed density of states of V, O, Cl, and Al of the 6-coordinated 

AlCl3VO3
 –

(VI)                                                                                                                        57 

 

Figure 2.25 Surface characterizations of Al on Ta                                                              59 

 

Figure 2.26 EDX mapping and spectrum of Al on Ta                                                         59 

 

Figure 2.27 Cl 2p XPS spectrum of deposit                                                                         60 

 

Figure 3.1 27Al NMR spectra of AlCl3 in GBL at different molar ratios                           74 

 

Figure 3.2 Ab initio molecular dynamics simulation of AlCl3/GBL                                     76 

 

Figure 3.3 27Al NMR of AlCl3-GBL solution with AlCl3/GBL molar ratio = 1:2.6            78 

 

Figure 3.4 SERS spectra of calculated and experimental of AlCl3·GBL                           79 

 

Figure 3.5 CV scans of AlCl3·GBL electrolyte and surface characterizations                    82 

 

Figure 3.6 chronopotentiometry curves (V vs. t) of AlCl3-GBL solutions                          83 

 

Figure 3.7 SEM images and EDX spectra of the depositions from deposits                      83 



 xiii 

Figure 4.1 Single crystal structure of [Al(DMSO) 6](PF6)3                                                                                  97 

 

Figure 4.2 NMR spectra of the 0.25M Al(PF6)3 electrolyte in DMSO                                     98 

 

Figure 4.3 CV scans and surface characterizations of Al deposit on Cu                                  101 

 

Figure 4.4 NMR spectra of Al(PF6)3 electrolyte in DMSO after deposition                      102 

 

Figure 4.5 EDX spectra of Al deposit on Cu                                                                        103 

 

Figure 4.6 Al 2p XPS depth profiling analysis of the Al deposits                                      105 

 

Figure 4.7 GC/EI-MS spectrum of gas product during electrodeposition                       105 

 

Figure 5.1 Synthesis apparatus and Al[B(hfip)4]3 gel-like product                                    113 

 

Figure 5.2 27Al and 1H NMR spectra of 0.64M Al[B(hfip)4]3 in DME                               117 

 

Figure 5.3 19F and 11B NMR spectra of 0.64M Al[B(hfip)4]3 in DME                             117 

 

Figure 5.4 Proposed coordination structure of Al(DME)2[B(hfip)4]3                                             118 

 

Figure 5.5 CV scans, Chronopotentiometry curve and surface characterizations of Al 

deposit                                                                                                                                    119 

 

Figure 5.6 EDX spectra of Al deposit on Cu from 0.64M Al[B(hfip)4]3 in DME              120 

 

Figure 5.7 XRD pattern and Al 2p XPS surface analysis of the Al deposits                      121 

 

Figure 5.8 F 1s, and B 1s XPS surface analysis of the Al deposits                                      121 

 

 

 

 

 

 

 

 

 

 



 xiv 

LIST OF TABLES 

Table 1.1 Representative conversion-type transition metal sulfide cathodes for 

rechargeable Al batteries                                                                                                     17             

                                                                                                                        

Table 2.1 Solid-state 27Al NMR parameters of each Al coordination environment in the 

precipitate                                                                                                                               36 

 

Table 2.2 Raman vibrational modes and the corresponding peak positions in the 

experimental and calculated VOCl3 (of symmetry C3v) spectra                                          39 

                                                                               

Table 2.3 Raman vibrational modes and the corresponding experimental and calculated 

Raman shifts of VO2Cl                                                                                                             45 

 

Table 2.4 VO2Cl Raman vibrational mode and shift from DFT calculation                        48 

 

Table 2.5 Four-coordinated AlCl3VO3
 –

(IV) Raman vibrational modes and corresponding 

shifts from DFT calculations                                                                                                    49 

 

Table 2.6 Six-coordinated AlCl3VO3
 –

(VI) Raman vibrational modes and corresponding 

shifts from DFT calculations                                                                                                     49 

 

Table 2.7 Bader charge analysis of 4-coordinated AlCl3VO3
 –

(IV)                                          51 

 

Table 2.8 Bader charge analysis of 6-coordinated AlCl3VO3
 –

(VI)                                     52 

 

Table 3.1 Raman vibrational modes and the peak positions of AlCl3·GBL                          81 

 

Table 4.1 Crystal data and structure refinement of [Al(DMSO)6](PF6)3                            91 

 



 1 

Chapter 1. Introduction 

1.1 History of Aluminum Batteries 

The increasing demand for more efficient energy storage technologies invokes tremendous 

incentives to search for new rechargeable batteries. Energy storage solutions for power 

grids and renewable energy pose a particular challenge due to the specific requirements for 

low cost, high safety, and long cycle stability. The cost of lithium-ion batteries (LIBs) could 

be too high for these land-based battery applications even with anticipated future cost 

reductions, and lead acid batteries suffer from low cycle stability and negative 

environmental impact. While technologies including flow batteries, rechargeable 

zinc/manganese oxide (MnO2) batteries, and sodium-ion batteries are currently feasible 

candidates for large-scale energy storage applications, researchers are also exploring new 

rechargeable battery chemistries, one of which is aluminum (Al) batteries. As the most 

abundant metal on earth, Al has been regarded as a promising anode material with the 

highest volumetric capacity (8046 mAh cm-3) and second highest specific capacity (2980 

mAh g-1) among all metals. The most developed Al batteries are primary cells using Al 

metal anode in concentrated aqueous alkaline electrolytes, typically potassium hydroxide 

(KOH):  

Al + 4OH
-
→ Al(OH)

4

-
+ 3e

-
,  E = -2.31 V vs. SHE   [1] 

Al-air is the most developed Al primary battery using air (oxygen) as the cathode:  

O2 + 2H2O + 4e
-
→ 4OH

-
,  E = 0.40 V vs. SHE   [2] 
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The practical voltage of the Al-air battery (1.2 V ~ 1.6 V) is significantly lower than the 

theoretical value at 2.7 V. This is due to multiple reactions/processes at the interfaces: The 

corrosion reaction with H2O on the Al anode produces Al(OH)3 precipitation and releases 

H2. The native Al2O3 and subsequently Al(OH)3 layer on the Al surface also increases the 

overpotential. Meanwhile, the cathodic potential can also be reduced by a two-electron 

transfer reaction (Reaction 3) taking place instead of the four-electron transfer in Reaction 

2. 

O2 + 2H2O + 2e
-
→ HO2

-  + OH
-
,  E = 0.08 V vs. SHE  [3] 

In addition to oxygen, other cathodes including MnO2, permanganate (MnO4
-), silver oxide 

(Ag2O), hydrogen peroxide (H2O2), ferricyanide (Fe(CN)6
3-), nickel oxyhydroxide 

(NiOOH), and sulfur also were investigated in KOH electrolytes with Al anode. The 

respective cathodic reactions are as follows: 

MnO2+ H2O+ e-→ MnOOH+ OH
-
,  E = 0.12 V vs. SHE   [4] 

MnO4
-
+ 2H2O+ 3e

-
→ MnO2+ 4OH

-
,  E = 0.60 V vs. SHE   [5] 

Ag
2
O+ H2O+ 2e

-
→ 2Ag+2OH

-
,  E = 0.34 V vs. SHE   [6] 

H2O2+  2e
-
→ 2OH

-
,  E = 1.24 V vs. SHE     [7] 

Fe(CN)
6

3-
+ e-→ Fe(CN)

6

4-
,  E = 0.37 V vs. SHE    [8] 

NiOOH+ H2O+e-→ Ni(OH)
2
+ OH

-
,  E = 0.50 V vs. SHE   [9] 

It is worth noting that the sulfur cathodic reaction is different from the ones above since a 

dual-electrolyte system was used; the anolyte was aqueous KOH solution, and the catholyte 
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was an aqueous solution of dipotassium tetrasulfide (K2S4). The cathodic reaction 

involving sulfur is: 

S4
2- + 4H2O + 6e-→ 4HS

-
+ 4OH-,  E = - 0.51 V vs. SHE  [10] 

All these batteries are non-rechargeable due to the high irreversibility of Al3+ reduction in 

the aqueous electrolyte, as the preferential electrolysis of water is inevitable. Therefore, 

non-aqueous electrolytes are required for rechargeable Al batteries. 

A rechargeable Al battery is mainly composed of an Al metal anode, a cathode, and an 

electrolyte that enables the following: the transport of Al-containing ions, Al deposition-

stripping at the anode, and reactions at the cathode side. The concept of rechargeable Al 

batteries can be traced back to early 1970s, when high temperature chloroaluminate molten 

salts were investigated as electrolytes. This class of electrolytes is the deep eutectic mixture 

of Al halides (Cl- or Br-) and alkali metal halides, MX (where M+ is Li+, Na+ or K+). 

Transition metal sulfides including iron disulfide (FeS2), nickel sulfide (NiS and Ni3S2), 

layered molybdenum sulfide (MoS2), etc. were investigated as the cathode materials of 

these early rechargeable Al systems. The high temperature (mostly over 100 ºC) for the 

molten salts was not ideal from an operational perspective. It was also found that certain 

metal sulfide cathodes could dissolve in the high-temperature molten salts. The molten salt 

electrolytes were later replaced by room-temperature chloroaluminate ionic liquids (ILs), 

which were initially developed as the electrolytes for room-temperature electrochemical 

plating of Al. To date, chloroaluminate ILs remain the benchmark electrolytes for 
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rechargeable Al batteries. However, problems similar to those of the high-temperature 

molten salts, such as strong reactivity to the cathodes and corrosivity, still largely remain.  

Building on the basis of the room-temperature chloroaluminate IL electrolytes, recent 

development of rechargeable Al batteries has focused largely on the cathode materials. 

Two types of reaction mechanisms have been reported for Al cathodes: intercalation and 

conversion. The intercalation-type of materials are represented by the Chevrel phase Mo6S8 

and graphite: the former can host Al3+ cation,1 and the latter is believed to be able to host 

AlCl4
- anions.2 Conversion-type cathodes include transition metal sulfides and possibly 

oxides. Sulfur is another promising conversion-type cathode material due to its high 

theoretical specific capacity at 1675 mAh g-1 and its low-cost. The history of the 

development of Al batteries is illustrated in Figure 1.1. Despite considerable research 

efforts, the lack of alternative electrolytes and understanding of the cathode materials still 

pose significant challenges to the development of rechargeable Al batteries. This chapter 

presents the current understanding and unsolved questions about Al electrolytes, interfaces, 

and cathode materials.  

 

Figure 1.1 Historical progress of the development of Al batteries. 
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1.2 Electrolytes for rechargeable Al batteries 

1.2.1 High-temperature molten salts 

Binary NaCl-AlCl3 and ternary NaCl-KCl-AlCl3 deep eutectic systems are the most 

common molten salt electrolytes. New ionic species are formed in the molten salts via 

transmetalation at high temperatures, and the species varies according to the molar ratio of 

AlCl3/MCl. When the AlCl3/MCl molar ratio is less than 1, AlCl4
- and Cl- anions coexist 

in the molten salt according to Reaction 11.  

AlCl3 + (1+n)Cl
-
 → AlCl4

-  + nCl
-
   [11] 

When the ratio of AlCl3/MCl is equal to 1, only AlCl4
- anions exist in the molten salt. 

AlCl3 + Cl
- → AlCl4

-
     [12] 

When the molar ratio of AlCl3/MCl is higher than 1, a new chloroaluminate anion Al2Cl7
- 

is formed based on the equilibrium established between AlCl4
- and Al2Cl7

- through the 

bridging Cl- in Al2Cl7
-.  

AlCl3 + AlCl4
-
 ⇌ Al2Cl7

-
    [13] 

It is necessary to emphasize that the chemical formula AlCl3 in the above reactions does 

not represent the molecular structure of solid-state AlCl3, which is known to be a polymer 

with octahedral coordination geometry. In the resultant molten salt, Al2Cl7
- is Lewis acidic 

and AlCl4
- is Lewis neutral. They are the active species in the reversible Al deposition-

stripping according to Reaction 14. 

4Al2Cl7
-
 + 3e- ⇌ Al + 7AlCl4

-
    [14] 
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1.2.2 Room-temperature chloroaluminate IL electrolytes 

Room-temperature chloroaluminate ILs are also deep eutectic systems but composed of 

AlCl3 and RCl instead of MCl, where R is an organic cation such as imidazolium, 

pyridinium, ammonium, etc. In addition to chloride, bromide species can also be used. The 

actives anions in the room-temperature ILs are the same as in the high-temperature molten 

salts, while the melting point is decreased due to the weaker ionic bond from the organic 

cations. The most common chloroaluminate ILs are those based on the imidazolium 

cations, such as 1-ethyl-3-methylimidazolium (EMIm) and 1-butyl-3-methylimidazolium 

(BMIm). The commonly used molar ratio of AlCl3 to organic chloride ranges from 1.1 to 

1.5 to achieve a balanced population of Al2Cl7
- and AlCl4

- anions in the electrolytes. The 

reported conductivity of the electrolyte with AlCl3/[EMIm]Cl = 1.3 is 17.1 mS cm-1,3 which 

is close to the ionic conductivity of LIB electrolytes. Room-temperature chloroaluminate 

ILs have negligible vapor pressure and relatively high thermostability. However, they are 

hygroscopic, and the water-containing ILs are corrosive due to the active Cl- anion, which 

seriously limits the choices of both inert and active materials in the battery. It is extremely 

difficult to produce water-free chloroaluminate IL electrolytes. As a result, electrochemical 

cells using chloroaluminate IL electrolytes must be constructed with inert components to 

prevent interference, which is particularly important in fundamental studies. To date, Mo 

and glassy carbon are known as the two best materials resistant to corrosion in 

chloroaluminate ILs, although their long-term anti-corrosion properties are unknown. The 

presence of active Cl- also limits the anodic potential to 2.4 V (theoretically) versus Al due 

to the chlorine generation reaction: 
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  4AlCl4
- − 2e- ⇌  2Al2Cl7

-
 + Cl2   [15] 

In addition to the corrosivity, it is also reported that certain transition metal sulfides and 

oxides can dissolve in the chloroaluminate ILs due to interactions with the anions, which 

will be discussed in the Cathodes Section. Last but not least, ILs are expensive for practical 

applications, thus offsetting the greatest advantage of Al electrodes. Therefore, it is 

essential for rechargeable Al battery technology to discover new electrolytes capable of 

overcoming all the disadvantages of chloroaluminate IL electrolytes.  

1.2.3 Non-IL Al electrolytes  

Pioneering works on non-IL Al electrolytes have been reported in literature. Matsuda et al. 

studied Al stripping activity in a number of organic solvents using AlCl3 as the salt. 

Although electrolytes including AlCl3 in saturated formamide, 1 M AlCl3 in propylene 

carbonate (PC), and 1 M AlCl3 in tetrahydrofuran (THF) showed capability for Al 

stripping, no deposition was demonstrated.4 Licht et al. investigated a number of 

combinations of salts and organic solvents including AlCl3 and tetraethylammonium 

chloride in γ-butyrolactone (GBL) and acetonitrile (ACN), respectively.5 Reversible Al 

deposition-stripping was unsuccessful in these early attempts. It is critical to have the 

Lewis acidic Al2Cl7
- anions in the AlCl3-based electrolytes for reversible Al deposition-

stripping. In the AlCl3 solutions in organic solvents with relatively low concentration 

(typically around 1 M), however, the major ionic species are solvated [AlCl2(solvent)n]
2+ 

chloroaluminate cation and the Lewis neutral AlCl4
- anion. By studying the electrolytes 

composed of AlCl3 in a series of sulfones,6 Nakayama et al. discovered that high 
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concentration and/or high temperature produce Lewis acidic Al2Cl7
-  anions in the AlCl3 

solutions in sulfones, evidenced by the electrochemical analysis and 27Al nuclear magnetic 

resonance (NMR) spectroscopy. A recent study by Wen et al.7 elucidated the mechanism 

of the formation of Lewis acidic species in organic solvents (represented by GBL in the 

study) from AlCl3. The mechanism originates from the AlCl3-solvent coordination, which 

is dictated by the AlCl3/solvent ratio. Reactions 16 to 18 show the evolution of the 

chloroaluminate species in the solution with increasing molar ratio of AlCl3/GBL. Al2Cl6 

dimmer is the initial molecular structure of AlCl3 in the organic solvent. The resulting 

Al3Cl10
- anion is the Lewis acidic anion responsible for Al deposition at room temperature 

from the AlCl3/GBL solution.  

Al2Cl6 ∙ GBL + GBL ⇌ AlCl4
-  + [AlCl2(GBL)2]+ [16] 

Al2Cl6 ∙ GBL + GBL ⇌ 2AlCl3∙GBL   [17] 

Al2Cl6 + AlCl4
− ⇌ Al3Cl10

−     [18] 

Although non-IL electrolytes based on AlCl3 and organic solvents can be feasible as 

indicated by the works from Nakayama and Wen, the corrosivity and low anodic stability 

remain critical issues due to the Cl- anion. Therefore, the research community is also 

considering chloride-free organic electrolytes based on Al simple salts. Al simple salts are 

analogous compounds to the Li simple salts with weakly coordinating anions such as 

hexafluorophosphate (PF6
-) and bis(trifluoromethanesulfonyl)imide (TFSI-). To date, 

electrolytes based on Al simple salts largely remain a concept without validation, except 

for a couple of preliminary studies on aluminum trifluoromethanesulfonate (Al(OTf)3),
8-9 
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which showed inconclusive results. One of the challenges is that most of the Al salts with 

weakly coordinating anions are not commercially available. The available ones such as 

Al(OTf)3 and aluminum perchlorate do not have high dissociation ability, so the solubility 

and the electrochemical activity of Al3+ cations may be questionable. Furthermore, the 

stability of the anions against chemical reduction (by Al) and electrochemical reduction 

(during Al electrodeposition) is also a potential issue. Fluoride, oxide, and sulfide species 

can be expected from the anions/solvent decomposition, and these insulating surface 

compounds can be detrimental to the reversible Al deposition-stripping. Therefore, finding 

stable weakly coordinating anions for Al simple salt electrolytes is critical but also a steep 

challenge.  

Finally, it is worthwhile to mention that rechargeable Al batteries in aqueous AlCl3 

electrolyte with Al metal anode and titanium dioxide (TiO2), Prussian blue, or vanadium 

pentoxide (V2O5) cathode were reported in the literature. The rechargeable behaviors at 

these cathodes can hardly be attributed to Al. It is well known that the aqueous solution of 

AlCl3 is acidic due to the partial hydrolysis of the Al3+ cation, and proton intercalation in 

crystalline hosts is a well-known reaction in rechargeable batteries. Other electrochemical 

processes in acidic aqueous electrolytes including proton reduction and water reduction 

can also be interferential. Therefore, the concept of aqueous rechargeable Al batteries must 

be carefully examined.    
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1.3 Anodes 

Rechargeable Al batteries demand the use of metallic Al as the anode; any other anode 

materials, even if they are electrochemically feasible, will defeat the purpose of the 

rechargeable Al battery. As such, the reactions at the Al anode are simply Al deposition 

and stripping. The native Al2O3 surface layer on the Al anode could undermine the 

reversible Al deposition-stripping due to its insulating nature. However, chloroaluminate 

IL electrolytes seem tolerant of the native Al2O3 layer, as indicated by facile Al deposition-

stripping. In this case, the corrosive nature (due to water impurity) may work in a favorable 

fashion: the Al2O3 layer could be etched away. However, one must note that the pure Al 

surface can also be corroded, which would lead to low efficacy at the anode. To date, there 

have been no studies on the possibility of the decomposition of chloroaluminate IL 

electrolytes during the Al deposition, which, if it occurs, should originate from the organic 

cations. Nevertheless, current electrochemical characterizations suggest that passivation 

induced by decomposition of the chloroaluminate IL electrolytes is minimal. High 

roundtrip efficiency of Al deposition-stripping is desirable. However, it is not as critical as 

it is to Li batteries: Rechargeable Al batteries are not intended for applications requiring 

high volumetric and/or gravimetric energy (as long as the cost is kept low), and so Al anode 

can be used in excess. Another concern of the Al anode is the potential formation and 

growth of dendrites, which is possible for any metal electrodeposition under mass transfer 

limitation. Al dendritic structure was observed after repeated deposition and stripping, from 

both Al electrodes with a native Al2O3 layer and freshly polished ones. The Al dendrite is 

related to operational parameters such as current density and temperature, electrolyte 
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properties such as Lewis acidity and ion transference number, and Al anode properties like 

roughness and surface composition. Therefore, systematic studies are necessary to fully 

understand the mechanism of Al dendrites. The battery’s separator is also an important 

component related to Al dendrite growth. Due to the high viscosity of chloroaluminate IL 

electrolytes, cellulose fiber membranes are commonly used as the separator for their large 

pore size (i.e., good wettability). Therefore, irregular Al deposition may occur inside the 

pores and cause internal shorting.       

1.4 Cathodes  

1.4.1 Chemical stability of cathode materials 

The first and most important issue of cathode materials in rechargeable Al batteries is their 

chemical stability in the chloroaluminate IL electrolytes. The cathode/electrolyte chemical 

stability is not a pronounced issue in LIBs, although small amounts of transition metals can 

slowly dissolve during prolonged cycling. Therefore, the chemical stability of Al cathodes 

can be easily overlooked since most of them have already been studied in LIBs. However, 

one must recognize that chloroaluminate ILs are quite different from the LIB electrolytes, 

and that the chloroaluminate anions are chemically active due to their complex nature. FeS2 

reportedly dissolves with ease in the AlCl3/[EMIm]Cl (molar ratio 2:1) electrolyte.10 In 

addition to metal sulfides, the chemical stability of metal oxides also requires careful 

validation. V2O5 is a cathode material currently being widely investigated as the cathode 

in rechargeable Al batteries. However, Wen et al.11 recently revealed that V2O5 reacts with 
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both the Lewis acidic Al2Cl7
- and Lewis neutral AlCl4

- anions in the chloroaluminate IL 

electrolyte according to Reactions 19 and 20.  

V2O5 + 2Al2Cl7
 – → 2VOCl3 + 2AlCl4

 –
 +Al2O3  [19] 

V2O5 + 2AlCl4
 –

 → VO2Cl + AlCl3VO3
−   [20] 

It is clear from the studies described above that the chemical stability of the cathode 

materials in chloroaluminate IL electrolytes must be validated before their electrochemical 

properties can be studied. It also evidences the importance of developing chloride-free non-

IL electrolytes that are chemically compatible with the cathode materials. 

1.4.2 Anion intercalation materials 

To date, most reported cathode materials for rechargeable Al batteries are graphitic carbons 

in many forms such as natural graphite, synthetic graphite, and few-layer graphene sheets, 

etc. inspired by the work of Lin et al. in 2015.2 The reactions at the Al anode are the 

reversible Al deposition and stripping; the reactions at the carbon cathode are the reversible 

intercalation and extraction of AlCl4
- anions into the van der Waals layers in the graphitic 

carbons. This Al-graphite configuration demonstrated extremely high rate capacity, up to 

5000 mA g-1, with a specific capacity of approximately 70 mAh g-1 and excellent cycle 

stability. X-ray diffraction (XRD) confirmed the structural change of graphite induced by 

the intercalated species, and the intercalation was also verified with Raman spectroscopy. 

Although graphitic carbon cathodes are doubtlessly intercalated during the charging 

process, the exact intercalating species is debatable and should be closely examined. 

Gifford and Palmisano in 1988 reported Al-graphite cells almost identical to Lin’s, but 
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their conclusion was that chlorine was the product of the charging process and could be the 

intercalating species.12 Indeed, the reported AlCl4
- intercalation potential is dangerously 

close to the chlorine generation potential. In addition, Gifford and Palmisano observed self-

discharge in their Al-graphite cells, which they speculated was due to the diffusion of Cl2 

from the graphite cathode to the Al anode: 

2Al + 3Cl2 + 2AlCl4
-
 →  2Al2Cl7

-
   [21] 

Shi et al. also demonstrated severe self-discharge of the graphitic carbon cathodes after 

charging; nearly 40% of the charge capacity was self-discharged within a few hours.13 The 

only method found to reduce self-discharge was to immediately discharge the battery with 

high current after charging. These observations not only strongly indicate complex 

charging processes not yet revealed by current studies, but also imply the high difficulty of 

applying these Al-graphite batteries practically, which would require excellent shelf life.   

Another unclear issue of graphitic carbon cathode is the origin of their significant capability 

for fast charging. Theoretically, the capability for fast charging indicates great mobility of 

AlCl4
- in the interlayer space of graphite. However, this seems contradictory to the current 

understanding of the mobility of bulky anions (such as PF6
-) in graphite,14 which is fairly 

slow. At an extremely high charge current density like 5000 mA g-1, the resultant high 

overpotential (due to concentration and/or kinetic polarization) can lead to chlorine 

generation. As was mentioned earlier, the reported AlCl4
- intercalation potential is very 

close to that of chlorine generation. In addition, the potential Al dendrite formation at the 

anode under the extremely high charge current is also a serious concern. In general, the 
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reaction mechanisms at the carbon cathodes in Al batteries are complex and require 

thorough investigation. 

1.4.3 Cation intercalation materials 

Another intercalation-type cathode material is based on the mechanism to reversibly host 

Al3+ cation in their crystal structures. Compared to the intercalation of AlCl4
- anions, the 

intercalation of Al3+ is advantageous from a specific energy perspective. However, the 

mobility of the Al3+ in any anionic framework (typically oxide or sulfide) is a critical issue 

due to the trivalent nature of Al3+. Ceder and coworkers computationally studied the 

mobility of multivalent ions in metal oxides.15 Their results indicate that it is nearly 

impossible to intercalate Al3+ into metal oxides including spinel Mn2O4, olivine FePO4, 

layered NiO2, and orthorhombic -V2O5. Compared to transition metal oxides, sulfides 

may be the better hosts for Al3+ due to their more polarizable anionic framework. 

To date, Chevrel phase Mo6S8 is the only Al cathode material demonstrating unambiguous 

Al3+ intercalation-extraction characteristics due to its unique crystal structure with two sites 

for hosting Al as shown in Figure 1.2.16 The first one is within the rhombohedron made 

from eight Mo6S8 clusters (inner sites), and the second site is in each face of the 

rhombohedron (outer sites). The crystallographic data (X-ray diffraction with Rietveld 

refinement and selected area electron diffraction) of Al intercalated Mo6S8 indicate that, 

unlike monovalent cations and divalent cations that always first fully intercalate the inner 

sites followed by the outer sites, Al3+ cations intercalate into the two sites almost 

simultaneously. This phenomenon is attributed to the strong Coulombic repulsion between 
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Al3+ cations. The first discharge (intercalation) capacity is capable of achieving 175 mAh 

g-1 and stabilizing at over 100 mAh g-1 for 80 cycles. The fully intercalated chemical 

formula is Al4/3Mo6S8, obtained from galvanostatic analysis and inductively coupled 

plasma optical emission spectroscopy. Elemental analysis does not detect Cl in the Al 

intercalated Mo6S8, which means the chloroaluminate anions must desolvate to intercalate. 

However, it is currently not clear which anion, AlCl4
- or Al2Cl7

-, is the active anion, nor is 

the Cl desolvation process at the Mo6S8 interface fully understood. 

 

Figure 1.2 (a) High resolution transmission electron microscopic image of Mo6S8 and the 

corresponding electron diffraction pattern along zone axis [101̅1], (b) illustration of Mo6S8 

crystal structure and the two types of Al sites (inner sites in orange and outer sites in yellow, 

sulfur atoms omitted for clarity), (c) potential profile of galvanostatic Al intercalation in 

Mo6S8 at 50 °C (potential profile from galvanostatic intermittent titration technique as the 
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inset), and (d) ex situ XRD patterns of Al intercalated Mo6S8 at different potentials 

indicated in (c).16   

Intercalation reactions are typically characterized by distinct changes in the crystal 

structures of the hosts. However, with the exception of Mo6S8, reports on Al intercalation 

with unambiguous crystallographic evidence and mechanism elucidation are rare. There 

are several studies in the literature claiming intercalation-type Al host materials including 

V2O5, anatase TiO2, and MoS2., but the reported crystallographic data were vague. 

Furthermore, based on previous studies including the chemical stability of metal oxides 

and sulfides in chloroaluminate ILs and the computational study on Al3+ mobility in 

transition metal oxides, the legitimacy of these claims must be closely scrutinized.      

1.4.4 Conversion-type cathodes 

Conversion reactions are a more feasible reaction mechanism than intercalation because 

conversion-type cathode materials do not require Al hosting interstitial sites. Instead, 

hosting is enabled by a simple redox reaction between Al and the hosts. Transition metal 

sulfides are popular conversion-type cathode materials, and the properties of some 

representative sulfides are summarized in Table 1.1. Current studies indicate that the 

cathodic reactions (i.e., discharge) of these metal sulfides may not be able to completely 

reduce transition metals to their metallic state, and the disulfide anion (S2
2-) such as in FeS2 

may better facilitate the reductive conversion than the sulfide anion can. 
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Table 1.1 Representative conversion-type transition metal sulfide cathodes for 

rechargeable Al batteries. 

Cathode 

Initial 

capacity 

(mAh g-1)  

Stable 

capacity 

(mAh g-1) 

Nominal discharge 

potential vs Al (V)  

Reported 

cycle life 

Cathode 

current 

collector  

NiS17 105 107 0.9 100 Ti 

Ni3S2
18 350 50 0.9 100 Ta 

TiS2
19 70 65 0.75 20 Carbon paper 

Cu0.31Ti2S4
19

 80 25 0.75 20 Carbon paper 

CuS/C20 240 90 0.5 100 Ta 

FeS2
10 600 600 0.6 1 Mo 

VS4
21 407 80 0.7 100 Ta 

Co3S4
22 288 90 0.7 150 Glassy carbon 

Cu1.81Te23 144 50 0.75 66 Mo 

 

The most promising conversion cathode is sulfur due to its high theoretical capacity of 

1675 mAh g-1. As gleaned from observations of the Li-S system, the electrochemical 

kinetics of sulfur reduction is inherently sluggish due to the insulating nature of sulfur and 

its discharge products. Therefore, the use of high-surface carbon additives, a universal 

strategy for sulfur cathodes, improves the discharge capacity. In addition, replacing the 

bridging Cl- in the Al2Cl7
- anion with Br− was found to significantly lower the dissociation 

energy of the Al2Cl6Br- anion to release Al3+, thus improving the kinetics of the Al-S 

reaction.24  

To date, there are only a very limited number of studies on the reversible electrochemical 

reactions between Al and sulfur, and all existing studies employed the complex and 

potentially problematic chloroaluminate IL electrolytes. It is clear from these studies that 

sulfur is capable of being reduced in chloroaluminate ILs, as evidenced by the consistent 
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discharge voltage profile in all studies. The X-ray photoelectron spectroscopy (XPS) 

analysis also revealed the existence of S2
- anion on the cathode after the discharge process. 

On the other hand, it is not clear what the final product of the discharge is and whether 

polysulfides exist as the intermediate products. There have been studies claiming 

aluminum sulfide (Al2S3) as the final discharge product and polysulfides as the 

intermediate, but there is a lack of unambiguous evidence. As demonstrated by Takami and 

Koura,25 Al2S3 can readily dissolve in high-temperature chloroaluminate molten salts to 

generate the thiochloroaluminate anion according to Reaction 22: 

Al2S3 + AlCl4
-
 + 2Cl

-
→ 3AlSCl2

-
   [22] 

Based on the formation of the AlSCl2
- anion, we speculate on the possibility that S2- anion 

can dissolve in room-temperature chloroaluminate ILs following the reaction below: 

 S
2-

+ 2Al2Cl
7

-
→ AlSCl2

-  + 3AlCl4
-
   [23] 

Therefore, the S2- on the cathode detected by XPS after discharge could be either solid-

state Al2S3 or residue from the dissolved AlSCl2
- anion. The existence of aluminum 

polysulfides is also currently inconclusive. It is known that polysulfide anions only exist 

in solutions based on polar solvents such as ethers. Whether polysulfide anions can exist 

in ILs is unclear to the best of our knowledge. The proposed AlSCl2
- anion or Al2S3 can 

possibly be oxidized to elemental sulfur or disulfide, but there are currently no studies on 

the details of the charging process. In addition to S, selenium (Se) has also been studied as 

a cathode material with properties anticipated to be similar to those of S.   
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1.5 Summary 

This chapter briefly discussed the history of the development of Al batteries with emphasis 

on research activities concerning rechargeable Al batteries. The most important realization 

is that rechargeable Al batteries are fundamentally different from the monovalent systems 

(Li and Na) and divalent system (Mg). The greatest challenges for rechargeable Al batteries 

are imposed by the limitation of electrolytes. From the early stage of development to today, 

the electrolytes under consideration have essentially remained the same. Regardless of 

high-temperature molten salts or room-temperature ILs, the active species are the same 

Lewis acidic Al2Cl7
- anion and Lewis neutral AlCl4

- anion. These types of electrolytes are 

the only ones that can enable unambiguous and facile Al deposition-stripping. The 

disadvantages of the chloroaluminate ILs include corrosivity from the water impurity, 

reactivity towards metal oxides and sulfides, and chlorine generation at low charging 

potential. The characterizations and data analysis of Al batteries using the chloroaluminate 

IL electrolytes must be thorough, and special caution must be paid to the misleading and/or 

misinterpreted results due to the electrolyte problems mentioned above.  

The conversion-type of cathode materials, particularly transition metal sulfides, has been 

investigated since the inception of the idea of rechargeable Al batteries. Despite the 

relatively straightforward reaction concept, detailed reaction processes are still not 

systematically understood. Theoretically, sulfur is the most promising conversion-type 

cathode for its high capacity. Although current studies indicate some promising results, the 

detailed mechanism and products remain largely unknown for sulfur. Graphitic carbons 

represent a class of intercalation-type cathode materials to host AlCl4
- anions, and they 
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demonstrate high charge-discharge potential, good specific capacity, and excellent cycle 

stability. However, some critical questions remain unanswered for these cathodes, 

particularly the identities of the intercalating species and the specific side reactions that 

occur during the charging process. On the other hand, Chevrel phase Mo6S8 is an 

intercalation-type cathode that can host trivalent Al3+ cation, owing to its unique crystal 

structure. Although the transport process of Al3+ cation inside Mo6S8 has been elucidated 

to some extent, the interfacial reaction (i.e., dissociation of chloroaluminate anion) is not 

clear. A practical disadvantage of Mo6S8 is its low intercalation-extraction potential of 

around 0.5 V versus Al. Other Chevrel phase materials (Se-based) can also host Al3+ with  

similar mechanisms, but they demonstrate much lower specific capacities due to their 

higher molecular masses. Excepting the Chevrel phase, no other Al3+ hosting intercalation-

type cathode materials have been found.       

Ultimately, the current chloroaluminate IL electrolytes are characterized as having serious 

limitations, and commercialization of rechargeable Al batteries with these electrolytes 

would be very difficult. Therefore, the key future work would be to explore new 

chemistries for Al electrolytes such as the ones based on simple salts, which are 

chloraluminite-free and capable of facile Al deposition and stripping. From these new 

electrolytes, one can expect new Al-cathode electrochemical reaction mechanisms to 

emerge.  
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Chapter 2. Chemical and Electrochemical Properties between V2O5 and 

Chloroaluminate Ionic Liquids 

2.1 Introduction 

Rechargeable aluminum (Al) batteries have attracted growing attention as a potential 

alternative to current electrochemical energy storage technologies.1-3 One of the key 

challenges in the development of rechargeable Al batteries is the lack of feasible 

electrolytes that enable reversible Al electrodeposition-stripping at room temperature.4 The 

most common electrolytes are chloroaluminate ionic liquids (ILs) (or the bromoaluminate 

analogs),5-7 which are deep eutectic solvents composed of aluminum chloride (AlCl3) and 

organic chloride salts with imidazolium, pyridinium, or ammonium cations.8-11 These 

chloroaluminate electrolytes are highly corrosive, corroding even stainless steel.12 The 

search for suitable positive electrode materials is another critical challenge facing 

rechargeable Al batteries. In particular, the trivalent Al3+ ion is inherently difficult to 

intercalate into crystalline host structures due to the strong Coulombic attractions between 

the highly charged Al3+ cations and the host anionic frameworks, which creates high 

activation energies for solid-state diffusion.13 The conversion-type materials such as 

chalcogens including sulfur,14 selenium,15 and tellurium16 were also investigated as 

potential positive electrodes for rechargeable Al batteries. 

Nevertheless, transition metal oxides and sulfides are popular positive electrode materials 

in reported investigations on Al batteries.17-24 Among them, vanadium pentoxide (V2O5) 

has received particular attention due to its layered structure and the ability of the V atoms 

to support a wide range of oxidation states, which could be beneficial for Al3+ 
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intercalation.25-30 However, it is essential to understand the chemical stability of any 

positive electrode candidate in chloroaluminate IL electrolytes prior to characterizing their 

electrochemical performance. Electrolyte/electrode chemical stability is a critical property 

that has been largely overlooked in the literature on rechargeable Al batteries. Therefore, 

in this study we investigate the chemical stability of V2O5 in a typical chloroaluminate IL 

electrolyte, 1-ethyl-3-methylimidazolium aluminum chloride (AlCl3-[EMIm]Cl). The 

electrolyte contains two chloroaluminate anions, Al2Cl7
 –

 and AlCl4
 –

, which are governed 

by the chemical equilibria:31 

AlCl3 + [EMIm]Cl → [EMIm]
+ + AlCl4

 –
   [1] 

AlCl3 + AlCl4 
 –

→ Al2Cl7
 –

     [2] 

We examine the stability of V2O5 with respect to each chloroaluminate anion by using 

electrolyte mixtures of AlCl3/[EMIm]Cl = 2:1 (Lewis acidic, where Al2Cl7
 –

 is present as 

the major anionic species) and AlCl3/[EMIm]Cl = 1:1 (Lewis neutral, where AlCl4
 –

 is the 

only anionic species present).  We reveal that both chloroaluminate anions chemically react 

with V2O5, and we investigate the nature and electrochemical properties of the reaction 

products. 

2.2 Experimental methods 

2.2.1 Synthesis  

V2O5 was prepared based on a reported method32 and confirmed by powder X-ray 

diffraction (XRD) patterns and scanning electron microscopy (SEM) as shown in Figure 

2.1. The Lewis neutral electrolyte (AlCl3:[EMIm]Cl in a molar ratio of 1:1) was purchased 

from Sigma-Aldrich and used as received. The Lewis acidic electrolyte (AlCl3:[EMIm]Cl 
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in a molar ratio of 2:1) was prepared by mixing the Lewis neutral electrolyte with 

anhydrous aluminum chloride (AlCl3, 99.99%, Sigma-Aldrich) in a dried glass vial with a 

molar ratio of 1:1. The chemical reactions between V2O5 and the electrolytes were 

performed at either room temperature or 70C, and all the reactions and electrochemical 

experiments were performed in an argon-filled glovebox (<1 ppm H2O and O2).  

 

Figure 2.1 (a) XRD pattern and (b) SEM image of the V2O5 nanoparticles used in this 

study. 

2.2.2 Electrochemical Measurements 

Cyclic voltammetry (CV) was carried out in three-electrode cells using a Gamry 

potentiostat (Reference 3000) with a glassy carbon (GC) working electrode (3 mm disc, 

Gamry), Al wire (1 mm diameter, 99.9995%, Alfa Aesar) reference electrode, and Al wire 

coil (2 mm diameter, 99.9995%, Alfa Aesar) counter electrode. All electrodes were 

polished and cleaned prior to every experiment. Tantalum (Ta) foil (99.9%, Sigma-

Aldrich) was used as the working electrode in the chronoamperometry experiments. The 

Ta foil was first washed with acetone for grease removal and then immersed in 2% 

a b 
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hydrofluoric acid for 3 days at 80C to remove the stable oxide surface layer. The obtained 

Ta foil was polished consecutively using 1200 and 2400 grit SiC sandpaper, followed by 

rinsing with an adequate amount of anhydrous ethanol before use.  

2.2.3 Raman spectroscopy 

Raman spectra were obtained using a Horiba LabRAM HR with a 785 nm laser source. 

The samples were sealed in a 3-mm NMR tube under argon and analyzed with 64 scans at 

a resolution of 4 cm-1 and a 600 mm grating.  

2.2.4 NMR Spectroscopy  

Liquid-state 27Al and 51V NMR spectra were acquired using a Bruker NEO 400 

spectrometer with a 9.4 T narrow-bore superconducting magnet operating at 104.26 and 

105.24 MHz for 27Al and 51V nuclei, respectively. All samples were sealed in a 5-mm 

standard NMR tube in an argon-filled glovebox, within which an external standard was 

inserted in a 3-mm NMR tube. All liquid-state 27Al and 51V experiments were conducted 

with radio frequency field strengths of 20.8 kHz and 20.5 kHz, respectively, which 

correspond to 90° pulses of 12.0 and 12.2 µs. A recycle delay of 3 s was used for all liquid-

state 27Al and 51V experiments. All NMR experiments were conducted at ambient 

temperature. Liquid-state 27Al and 51V chemical shifts were referenced to 1 M AlCl3 in 

D2O (99.9 atom% D, Sigma-Aldrich) and vanadium oxychloride (VOCl3, 99%, Sigma-

Aldrich) in benzene-d6 (C6D6, 99.96 atom% D, Sigma-Aldrich) in a volume ratio of 9:1, 

respectively. 

Solid-state 27Al and 51V NMR spectra were acquired on a Bruker AVANCE III 600 NMR 

spectrometer with a 14.1 T narrow-bore superconducting magnet operating at 156.39 MHz 
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and 157.79 MHz for 27Al and 51V nuclei, respectively. A PhoenixNMR 1.6-mm HXY NB 

probehead was used with zirconia rotors. All samples were rotated at 40 kHz MAS. To 

minimize heating due to MAS, dry air at 293.2 K was pumped through the probehead at 

600 L h-1. All 27Al and 51V experiments were conducted with radio frequency field 

strengths of 166 kHz and 156 kHz, respectively, which correspond to 90° pulses of 1.5 and 

1.6 µs, respectively.  To fully quantify the relatively populations of quadrupolar (spin-5/2) 

27Al moieties, solid-state 27Al single-pulse experiments were performed using a π/12 pulse 

(0.31 µs). Solid-state 1D 51V Hahn-echo MAS spectra were acquired to minimize probe 

ringdown, where a half-echo delay of one rotor period (25 μs) was used. The solid-state 

27Al triple-quantum (3Q)-MAS NMR spectrum was acquired using a 3-pulse sequence 

using excitation, conversion, and central-transition selective pulses of 4.0 µs, 1.2 µs, and 

24 µs, respectively, and a z-filter delay of one rotor period (25 μs). The 2D spectrum was 

subjected to an isotropic shearing transformation. A recycle delay of 0.1 s was used for all 

27Al and 51V experiments. Solid-state 27Al and 51V chemical shifts were referenced to 1M 

aqueous solutions of Al(NO3)3 and VOCl3, respectively.   

2.2.5 X-Ray Diffraction and X-Ray Photoelectron Spectroscopy 

The XRD was performed with a PANalytical Empyrean instrument (45 kV/40 mA) with a 

Cu-Kα source. The XRD sample was rinsed with an adequate amount of anhydrous 

dichloromethane (CH2Cl2) to remove the residue of the reactants, followed by drying at 

80C in a vacuum oven. The sample for solid-state 27Al and 51V NMR was prepared in the 

same fashion. The X-ray photoelectron spectroscopy (XPS) was conducted with a high 

sensitivity Kratos AXIS Supra with monochromatic Al(Kα) radiation (1486.7 eV). The 
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emission current for excitation was 15 mA. All XPS spectra were analyzed by the Casaxps 

software using the carbon 1s peak at 284.8 eV as the reference. The XPS sample was first 

rinsed with anhydrous CH2Cl2 three times to remove the residue of the reactants, and then 

rinsed with an adequate amount of anhydrous toluene to remove residual CH2Cl2 to avoid 

the interference of the Cl element from CH2Cl2. The sample rinsing was performed in an 

argon-filled glovebox, and the rinsed sample was dried at 80C in the glovebox. The XPS 

samples were transferred and loaded under inert gas continuously without exposure to 

ambient environment. The surface morphology and elemental composition of samples 

were studied by SEM and energy dispersive X-ray (EDX) spectroscopy. 

2.2.6 Theoretical Calculations 

Density functional theory (DFT) calculations of Raman spectra were performed using the 

VASP package.33, 34 All results were obtained using the projector-augmented plane-wave 

method35, 36 by explicitly including 5 valence electrons for V atoms, 6 for O, 3 for Al, and 

7 for Cl, respectively. A plane-wave cutoff of 700 eV was used in all of our calculations. 

The exchange-correlation interactions were described with a generalized gradient 

approximation (GGA) in the form of the Perdew, Burke, and Ernzerhof (PBE) functional.37 

Brillouin zone integrations were performed with a Gaussian broadening of 0.01 eV during 

all relaxations and self-consistent calculations.38 A 1×1×1 Monkhorst-Pack k-point mesh 

centered at the Gamma point was used to sample the Brillouin Zone.39 All geometric 

structures were fully relaxed until the force on each atom was smaller than 10-3 eV/Å. The 

self-consistent electronic loop was stopped when the total energy change was smaller than 

10-8 eV/ Å. The calculations of phonon frequencies were performed using Phonopy.40 To 
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calculate the Raman activities and simulate the Raman spectra, the Phonopy-Spectroscopy 

package was used.41 The electron localization function (ELF) was calculated to distinguish 

different bonding interactions in molecules.42 A Bader analysis was employed to determine 

the local charge of atoms in the molecules.43, 44 

2.3 Results and discussion  

To study the chemical stability between V2O5 and the Lewis acidic species Al2Cl7
 –

, V2O5 

was mixed in the Lewis acidic AlCl3-[EMIm]Cl electrolyte (2:1 molar ratio) with a 

V2O5/AlCl3 molar ratio of 0.2:1. The reaction temperature was set at 70C to expedite the 

reaction to complete within a few hours. V2O5 was observed to completely dissolve in the 

electrolyte, and precipitate subsequently formed from the solution (Figure 2.2). 

 

Figure 2.2 Digital images of the Lewis acidic AlCl3-[EMIm]Cl (molar ratio 2:1) ionic 

liquid electrolyte (a) before, (b) during, and (c) after the reaction with V2O5, using a molar 

ratio of V2O5/AlCl3 = 0.2:1 at 70C, (d) Digital image of the precipitate obtained after 

filtration and drying.  

Figures 2.3a and 2.3b show the comparison of the CV scans of the Lewis acidic AlCl3-

[EMIm]Cl electrolyte before and after the reaction with V2O5. The pristine electrolyte 

clearly demonstrates a pair of redox peaks corresponding to the Al deposition-stripping 

mechanism according to Reaction 3:45 

a b c d 
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4Al2Cl7
 –

 + 3e− ⇌ Al + 7AlCl4
 –

   [3] 

After the reaction with V2O5, the CV peaks associated with Al electrodeposition-stripping 

significantly diminished, which provides strong evidence that the electroactive species 

Al2Cl7
 –

 was consumed by reaction with V2O5. This observation is supported by the liquid-

state 27Al NMR spectra displayed in Figure 2.3c. The broad 27Al signal at 103.3 ppm in 

the spectrum of the pristine AlCl3-[EMIm]Cl electrolyte represents the dynamic exchange 

between Al2Cl7
 –

 and AlCl4
 –

 according to the equilibrium:27  

Al2Cl7
–
 + Cl

–
 ⇌ 2AlCl4

 –
    [4] 

After the reaction of Al2Cl7
 –

 with V2O5, the dynamic exchange shown in Reaction 4 slowed 

significantly due to the presence of additional reaction product, namely AlCl4
 –

; thus the 

broad NMR peak split into two distinct signals at 103.3 and 92.7 ppm associated with 

AlCl4
 –

 and Al2Cl7
 –

, respectively. Liquid-state 51V NMR was further performed to identify 

the V-containing species produced from the reaction. As shown in Figure 2.3d, a single 

51V signal at 0 ppm was observed, which can be unambiguously assigned as VOCl3 based 

on not only the literature46, 47 but also the 51V NMR spectrum of the commercial VOCl3, 

which was used as the 51V chemical shift reference. The reaction between V2O5 and the 

Lewis acidic AlCl3-[EMIm]Cl electrolyte can be completed at room temperature with the 

identical mechanism shown in Figure 2.4.   
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Figure 2.3 (a) CV scans of the Lewis acidic AlCl3-[EMIm]Cl electrolyte before (black) 

and after (red) reaction with V2O5 at 70C; (b) enlarged CV scan after the reaction; (c) 

liquid-state 27Al NMR spectra, and (d) liquid-state 51V NMR spectrum of the Lewis acidic 

AlCl3-[EMIm]Cl electrolyte before (black) and after (red) reaction with V2O5. 

(a) 

 (c)  (d) 

(b) 
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Figure 2.4 (a) CV scans of the Lewis acidic AlCl3-[EMIm]Cl ionic liquid before (black) 

and after (red) reaction with V2O5 at room temperature; (b) enlarged CV scan after the 

reaction; liquid-state (c) 27Al NMR and (d) 51V NMR spectra of the Lewis acidic AlCl3-

[EMIm]Cl ionic liquid after reaction with V2O5 at room temperature. The results are 

identical with those from the reaction at 70C. 

The solid precipitate from the reaction was studied with powder XRD and solid-state NMR. 

The XRD pattern is featureless (Figure 2.5), establishing its amorphous structure. Solid-

state 2D 27Al 3Q-MAS and 1D 27Al single-pulse NMR spectra were also acquired on the 

precipitate (Figures 2.6a and 2.6b, respectively). The 27Al single-pulse NMR spectrum, 

acquired under quantitative conditions, establishes that the precipitate contains aluminum 

moieties in three different coordination environments: AlIV (~85 ppm), AlV (~34 ppm), and 

a b 

c d 
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AlVI (~4 ppm), whose relative populations are 63%, 26%, and 11%, respectively. The 27Al 

signal at 103.4 ppm is associated with residual AlCl4
 –

 from the electrolyte. Amorphous 

solids exhibit local distributions of molecular structures (e.g., bond angles and bond 

lengths), and consequently, distributions of electronic environments. The resulting solid-

state 27Al NMR spectra thus exhibit distributions of chemical shifts and quadrupolar 

interactions, and the latter is sensitive to local electric field gradients and broadens the 

NMR spectra. The 2D 27Al 3Q-MAS spectrum correlates the MAS dimension (horizontal) 

with an isotropic dimension (vertical) that removes second-order quadrupolar broadening, 

enhancing resolution. The 1D slices of the different Al coordination environments (Figure 

2.6c) were fit using a simplified Czjzek distribution model in Table 2.1, which accounts 

for Gaussian distributions of isotropic chemical shifts and quadrupolar interactions, 

establishing that the precipitate exhibits statistical disorder typically observed in 

amorphous solids (e.g., such as glasses).48-50 This result further establishes the amorphous 

nature of the precipitate. In combination, the solid-state 27Al NMR results are consistent 

with an amorphous aluminum oxide (Al2O3) product.51-53 The solid-state 51V 1D MAS 

NMR spectrum of the precipitate in Figure 2.7 reveals only residual V2O5.  
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Figure 2.5 XRD pattern of the precipitate from the reaction between V2O5 and Al2Cl7
 –

. 

The featureless pattern, which lacks distinct reflections, establishes that the precipitate is 

amorphous. 

 

Figure 2.6 (a) Solid-state 2D 27Al triple-quantum (3Q)-MAS NMR spectrum of the 

precipitate from the reaction between V2O5 and Al2Cl7
 –

. A skyline projection of the 

isotropic dimension is displayed on the vertical axis. (b) A separately acquired quantitative 

1D 27Al single-pulse MAS spectrum is displayed along the horizontal axis, where 27Al 

signals associated with four-, five-, and six-coordinated aluminum moieties are labeled. (c) 

Selected 1D slices of the MAS dimension (black) were fit to a simplified Czjzek 

distribution (red), reflecting distributions of chemical shifts and quadrupolar interactions 

typical of amorphous solids. 
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Table 2.1 Solid-state 27Al NMR parameters of each Al coordination environment in the 

precipitate. The spectra were fit using the “CZsimple” model in the program DMFit.   

Coordination Number δiso (ppm) dCSA (ppm) νQ (kHz) 

Al (IV) 5.8 0.67 368.19 

Al (V) 44.9 3.09 870.91 

Al (VI) 87.9 3.8 602.66 

*δiso is the average isotropic chemical shift, dCSA is the full-width-half-max of the Gaussian 

distribution of isotropic chemical shifts, and νQ is the peak value of the quadrupolar 

coupling distribution.  

 

Figure 2.7 Solid-state 51V MAS NMR spectrum of the precipitate from the reaction 

between V2O5 and Al2Cl7
 –

, which establishes the presence of residual V2O5.  

The Lewis acidic AlCl3-[EMIm]Cl electrolyte before and after the reaction with V2O5 was 

also characterized with Raman spectroscopy. As displayed in Figure 2.8a (black curve), 

besides the peaks indexed to the [EMIm]+ cation, the peaks at 310 cm-1 and 430 cm-1 in the 

spectrum of the pristine electrolyte are attributed to the Al-Cl-Al symmetric stretch and 

terminal Al-Cl symmetric stretch of Al2Cl7
 –

, respectively.54 Furthermore, the small peak at 

350 cm-1 is correlated to the symmetric Cl-Al-Cl stretch of AlCl4
 –

 from the dynamic 

exchange between Al2Cl7
 –

 and AlCl4
 –

 in Reaction 4.55 After the reaction with V2O5, the 
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intensity of the AlCl4
 –

 peak at 350 cm-1 increased significantly with a simultaneous 

decrease of the Al2Cl7
 –

 peaks at 310 cm-1 and 430 cm-1, indicating the consumption of 

Al2Cl7
 –

 by its reaction with V2O5. An intensive new peak appears at 408 cm-1 after the 

reaction, which can be attributed to the vibrational modes of VOCl3. This peak assignment 

is supported by the Raman spectrum obtained from the commercial VOCl3 displayed in 

Figure 2.8b, from which three additional peaks at 243, 498, and 1030 cm-1 in the spectrum 

after the reaction with V2O5 can be assigned to the vibrational modes of VOCl3. The VOCl3 

peak at 498 cm-1 is relatively weak and thus is buried within the noise of the spectrum 

background. In addition, the VOCl3 peak at 243 cm-1 overlaps with the peak indexed to the 

out-of-plane stretching and wagging of the methyl-N group of [EMIm]+.54 The VOCl3 peak 

assignment is also strongly supported by the calculated Raman spectrum of VOCl3 based 

on density functional theory (DFT) (Figure 2.9 and Table 2.2). The Raman spectrum of 

the Lewis acidic AlCl3-[EMIm]Cl electrolyte after the reaction at room temperature 

confirms the identical products in Figure 2.10.    

Based on the electrochemical and spectroscopic analyses discussed above, we propose the 

following reaction between V2O5 and Al2Cl7
 –

: 

V2O5 + 2Al2Cl7
 – → 2VOCl3 + 2AlCl4

 –
 +Al2O3(s)   (5) 

 

 



 38 

 

Figure 2.8 Raman spectra of (a) the Lewis acidic AlCl3-[EMIm]Cl (molar ratio 2:1) 

electrolyte before (black) and after (red) reaction with V2O5 (molar ratio of V2O5:AlCl3 = 

0.2:1) at 70C and (b) Raman spectrum of the commercial VOCl3. 

 

Figure 2.9 DFT-calculated Raman spectrum of VOCl3. 

(a) 

(b) 
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The vibration analysis of experimental and calculated VOCl3 spectra is listed in Table 2.2. 

The intensities of experimental and calculated VOCl3 spectra are different. Since the 

Raman activity tensors are given by the change in the dielectric tensors, which depend 

upon the bandgap, the error in Raman intensities possibly originates from the semi-local 

nature of the PBE DFT functional. However, the positions of the experimental and 

calculated Raman peaks show excellent agreement.  

Table 2.2 Raman vibrational modes and the corresponding peak positions in the 

experimental and calculated VOCl3 (of symmetry C3v) spectra. 

Vibrational modes Expt. (cm-1) Calculated (cm-1) 

VCl3 deformation 243 252 

VCl2 symmetric stretching 407 389 

VCl2 asymmetric stretching 498 487 

V=O stretching 1030 1053 

 

  

Figure 2.10 Raman spectra of the Lewis acidic AlCl3-[EMIm]Cl (molar ratio 2:1) 

electrolyte before (red) and after (black) reaction with V2O5 (molar ratio of V2O5:AlCl3 = 

0.2:1) at room temperature.  
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To study the potential chemical reaction between V2O5 and the Lewis neutral AlCl4
 –

, V2O5 

was reacted with the AlCl3-[EMIm]Cl (molar ratio 1:1) electrolyte with four different 

V2O5/AlCl3 molar ratios at 0.05:1, 0.15:1, 0.25:1, and 0.35:1. The reaction at the 0.05:1 

ratio was performed at room temperature, and the other ratios were performed at 70C to 

expedite the reaction. In all reactions, V2O5 was completely dissolved with a distinct color 

change and no precipitation (Figure 2.11).  

 

Figure 2.11 Digital images of the Lewis neutral AlCl3-[EMIm]Cl (molar ratio 1:1) ionic 

liquid electrolyte (a) before, (b) during, and (c) after the reaction with V2O5, using a molar 

ratio of V2O5/AlCl3 = 0.25:1. 

CV of the Lewis neutral AlCl3-[EMIm]Cl electrolyte was performed before and after the 

reaction. To clearly illustrate the change of electrochemical properties induced by the 

reaction with V2O5, the CV scan was performed in two separate electrochemical windows: 

-1.0 to 1.5 V and 1.5 to 3.5 V vs. Al, respectively. As shown in Figure 2.12a, the CV of 

the pristine Lewis neutral electrolyte between -1.0 and 1.5 V exhibits no Al 

electrodeposition-stripping behavior as expected, since AlCl4
 –

 is known to be inert towards 

electrochemical reduction.24 Interestingly, after the reaction with V2O5, a pair of redox 

peaks appeared in all electrolytes. The electrochemical potential of this redox pair seems 

a b c 
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to decrease with an increasing V2O5/AlCl3 molar ratio. We show below that this 

electrochemical activity is not attributed to reversible electrodeposition of Al metal; instead, 

it is due to electrochemical V5+/V2+ redox reactions associated with the reaction products. 

In the electrochemical window between 1.5 and 3.5 V shown in Figure 2.12b, the CV of 

the pristine Lewis neutral electrolyte shows an irreversible oxidization peak with onset at 

2.6 V, which is due to chlorine evolution via electrochemical oxidation of AlCl4
 –

 according 

to Reaction 6:56 

4AlCl4
 – - 2e– → 2Al2Cl7

 – + Cl2    [6] 

After the reaction with V2O5, the oxidation peaks are significantly reduced, particularly for 

the two higher V2O5/AlCl3 molar ratios at 0.25:1 and 0.35:1, at which the oxidation of 

AlCl4
 –

 almost completely diminishes. This observation clearly establishes the decrease of 

the concentration of AlCl4
 –

 in the electrolyte due to the reaction with V2O5.  

 

Figure 2.12 CV scans of the Lewis neutral AlCl3-[EMIm]Cl electrolyte before and after 

reaction with V2O5 at different V2O5/AlCl3 molar ratio. 

(a) (b) 
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To identify the reaction products, liquid-state 51V and 27Al NMR measurements, Raman 

spectroscopy, and DFT-based calculations were performed. Liquid-state 51V NMR spectra 

of the Lewis neutral electrolytes after the reaction with V2O5 are shown in Figure 2.13a 

(full spectra in Figure 2.14), where the 51V peak positions and integrals are normalized by 

the reference (mixture of 90 vol.% VOCl3 and 10 vol.% C6D6). The peak at ca. -574 ppm 

is attributed to species containing metavanadate VO3
 –

  anion based on previous reports.57, 

58 Based on the presence of VO3
 –

, we speculate the other V-containing species, represented 

by the NMR peak at ca. -397 ppm, is dioxovanadium(V) chloride (VO2Cl) from the 

splitting of V2O5. The liquid-state 27Al NMR spectra in Figure 2.13b (full spectra in 

Figure 2.14) are also normalized by the reference (1M AlCl3 in D2O). The 27Al NMR 

spectra indicate the generation of a new Al-containing species represented by the signal at 

ca. -11 ppm. This new Al-containing species may be associated with the 

metavanadate  VO3
 –

  anionic species identified by liquid-state 51V NMR. Thus, we 

hypothesize this species is AlCl3VO3
 –

, a new compound composed of AlCl3 coordinated 

with VO3
 –

. Furthermore, the Al in the proposed AlCl3VO3
 –

 at ca. -11 ppm should be in a 

6-coordinated environment (AlCl3VO3
 –

(VI)) based on its chemical shift.59  
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Figure 2.13 Liquid-state (a) 51V NMR and (b) 27Al NMR spectra of the Lewis neutral 

AlCl3-[EMIm]Cl electrolyte after reaction with V2O5 at different V2O5/AlCl3 molar ratio. 

 

Figure 2.14 Liquid-state (a) 51V and (b) 27Al NMR spectra of the Lewis neutral AlCl3-

[EMIm]Cl (molar ratio 1:1) electrolyte before and after reaction with V2O5 at different 

V2O5/ AlCl4
 -

 molar ratios, showing the full spectral widths and illustrating how the 

intensities of the NMR spectra were normalized to external standards.  

The electrolyte after the reaction was further characterized with Raman spectroscopy and 

compared with the pristine Lewis neutral electrolyte. As shown in Figure 2.15a, the peak 

at 350 cm-1 in the Raman spectrum of the pristine electrolyte (green curve) is attributed to 

(a) (b) 

a b 
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the AlCl4
 –

 anion, and the rest of the peaks are attributed to the [EMIm]+ cation. After the 

reaction with V2O5, the peak intensity of AlCl4
 –

, normalized by the [EMIm]+ peak at 600 

cm-1, clearly decreases with an increasing V2O5/AlCl3 ratio, indicating the consumption of 

AlCl4
 –

. Furthermore, new peaks emerge at 977, 962, 900, 433, 366, 316, and 233 cm-1. To 

assign these new peaks, the Raman spectrum of VO2Cl was first calculated using VASP, 

Phonopy, and the Phonopy-Spectroscopy package with the Raman shift corrected by 

considering the Coulombic interactions from the [EMIm]+ cations (details in Table 2.3, 

Figures 2.16 and 2.17). The calculated Raman spectrum of VO2Cl in Figure 2.15b (blue 

curve) agrees well with the experimental results, thus confirming VO2Cl as one of the 

reaction products between V2O5 and AlCl4
 –

. The Raman shift and vibrational modes 

assigned to the VO2Cl spectrum are summarized in Table 2.4. 

 

Figure 2.15 (a) Raman spectra of the Lewis neutral AlCl3-[EMIm]Cl (molar ratio 1:1) 

electrolyte before and after reaction with V2O5; (b) DFT-calculated Raman spectra of 

VO2Cl and AlCl3VO3
 –

. 

(a) 
 

(b) 
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Table 2.3 Raman vibrational modes and the corresponding experimental and calculated 

Raman shifts of VO2Cl. 

Vibrational mode Expt. (cm-1) Calculated (cm-1) 

VO2 rocking with weak V-Cl rocking 233 189 

VO2 bending with weak V-Cl 

stretching 
316 340 

V-Cl stretching with weak VO2 

bending 
433 478 

VO2 symmetric stretching 900 1043 

VO2 antisymmetric stretching 962 1069 

 

Table 2.3 displays the calculated Raman shift and the corresponding vibrational modes 

based on a single gaseous VO2Cl molecule. It is clear that the discrepancies between 

calculated and experimental Raman frequencies of VO2Cl cannot be omitted. From the 

viewpoint of quantum mechanics, each Raman peak is related to a transition between two 

vibrational energy levels. The energy difference between two levels is determined by the 

force constants in the harmonic approximation, which can be significantly affected by 

molecule structure. Thus, we speculate that the difference between calculated and 

experimental Raman shifts of the two primary peaks of VO2Cl, the symmetric (900 cm-1) 

and antisymmetric stretching (962 cm-1) of O-V-O, is due to the coulombic/dipolar effects 

on the bond length of V-O and angle of O-V-O from the [EMIm]+ cations. To investigate 

the coulombic effects on the Raman shifts, we calculated the Raman shifts of the two 

primary peaks with different V-O lengths and O-V-O angles. 

The effect of the bond length on the Raman shifts is significant. For instance, a 3% increase 

in the V-O bond length can result in a 140 cm-1 shift of the primary VO2Cl peaks to lower 

wavenumbers as shown in Figure 2.16a. Although the effect of bond angle on the Raman 
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shift is negligible as shown in Figure 2.16b, it has a strong influence on the difference in 

the wavenumbers between the two primary peaks. The difference is expanded from 25 cm-

1 to 70 cm-1 with increasing bond angle as shown in Figure 2.16c. On the contrary, the 

increase in bond length reduces the difference in wavenumbers between the two primary 

peaks as shown in Figure 2,16d. The two primary peaks in the calculated spectrum have 

higher wavenumbers and narrower separation between peaks than the experimentally 

measured values. Therefore, we hypothesize that the coulombic interaction from [EMIm]+ 

cations may elongate the V-O bond and increase the O-V-O bond angle.  

Therefore, we attempted to optimize the coulombic interaction between the [EMIm]+ 

cations and VO2Cl molecules. In our molecular dynamics (MD) calculation, four [EMIm]+ 

cations were placed around the VO2Cl molecule in the simulation box based on the actual 

[EMIm]+/VO2Cl ratio in the electrolyte. The O atom was attracted by the positively charged 

N atom in the [EMIm]+ cation, as shown in Figure 2.17. As a result, the V-O bond was 

elongated, which can reduce the Raman shift of the symmetric and anti-symmetric 

stretching peaks of VO2Cl.  However, it should be noted that the Raman shifts may also be 

affected by long-range molecular interactions that are not included in our model. A solvent 

mode describing the solvent more precisely is required to further investigate the solvation 

effect on the structure and Raman shifts of VO2Cl. 

According to the effects of the V-O bond length and angle on the Raman shifts induced by 

the solvation, we estimated the increase of the V-O length to be 1.62 to 1.67 Å and the 

increase of the O-V-O angle to be 109.6° to 114.6° from our calculations.  
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Figure 2.16 Effect of (a) V-O bond length and (b) O-V-O bond angle on Raman shifts; 

effect of (c) O-V-O bond angle and (d) V-O bond length on the Raman shift difference 

between the VO2 sym. and anti-sym. stretching peaks. 

 

Figure 2.17 Molecular dynamics simulation of VO2Cl in the [EMIm]+ solvent 

environment. 

a b 

c d 

[EMIm]
+
 

VO
2
Cl 
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Table 2.4 VO2Cl Raman vibrational mode and corresponding shift from DFT calculation. 

Vibrational mode Raman Shift (cm-1) 

VO2 asymmetric stretching 943 

VO2 symmetric stretching 903 

V-Cl stretching with weak VO2 bending 465 

VO2 bending with weak V-Cl stretching 301 

VO2 rocking with weak V-Cl rocking 233 

 

The calculation of the Raman spectrum of AlCl3VO3
 –

 indicates that the 6-coordinated 

AlCl3VO3
 –

(VI)  is a metastable state, and the most stable state is the 4-coordinated 

AlCl3VO3
 –

(IV). Raman spectra of both structures were calculated and plotted in Figure 

2.15b, and the vibrational modes and Raman shift assigned to both AlCl3VO3
 –

 structures 

are summarized in Tables 2.5 and 2.6. The calculated Raman spectra of AlCl3VO3
 –

 agree 

very well with the experimental results. We hypothesize that AlCl3VO3
 –

(IV)  and 

AlCl3VO3
 –

(VI)   co-exist as products by establishing a dynamic exchange, which is 

supported by the 27Al NMR spectra in Figure 5b: the chemical shift of the 4-coordinated 

AlCl3VO3
 –

(IV)  coincides with that of  AlCl4
 –

 (in which Al is also 4-coordinated). The 

intensity change of the 27Al NMR signals with increasing V2O5/AlCl3 ratio (i.e., increasing 

intensity at ca. -11 ppm accompanied with decreasing intensity at ca. 104 ppm) is also 

consistent with this hypothesis. Based on the analysis described above, we propose the 

reaction between V2O5 and the Lewis neutral AlCl4
 –

 as Scheme 2.1.  
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Table 2.5 Four-coordinated AlCl3VO3
 –

(IV) Raman vibrational modes and corresponding 

shifts from DFT calculations. 

Vibrational mode Raman Shift (cm-1) 

VO2 asymmetric stretching 1021 

VO2 symmetric stretching 991 

V-O-Al symmetric stretching 433 

VO2 bending with V-Cl stretching 369 

VO2 wagging with V-Cl stretching 328 

V-O-Al rocking 225 

 

Table 2.6 Six-coordinated AlCl3VO3
 –

(VI) Raman vibrational modes and corresponding 

shifts from DFT calculations. 

Vibrational mode Raman Shift (cm-1) 

VO2 asymmetric stretching 955 

Al-Cl stretching 465 

VO3 wagging 437 

VO2 bending  377 

Cl3-Al-O3 asymmetrical stretching 339 

 

 

 

 
Scheme 2.1 (top) Proposed reaction mechanism between V2O5 and AlCl4

 –
 to produce 

AlCl3VO3
 –

 and VO2Cl; (bottom) Proposed dynamic exchange between 4-coordinated and 

6-coordinated AlCl3VO3
 –

. 

To better understand the bonding characteristics of AlCl3VO3
 –

(IV), AlCl3VO3
 –

(VI), and 

VO2Cl, a Bader charge analysis and electron localization function (ELF) analysis were 
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performed (details in Tables 2.7–2.8 and Figures 2.18–2.24). In both structures of 

AlCl3VO3
 –

, the bonds of V-O, Al-O, Al-Cl and V-Cl (4-coordinated structure only) are all 

dominantly covalent with finite ionic character. Through a similar ELF analysis, it is 

concluded that all bonds in VO2Cl molecule are also covalent. According to the Bader 

charge analysis of the 4-coordinated AlCl3VO3
 –

(IV) structure, the two O atoms with a 

double bond have an equal negative charge of -0.78 e, which is lower than the negative 

charge carried by the O atom with the single bond (-1.25 e). On the other hand, in the 6-

coordinated AlCl3VO3
 –

(VI) structure, all three O atoms have an equal negative charge of -

1.16 e.  

According to the Bader charge analysis of the 4-coordinated AlCl3VO3
 –

(IV) as shown in 

Table 2.7, the V and Al atom have less electrons (Ne) than valence electrons (Nv), and the 

O and Cl atoms have more electrons than valence electrons, which indicates charge transfer 

from V and Al atoms to O and Cl atoms, respectively. For brevity, we introduce a concise 

notation: Xn denotes the nth X atom in the 4-coordinated AlCl3VO3
 –

(IV) as shown in 

Figure 2.18. O1 and O2 have an equal charge (-0.78 e) that is smaller than the charge carried 

by O3 (-1.25 e), as shown in Table 2.7. The Bader analysis of the 6-coordinated 

AlCl3VO3
 –

(VI)(Table 2.8) shows a different charge distribution from the 4-coordinated 

AlCl3VO3
 –

(IV): specifically, the three O atoms in the 6-coordinated structure have an equal 

charge of -1.159 e. 
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Figure 2.18 The molecular structure of VO2Cl and 4-coordinated AlCl3VO3
 –

(IV), where 

the atoms are labeled according to the notation discussed in the text. 

Table 2.7 Bader charge analysis of 4-coordinated AlCl3VO3
 –

(IV).  

Atom Nv  Ne 

 (cm-1) 

Charge 

V 5 

 

9 

9 

3.20 +1.80 

O1   6 6.78 

 

-0.78 

O2   6 6.78 -0.78 

O3 6 7.25 -1.25 

Al 3 0.66 +2.34 

Cl1 7 7.81 -0.81 

Cl2 7 7.81 -0.81 

Cl3 7 7.71 -0.71 

    
*Nv denotes the number of valence electrons and Ne denotes the number of electrons of 

the atom in 4-coordinated AlCl3VO3
 –

(IV). 
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Table 2.8 Bader charge analysis of 6-coordinated AlCl3VO3
 –

(VI). 

Atom Nv  Ne 

 (cm-1) 

Charge 

V 5 

 

9 

9 

2.562 +2.438 

O1   6 7.159 

 

-1.159 

O2   6 7.159 -1.159 

O3 6 7.159 -1.159 

Al 3 0 +3 

Cl1 7 7.986 -0.986 

Cl2 7 7.986 -0.986 

Cl3 7 7.986 -0.986 

    
*Nv denotes the number of valence electrons of the atom, Ne denotes the number of 

electrons of the atom in 6-coordinated AlCl3VO3
 –

(VI). 

The ELF is a position-dependent function measuring the probability of finding paired 

electrons in a covalent bond or in a lone pair. The value of ELF is defined between zero 

and one. The ELF has a high value (1 colored in yellow) in the region of paired electrons, 

whereas the ELF is small (0 colored in cyan) in the border between two pair regions. The 

ELF has a value of 0.5 for a homogeneous electron gas. As shown in Figure 2.19, the ELF 

has a high value around the O and Cl atoms and has a low value around the V and Al atoms 

in all compounds, which is consistent with the charger transfer from the V and Al atoms to 

the O and Cl atoms, respectively. 
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Figure 2.19 ELF plot for (a) 4-coordinated AlCl3VO3
 –

(IV) , (b) 6-

coordinated AlCl3VO3
 –

(VI), and (c) VO2Cl.  

To investigate the bond type of V-O3, V-Cl3, Al-O3, and Al-Cl3 in the 4-coordinated 

AlCl3VO3
 –

(IV) structure, the ELF along the paths of bonds are plotted in Figure 2.20. The 

maxima of the ELF are in between V and Cl3, V and O3, Al and Cl3, and Al and O3, which 

are all closer to the O and Cl atoms due to their affinity for electrons. Thus, V-O3, V-Cl3, 

Al-O3, and Al-Cl3 are all dominantly covalent with a finite ionic character. In the 6-

coordinated AlCl3VO3
 –

(VI) shown in Figure 2.21, the maxima of the ELF are in between 

a 

b 

c 
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V and O, Al and O, Al and Cl, which are all closer to O or Cl atoms due to their affinity 

for electrons. Thus, Al-Cl, V-O, and Al-O are all covalent with ionic character. The 

maxima of the ELF along the Al-O bond is very close to the O atom which indicates that 

the Al-O bond is almost an ionic bond. In VO2Cl, all bonds are covalent according to the 

ELF along the paths of bonds in Figure 2.22. 

 

Figure 2.20 The ELF along (a) V-O3, (b) V-Cl3, (c) Al-O3, and (d) Al-Cl3 in 4-coordinated 

AlCl3VO3
 –

(IV). 

b 

d c 

a 
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Figure 2.21 The ELF along the path of (a) Al-Cl, (b) V-O, and (c) Al-O in 6-coordinated 

AlCl3VO3
 –

(VI). 

 

Figure 2.22 The ELF along (a) V-Cl and (b) V-O in VO2Cl. 

b a 

c 

b a 
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The information of hybridization in the bonds between V (Al) and O (Cl) is obtained from 

the lm-decomposed density of states of V, O3, Cl3, and Al in the 4-coordinated 

AlCl3VO3
 –

(IV) as shown in Figure 2.23. The 3s orbital of Al hybridizes with the 2p orbital 

of O and the 3p orbital of Cl at -5.2 eV to form the covalent Al-O3 bond and Al-Cl3 bond, 

respectively. The 3d orbital of V hybridizes with the 2p orbital of O and the 3p orbital of 

Cl at higher energy levels to form the covalent V-O3 bond and V-Cl3 bond, respectively. 

The contributions of the V 4s orbital, Al 3p orbital, O 2s orbital, and Cl 3s orbital to the 

bond in the 4-coordinated AlCl3VO3
 –

(IV) are negligible.  

 

Figure 2.23 The lm-decomposed density of states of V, O3, Cl3, and Al of the 4-coordinated 

AlCl3VO3
 –

(IV) in the energy range from -6 to 0 eV. The fermi level is set at 0 eV. The d, 

p, and s electrons are shown in different colors. 
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In the 6-coordinated AlCl3VO3
 –

(VI) shown in Figure 2.24, the 3s orbital of Al hybridizes 

with the 2p orbital of O and the 3p orbital of Cl at -4.55 eV to form the Al-O bond and Al-

Cl bond, respectively. The 3d and 4s orbitals of V strongly hybridize with the 2p orbital of 

O at higher energy levels to form the covalent V-O bond. The contributions of Al 3p, O 2s, 

and Cl 3s orbitals to the bonding in the 6-coordinated AlCl3VO3
 –

(VI) are negligible. 

 

Figure 2.24 The lm-decomposed density of states of V, O, Cl, and Al of the 6-coordinated 

AlCl3VO3
 –

(VI) in the energy range from -5 eV to 0 eV. The fermi level is set at 0 eV. States 

of d, p, and s electrons are in different colors. 

These V-containing compounds are likely responsible for the electrochemical activity of 

the Lewis neutral electrolyte, shown in Figure 4a, after the reaction with V2O5. The change 

of the redox potential at different V2O5/AlCl3 ratio may be related to the relative 

concentration of these compounds. To probe the mechanism of the observed 
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electrochemical reaction, we performed chronoamperometry deposition (-1.0 V vs. Al for 

40 h) on a Ta working electrode in the Lewis neutral electrolyte after the reaction with 

V2O5 (V2O5/AlCl3 = 0.25:1). Figure 2.25a displays the chronoamperometric current vs. 

time with a stable current of -0.03 mA cm-2. The SEM image after chronoamperometry in 

Figure 2.25b shows cluster-like particles deposited on the Ta substrate. The EDX analysis 

indicates these particles contain elements including Al, V, and Cl (full EDX mapping and 

spectra are in Figure 2.26). To identify the oxidation state of these elements, the surface 

of the deposited particles is analyzed with XPS. The Cl 2p XPS spectrum indicates the 

existence of metal chlorides in the deposit (Figure 2.27 in Supporting Information). The 

Al 2p XPS spectrum in Figures 2.25c clearly demonstrates that the Al content in the 

deposit is not metallic, and is instead likely to be aluminum oxide.60, 61 More interestingly, 

the V 2p XPS spectrum in Figure 2.25d shows a pair of peaks at 516.7 eV (V 2p3/2) and 

524.1 eV (V 2p1/2), which are assigned to V5+, while another pair of peaks at 514.1 eV (V 

2p3/2) and 521.5 eV (V 2p1/2) are assigned to V2+.62 This result is strong evidence that 

certain V-containing species is reduced during the chronoamperometry. The reversible CV 

peaks in Figure 4a are attributed to the redox reactions between V5+ and V2+, although 

determination of the exact electrochemical reaction is beyond the scope of this work. The 

electrochemical activity of the V-containing products from the reaction with V2O5 raises 

further questions about the interpretation of rechargeable Al-V2O5 batteries that use AlCl3-

[EMIm]Cl electrolytes (typical molar ratios range from 1.1 to 1.7), which contain both 

AlCl4
 –

  and Al2Cl7
 –

 species.  
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Figure 2.25 (a) Chronoamperometric current vs. time at -1.0 V vs. Al on a Ta working 

electrode, (b) SEM image and elemental mapping, (c) Al 2p and (d) V 2p XPS spectra of 

the deposit from the Lewis neutral AlCl3-[EMIm]Cl electrolyte after reaction with V2O5 

(molar ratio V2O5/AlCl3 = 0.25:1). 

 

Figure 2.26 (a) Overall EDX mapping image and (b) EDX elemental analysis spectrum of 

the product electrochemically deposited from the Lewis neutral electrolyte reacted with 

V2O5 (molar ratio V2O5/AlCl3 = 0.25:1). 

(a) (b) 

(c) (d) 

b a 
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Figure 2.27 Cl 2p XPS spectrum of the product electrochemically deposited from the 

Lewis neutral electrolyte reacted with V2O5 (molar ratio V2O5/AlCl3 = 0.25:1).   

2.4 Conclusion 

Our investigation on the chemical compatibility between V2O5 and AlCl3-[EMIm]Cl ionic 

liquid electrolytes establishes unambiguously that V2O5 chemically reacts with both Lewis 

acidic Al2Cl7
 –

 and Lewis neutral AlCl4
 – anions. Spectroscopic, electrochemical, and 

theoretical analyses reveal that the reaction products between V2O5 and Al2Cl7
 –

 are VOCl3 

and amorphous Al2O3. Similarly, the reaction products between V2O5 and AlCl4
 –

 are 

identified as VO2Cl and AlCl3VO3
 –

 with both 4-coordinated and 6-coordinated structures; 

these soluble products are furthermore electrochemically active, exhibiting reversible 

redox reactions between V5+ and V2+ oxidation states. It is clear that V2O5 is not a 

chemically stable positive electrode material for rechargeable Al batteries using 

chloroaluminate ionic liquid electrolytes, regardless of Lewis acidity. Although an Al-

V2O5 cell may appear to have electrochemical performance in terms of capacity and 

cyclability, researchers must be cautious when identifying the origin of any 
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electrochemical reactions. Our investigation also raises the question of the chemical 

stability of other Al-ion positive electrode materials in chloroaluminate ionic liquid 

electrolytes.   
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Chapter 3. Room-Temperature Electrodeposition of Aluminum via Manipulating 

Coordination Structure in AlCl3 Solutions 

3.1 Introduction 

Electrochemical deposition of aluminum (Al) is of significant importance both practically 

and scientifically. Al deposited on conductive surfaces can be transformed via anodization 

to a corrosion-resistant aluminum oxide (Al2O3) coating, for which there are numerous 

industrial applications.1 The emerging technology of rechargeable Al batteries also 

requires reversible Al deposition as the half-reaction at the anode.2 However, a lack of 

feasible electrolytes for Al deposition, particularly at room temperature, has been a steep 

challenge despite intensive investigation over the past decades. Al cannot be 

electrodeposited from aqueous solutions due to its very negative reduction potential (–1.67 

V vs. SHE). Unlike alkali metals (such as lithium and sodium) and alkaline earth metals 

(such as magnesium), Al has not been successfully deposited from electrolytes of simple 

Al salts in organic solvents, as even the Al salts have weakly coordinating anions.3 To date, 

the majority of electrolytes for Al deposition are eutectic systems including high-

temperature molten salts composed of Al halide and alkali metal halides (AlX3·MX, X is 

Cl- or Br- and M+ is alkali cations including Li+, Na+, K+),4-5 room-temperature 

chloroaluminate (bromoaluminate) ionic liquids (AlX3·RX, where X is Cl- or Br- and R is 

an organic cation such as imidazolium, pyridinium, or ammonium),6-7 and analogs of 

chloroaluminate ionic liquid including AlCl3/urea8 and AlCl3/acetamide.9-10 Despite 

numerous investigations of electrolytes of AlCl3 in organic solvents, the only successful 
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Al deposition from such electrolytes was from AlCl3 solution in various dialkylsulfones at 

relatively high concentrations or elevated temperatures.11-12  

It has been widely recognized that the electrodeposition of Al is attributed to the Lewis 

acidic Al2Cl7
- anion in the AlCl3·RCl chloroaluminate ionic liquids, which are formed from 

cleaving Lewis acidic AlCl3 polymer by Lewis basic Cl-. The Lewis acidity increases and 

the anionic species evolves from Reactions 1 to 3 with increasing AlCl3/Cl- molar ratio:13    

                      AlCl3 + Cl
-
 → AlCl4

 –
    [1] 

                      AlCl3 + AlCl4 
 –

→ Al2Cl7
 –

              [2] 

                      AlCl3 +  Al2Cl7
 –

→ Al3Cl10
 –

              [3] 

In the other electrolytes which do not contain Cl-, the formation of Al2Cl7
- has not yet been 

clearly validated and elucidated. An understanding of the formation mechanism of the 

chloroaluminate species is essential to the development of new Al electrolytes. A common 

characteristic of dialkylsulfones, urea, and acetamide, which are reported chloride-free 

components in Al electrolytes, is that they all contain oxygen atoms with lone pair electrons 

which are considered weak Lewis bases. This characteristic is also shared by many aprotic 

solvents used in electrochemistry. Therefore, we hypothesize that the formation of 

chloroaluminate species (and room-temperature Al deposition) is determined by the Lewis 

acid (AlCl3)-base (solvent) coordination, which is dictated by their molar ratio. In this 

study, we will validate such interactions using the system of AlCl3 in -butyrolactone 

(GBL). 
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3.2 Experimental methods 

3.2.1 Electrolytes preparation 

Anhydrous aluminum chloride (AlCl3, 99.99%) was purchased from Sigma-Aldrich and 

used as received. -butyrolactone (GBL, ≥ 99%, Sigma-Aldrich) was dried with anhydrous 

CaSO4, then fractionally distilled in Schlenk line prior to use. The electrolytes were 

prepared in argon-filled glove box (< 1 ppm H2O and O2). The low concentration 

electrolytes (AlCl3/GBL molar ratio  1:2.6) were prepared by slowly adding anhydrous 

AlCl3 into distilled GBL and stirring at room temperature. For high concentration 

electrolytes (AlCl3/GBL molar ratio > 1:2.6), of which viscosity becomes very high, 

anhydrous benzene (C6H6, 99.8%, Sigma-Aldrich) was used as diluent. Anhydrous AlCl3 

was slowly added into the mixture of distilled GBL and anhydrous benzene with a fixed 

volume ratio of GBL/Benzene = 1:6. 

3.2.2 Electrochemical analysis 

All electrochemical experiments were performed in the argon-filled glovebox at room 

temperature. Cyclic voltammetry (CV) was carried out in three-electrode cells using a 

Gamry potentiostat/galvanostat/ZRA (Reference 3000) with a glassy carbon (GC) working 

electrode (3mm disc, Gamry), Al wire (1 mm diameter, 99.9995%, Alfa Aesar) reference 

electrode, and Al wire coil (2 mm diameter, 99.9995%, Alfa Aesar) counter electrode. The 

GC working electrode was polished with alumina particles (0.05 µm) water dispersion on 

polishing pad and dried under vacuum, and the Al reference and counter electrodes were 

polished with 1200 grit SiC sandpaper prior to every experiment. For chronopotentiometry 
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experiments, Copper (Cu) foil (99.9%, Sigma-Aldrich) was used as the working electrode. 

The Cu foil was first washed with acetone for grease removal, and then immersed in the 

diluted sulfuric acid (98% H2SO4:H2O=1:1) for a few seconds. After that, it was washed 

by distilled water and then anhydrous ethanol. For immediate use, the fresh Cu foil was 

dried under vacuum in the antechamber of the glovebox and then baked for 3 mins on a 

hotplate in the glovebox to remove the residual ethanol. 

3.2.3 Spectroscopic and microscopic characterizations 

Liquid-state 27Al nuclear magnetic resonance (NMR) spectra were collected using a Bruker 

NEO 400 spectrometer (400 MHz) at ambient temperature without a deuterium lock. The 

samples were well-sealed in the 5 mm standard NMR tube. 27Al NMR spectra were 

acquired at 104.26 MHz with a 3s recycle delay, 64 scans and 0.33s acquisition time. The 

chemical shifts are calibrated to the external reference of 1.0 M AlCl3 dissolved in D2O 

(99.9 atom% D, Sigma-Aldrich) (0 ppm).  

Surface-enhanced Raman scattering (SERS) spectra (200 to 1500 cm-1) were obtained 

using a Horiba LabRAM HR with 785-nm laser source. The sample was sealed in a 

customized glass cell under argon and analyzed with 64 scans at a resolution of 4 cm-1 and 

a 600 mm grating. Gold nanoparticles were deposited directly on the bottom of glass cell 

via thermal evaporator at the rate of 1A s-1. The roughness of the gold surface was 4 nm 

measured by atomic force microscope. 

The X-ray diffraction (XRD) was performed with a PANalytical Empyrean instrument (45 

kV/40 mA) with a Cu-Kα source. The surface morphology and chemical composition of 
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samples was studied by scanning electron microscopy (SEM) and energy dispersive X-ray 

(EDX) spectroscopy. 

3.2.4 Theoretical calculations 

Density functional theory (DFT) calculations were performed using the VASP package.14-

15 All results were obtained using the projector-augmented plane-wave method16-17 with a 

plane-wave cutoff of 800 eV. The exchange-correlation interactions were described with a 

generalized gradient approximation (GGA) in the form of the Perdew, Burke, and 

Ernzerhof (PBE) functional.18 The brillouin zone integrations were performed with a 

Gaussian broadening19 of 0.01 eV during all relaxations and self-consistent calculations 

together with a 1×1×1 Monkhorst-Pack20 k-point mesh centered at the Gamma point. In 

geometry relaxation, the calculations were stopped until the force on each atom was smaller 

than 10-3 eV/Å. The calculations of phonon frequencies were performed using Phonopy.21 

The Phonopy-Spectroscopy package22 was used to calculate Raman activities of each 

phonon mode and simulate the Raman spectrum. The Crystal Orbital Hamilton Population 

(COHP) and integrated COHP (ICOHP) were calculated using the LOBSTER code. 23-26  

ICOHP has negative value which means stronger bonds have less ICOHP values. In the 

transient Al2Cl6·GBL structure, the ICOHP of Al1-Cl6 and (GBL)Al2-Cl6 bonds are -1.976 

eV and -2.523 eV respectively, which indicates that the Al1-Cl6 bond is less stable than 

(GBL)Al2-Cl6 bond. Thus, Al2Cl6·GBL has more possibility to break the Al1-Cl6 bond then 

split into AlCl3 + AlCl3·GBL when the AlCl3/GBL ratio is increased. In the calculations of 

geometry relaxation, Raman spectrum and COHP, the global convergence condition for 

the electronic self-consistent loop was set to be 10-8 eV/ Å. 
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In the ab initio molecular dynamics (AIMD) simulations, all simulations were run with the 

canonical ensemble (NVT) using a Nosé thermo-stat27-28 with the temperature of 340K. 

Energy cutoff of 400 eV were used with 10-5 eV as the stopping criterion for electronic 

loop. A time step of 2 fs was used. All AIMD simulations were run for more than 10000 

timesteps. The van der Waals interaction was added through the DFT-D229 method. 

3.3 Results and discussion    

GBL is known as a common solvent in electrochemistry due to its good solubility and 

stability. 1 M AlCl3 solution in GBL was actually studied for Al deposition in 1999, but no 

Al deposition was achieved.30 The 27Al NMR spectrum of 1.3 M AlCl3 in GBL (AlCl3/GBL 

molar ratio = 1:10) in Figure 3.1a indicates the existence of two Al-containing species as 

AlCl4
- anion (103.4 ppm) and [AlCl2·(GBL)2]

+ cation (-15.4 ppm), which is consistent with 

previous findings.31-32 Both species are known to be inactive towards the electrochemical 

deposition of Al.  
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Figure 3.1 27Al NMR spectra of AlCl3 solutions in GBL at AlCl3/GBL molar ratio = (a) 

1:10, (b) 0.8:1, (c) 0.9:1, (d) 1:1 at various temperature, (e) 1.1:1 and (f) 1.5:1 at room 

temperature. 

The formation of these two species is illustrated by the ab initio molecular dynamics 

(AIMD) simulation with AlCl3/GBL = 1:10 shown in Scheme 3.1a. The Al and Cl atoms 

are labeled for clarity. The detailed calculations are described in the Figure 3.2. 

(d) 

(a) (b) (c) 

(e) (f) 
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(b) 

(a) 
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Figure 3.2 Ab initio molecular dynamics simulation of AlCl3/GBL = (a) 1:10, (b) 0.8:1, 

(c) 1:1, (d) 1.5:1.  

(c) 

(d) 
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The dissolution process of AlCl3 can be described as follows: the 6-coordinated solid-state 

AlCl3 is first degraded to the 4-coordinated Al2Cl6 dimers by coordinating with GBL, 

forming a transient species Al2Cl6·GBL. The Al2 atom coordinated with GBL in 

Al2Cl6·GBL is further coordinated with a second GBL molecule, thus breaking the Al2-Cl6 

bond to form [AlCl2·(GBL)2]
+ cation and AlCl4

- anion (Reaction 4). This mechanism 

dominates the chloroaluminate formation at relatively low AlCl3 concentration in GBL. 

Even when the AlCl3/GBL molar ratio is increased to 1:2.6 (5 M of AlCl3 in GBL), the 

27Al NMR spectrum is identical to that of 1:10 ratio (Figure 3.3), indicating that there is 

no substantial structural change of the Al species in the solution. 

 

Scheme 3.1 Ab initio MD simulations of AlCl3 in GBL at different AlCl3/GBL molar ratio 

= (a) 1:10, (b) 0.8:1, and (c) 1.5:1. 
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Figure 3.3 27Al NMR spectrum of AlCl3-GBL solution with AlCl3/GBL molar ratio = 

1:2.6. 

At AlCl3/GBL molar ratio = 0.8:1, a new peak at 94.7 ppm emerges in the 27Al NMR 

spectrum of the solution (Figure 3.1b), and its relative intensity monotonically increases 

when the AlCl3/GBL ratio is increased to 0.9:1 and 1:1 (Figure 3.1c and Figure 3.1d). 

This NMR peak is strong evidence that a new Al-containing species is generated. Indeed, 

the AIMD simulation in Scheme 3.1b illustrates the formation of a new AlCl3·GBL 

complex in two steps: When the AlCl3/GBL molar ratio increases, the probability for the 

second GBL to coordinate with the Al2 atom (already coordinated with one GBL) in 

Al2Cl6·GBL and break the Al2-Cl6 bond is reduced. Instead, the Al1-Cl6 bond is able to 

spontaneously break, due to its lower bond energy than that of (GBL)Al2-Cl6 based on 

integrated crystal orbital Hamilton populations. The resulting uncoordinated AlCl3 

monomer is subsequently coordinated with a free GBL molecule, thus forming 2 

AlCl3·GBL molecules (Reaction 5).  

The 27Al NMR spectra at AlCl3/GBL ratios of 1.1:1 and 1.5:1, shown in Figures 3.1e and 

3.1f respectively, show a new peak emerging at approximately 81 ppm, and all peaks 
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becoming broad, indicating the fast dynamic exchange among Al species in the solution. 

The AlCl4
- peak at 103.4 ppm either disappears or significantly diminishes under the broad 

peak of AlCl3·GBL. These two spectra are almost identical to each other but drastically 

differ from the one with AlCl3/GBL ratio = 1:1. This interesting observation seems to 

indicate that AlCl3/GBL=1:1 is a dividing ratio: the solution with AlCl3/GBL = 1:1 is 

composed of chloroaluminate species including [AlCl2·(GBL)2]
+, AlCl4

-, and AlCl3·GBL 

with no free (uncoordinated) GBL molecule. Therefore, we hypothesize that further 

increasing the content of AlCl3 induces the interaction between the Al2Cl6 dimer and AlCl4
- 

anion to form the Al3Cl10
- anion represented by the NMR peak at 81 ppm. Al2Cl7

- anion is 

not detected, based on the absence of its characteristic NMR peak at 92.7 ppm.11 This 

mechanism of Al3Cl10
- formation is confirmed by the AIMD simulation as illustrated in 

Scheme 3.1c and Reaction 6. 

 

Figure 3.4 SERS spectra of (a) calculated Raman spectrum of AlCl3·GBL, (b) pure GBL, 

AlCl3-GBL solutions with AlCl3/GBL molar ratio of 1:10, 0.8:1 and 1:1. 

(a) 

(b) 



 80 

In addition to 27Al NMR, surface-enhanced Raman spectroscopy (SERS) was used to 

analyze the coordination complex in the AlCl3-GBL system as shown in Figure 3.4. 

Compared to the SERS spectrum of pure GBL in Figure 3.4b, the spectrum of solution 

with AlCl3/GBL=1:10 shows a new peak at 350 cm-1 attributed to AlCl4
- anion.33 It is worth 

noting that peak(s) representing [AlCl2(GBL)2]
+ cation cannot be identified in the spectrum 

due to possible overlapping with the peaks from GBL. In the SERS spectrum of the solution 

with AlCl3/GBL = 0.8, the peaks attributed to uncoordinated GBL molecules at 492 cm-1, 

536 cm-1, 637 cm-1, 676 cm-1, and 802 cm-1 diminish. The new peak at 608 cm-1 is from 

benzene, which was used as the diluent for the solutions with high AlCl3/GBL ratio. Two 

other new peaks at 331 cm-1 and 425 cm-1 clearly emerge in the spectrum, which may be 

attributed to AlCl3·GBL based on the 27Al NMR result and AIMD simulation. When the 

AlCl3/GBL ratio is increased to 1:1, the relative intensity of the AlCl4
- peak at 350 cm-1 

clearly decreases, with the relative intensity of the peaks at 331 cm-1 and 425 cm-1 

increasing. This observation is consistent with our Raman peak assignment. The SERS 

spectra of solutions with AlCl3/GBL molar ratio >1 cannot be obtained at the current stage 

due to the fluorescence effect. To confirm the Raman peaks of AlCl3·GBL, a theoretical 

Raman spectrum of AlCl3·GBL has been calculated based on the density functional theory 

(DFT) as shown in Figure 3.4a. Based on the calculated Raman spectrum, the peaks at 331 

cm-1, 425 cm-1, 891 cm-1 and 937 cm-1 are assigned to AlCl3·GBL, and the Raman shift and 

vibrational modes are summarized in Table 3.1.  
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Table 3.1 Raman vibrational modes and the corresponding peak positions of AlCl3·GBL 

from experiment and DFT calculation. 

Vibrational modes Expt. (cm-1) Calculated (cm-1) 

Al-O stretching + C4O circle rotating 331 302 

Al-O stretching 425 390 

C4O circle bending + CH2 rocking 891 885 

C4O circle bending + CH2 wagging 937 921 

 

Cyclic voltammetry (CV) was used to investigate the electrochemical properties of the 

AlCl3-GBL solutions with different AlCl3/GBL molar ratios. As shown in Figure 3.5a, the 

electrolyte with AlCl3/GBL = 1.5:1, which contains Al3Cl10
- anions, demonstrates an 

intensive reduction peak clearly corresponding to Al deposition. On the other hand, no 

electrochemical reactivity can be observed from the CV curves of all other electrolytes 

without Al3Cl10
- anions. Chronopotentiometry was used for Al deposition on a copper 

substrate from the electrolyte with AlCl3/GBL = 1.5:1. The X-ray diffraction (XRD) 

pattern of the deposited layer unambiguously demonstrates metallic Al (Figure 3.5b). The 

scanning electron microscopic (SEM) image of the surface morphology of deposited Al is 

displayed in Figure 3.5c. The energy dispersive X-ray (EDX) spectrum and elemental 

mapping in Figure 3.5d confirm the uniform deposition of Al. The chronopotentiometry 

experiment in electrolyte with AlCl3/GBL = 1.2:1 also yielded excellent metallic Al 

deposition (Figure 3.6a and Figure 3.7a). On the other hand, the same experiment in 

electrolyte with AlCl3/GBL = 0.8:1 failed to deposit Al (Figure 3.6b and Figure 3.7b). 
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Based on these results, we propose that Al3Cl10
- anion is an electrochemically active 

species for Al deposition in a similar fashion to Al2Cl7
- according to Reaction 7: 

                       2Al3Cl10
 -

 + 3e- → Al + 5AlCl4
 -
                     [7] 

 

 

 

 
Figure 3.5 (a) CV scans of electrolyte with AlCl3/GBL=1:10, 0.8:1, 1:1, and 1.5:1, scan 

rate is 50 mV s-1; (b) XRD pattern and (c) SEM image of Al deposited on Cu with (d) EDX 

spectrum from electrolyte with AlCl3/GBL=1.5:1. 

 

(c) (d) 

(b) (a) 
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Figure 3.6 chronopotentiometry curves (V vs. t) of AlCl3-GBL solutions (a) 

AlCl3/GBL=1.2:1 and (b) AlCl3/GBL= 0.8:1. 

 

 

 
Figure 3.7 SEM images and EDX spectra of the depositions from (a) AlCl3/GBL=1.2:1, 

and (b) AlCl3/GBL= 0.8:1. 

3.4 Conclusion 

In summary, we demonstrate that Al can be deposited from electrolytes based on AlCl3 in 

GBL at room temperature by manipulating the coordination structures of AlCl3. 
27Al NMR, 

ab initio MD simulation, and SERS collectively reveal the evolution of chloroaluminate 

(b) (a) 

(a) 

(b) 
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species in AlCl3-GBL solutions, which is strongly correlated to the AlCl3/GBL ratio. The 

electrochemically active Al3Cl10
- anion is generated from the electrolytes with AlCl3/GBL 

ratio > 1 at room temperature, from which Al deposition is achieved. Our study provides a 

new approach to synthesize electrolytes for Al electrodeposition without eutectic systems 

(ionic liquids). We speculate that similar mechanisms can yield active chloroaluminate 

species in other systems with AlCl3 and organic solvents containing oxygen atoms with 

lone pair electrons, which deserves further systematic investigation.  
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Chapter 4. Synthesis and Electrochemical Properties of an Aluminum 

Hexafluorophosphate Electrolyte 

4.1 Introduction 

While battery chemistries using multivalent cations as working ions have always been 

tantalizing due to the potential multiplication of capacity and energy density they promise, 

the high valence of these ions also introduce tremendous challenges in terms of solvation, 

transport as well as kinetics across interfaces. The multivalent cations investigated thus far 

were mostly confined to bivalent ions such as Zn2+, Mg2+, or Ca2+,1-2 while the trivalent 

ions such as aluminum (Al3+) still remains beyond the horizon.  

To date, the electrochemical deposition of Al can only be achieved in electrolytes based on 

highly corrosive aluminum halides, mainly aluminum chloride (AlCl3).
3-6 Regardless of 

the formulas of the electrolytes, which are either AlCl3-containing deep eutectic systems 

of molten salt or AlCl3 solutions in organic solvents, the only active species known to 

deposit Al are Lewis acidic chloroaluminate anions Al2Cl7
- and Al3Cl10

-, with the former 

being the predominantly reported species in the literature.7-10 The corrosive nature of the 

chloride makes the chloroaluminate electrolytes impractical, particularly for the emerging 

research on rechargeable Al batteries.11-12 A number of studies have also indicated that the 

chloroaluminate electrolytes are not chemically compatible with transition metal oxide, 

chloride, or sulfide cathode materials.13-16 Furthermore, the anodic stability of the 

chloroaluminate electrolytes is limited by the oxidation of chloride, which occurs at fairly 

low potential and generates highly toxic and even more corrosive gaseous chlorine.17 

Therefore, the development of chloride-free Al electrolytes is critical to the development 

of rechargeable Al batteries.  
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Al-electrolytes based on weakly coordinating anions could provide solutions that 

circumvent the disadvantages of chloroaluminate electrolytes. Among the common weakly 

coordinating anions, hexafluorophosphate (PF6
-) anion, which has predominantly used in 

Li-ion battery industry, emerges as the natural choice as it strikes a good balance between 

dissociation constant and mobility as well as stability.18 In this study, we report the 

successful synthesis of an Al(PF6)3 electrolyte for the first time and its preliminary yet 

encouraging electrochemical properties. 

4.2 Experimental methods 

4.2.1 Synthesis of Al(PF6)3  

Due to the sensitivity to air and moisture, all manipulations were undertaken in an argon-

filled glovebox (<0.1 ppm H2O and O2). Anhydrous dimethyl sulfoxide (DMSO, 99.9%, 

Sigma-Aldrich) was further distilled with CaH2 prior to use. However, the water content 

of DMSO cannot be analyzed by Karl Fischer since it will alter the stoichiometry of the 

Karl Fischer reaction. Ammonium hexafluorophosphate (NH4PF6, 99.98%, Sigma-Aldrich) 

was dried at ambient temperature for 24 h under vacuum. Trace amount of water content 

in NH4PF6 (below 10 ppm in 0.5 M NH4PF6 in distilled tetraglyme) were detected. In the 

first step of synthesis, NH4PF6 (1.82 g, 11.17 mmol) was dissolved in DMSO (8 mL) in a 

glass vial. 4.2 equivalents (46.91 mmol) of triethylaluminum (Et3Al) solution (2.8 mL, 25 

wt. % in toluene, Sigma-Aldrich) was slowly added into the stirred solution of NH4PF6 in 

DMSO. A thorough degassing treatment under vacuum is essential to drive the reaction to 

completion. The produced ethane (C2H6) and ammonia (NH3) was evacuated by stirring 

the reaction mixture in DMSO at ambient temperature for 24 h under vacuum. Al(PF6)3 
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was obtained via recrystallization with toluene from the resultant solution as white powder. 

The obtained Al(PF6)3 was dried under vacuum for 12 h to remove residual toluene. 0.25 

M Al(PF6)3 in DMSO was obtained by re-dissolve Al(PF6)3 in DMSO under agitation for 

3 days to make the salt fully dissociated.     

4.2.2 Single crystal X-ray Diffraction  

Single crystal X-ray diffraction data were collected on a Bruker-AXS Apex II 

diffractometer with an Apex II CCD detector using Mo K radiation ( = 0.71073 Å) from 

a fine-focus sealed tube source. Data were collected at 100 K by performing 0.5° φ- and  

-scans, integrated using SAINT,1 and absorption corrected using SADABS.2 The structure 

was solved by direct methods using SHELXT3 and refined against F2 on all data by full-

matrix least squares with SHELXL-2018/34 following established refinement strategies.5 

One hexafluorophosphate anion is disordered over a special position whose symmetry is 

not fulfilled by the molecule. In light of this disorder, the displacement parameters of the 

six fluorine atoms were kept isotropic, made equivalent, and allowed to refine freely, all 

non-hydrogen atoms were refined anisotropically. All hydrogen atoms were included into 

the model at geometrically calculated positions and refined using a riding model. The 

isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the U 

value of the atoms they are linked to (1.5 times for methyl groups). Crystal and data quality 

details, as well as a summary of the residual refinement values, are listed in Table 4.1. 
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Table 4.1. Crystal data and structure refinement of [Al(DMSO)6](PF6)3. 

Identification code Al(PF6)3·(DMSO)6 

Empirical formula C12 H36 Al F18 O6 P3 S6 

Formula weight 930.66 

Temperature 105(2) K 

Wavelength 0.71073 Å 

Crystal system Cubic 

Space group Pn-3 

Unit cell dimensions 

a = 15.3081(3) Å a = 90° 

b = 15.3081(3) Å b = 90° 

c = 15.3081(3) Å g = 90° 

Volume 3587.3(2) Å3 

Z 4 

Density (calculated) 1.723 Mg/m3 

Absorption coefficient 0.662 mm-1 

F(000) 1888 

Crystal color colourless 

Crystal size 0.307 x 0.253 x 0.188 mm3 

Theta range for data collection 1.330 to 30.992° 

Index ranges 
-22 <= h <= 22, -20 <= k <= 22, -21 <= l <= 

21 

Reflections collected 40068 

Independent reflections 1922 [R(int) = 0.0285] 

Completeness to theta = 25.242° 99.9 % 

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1922 / 92 / 103 

Goodness-of-fit on F2 1.086 
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Final R indices [I>2sigma(I) = 1821 

data] 
R1 = 0.0207, wR2 = 0.0561 

R indices (all data, 0.69 Å) R1 = 0.0226, wR2 = 0.0575 

Largest diff. peak and hole 0.330 and -0.276 e.Å-3 

CCDC deposition number 1985065 
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4.2.3 NMR Spectroscopy 

Liquid-state NMR spectra were acquired using a Bruker NEO 400 spectrometer with a 9.4 

T narrow-bore superconducting magnet (27Al at 104.26 MHz, 1H at 400.13 MHz, 19F at 

376.50 MHz, 31P at 242.83 MHz). All samples were prepared by dissolving 0.1 mL 

electrolyte in 0.6 mL acetonitrile-d3 (CD3CN) solvent and sealed in a 5-mm standard NMR 

tube in an argon-filled glovebox. All NMR experiments were conducted at ambient 

temperature. 27Al, 1H, 19F, and 31P NMR chemical shifts are calibrated to the reference of 

1.0 M aluminum chloride dissolved in D2O (99.9 atom% D, Sigma-Aldrich), 1 M 

tetramethylsilane, 1 M trichlorofluoromethane, and 85% H3PO4 in H2O, respectively. 

4.2.4 Surface characterizations 

The X-ray photoelectron spectroscopy (XPS) was conducted with a high sensitivity Kratos 

AXIS Supra with monochromatic Al(Kα) radiation (1486.7 eV). The emission current for 

excitation was 15 mA. The etching of the sample for depth profiling measurements was 

performed with 5 keV Ar+ sputtering. All XPS spectra were analyzed by the CasaXPS 

software using the carbon 1s peak at 284.8 eV (adventitious carbon) as the reference. The 

XPS sample was first rinsed with freshly distilled DMSO three times to remove the residue 

of the reactants, and then rinsed with an adequate amount of anhydrous toluene to remove 

residual DMSO followed by evaporating the toluene. The sample rinsing and solvent 

evaporation were performed in an argon-filled glovebox. The XPS samples were 

transferred and loaded under argon continuously without exposure to ambient environment. 

The surface morphology and elemental composition of samples were characterized with 

scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy. 
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4.2.5 GC/EI-MS analysis 

The gas product from the chronopotentiometry experiments was identified by gas 

chromatography/electron ionization-mass spectrometry (GC/EI-MS). A gas-tight syringe 

was used to inject 30 µl of the gas sample from the sealed three electrode cell into the 

GC/EI-MS system (Agilent 6890N GC coupled with 5975C MSD). Ultra-high purity (UHP, 

99.999%) helium was used as the carrier gas at a flow rate of 1 mL min-1. Compound 

identification was performed using the NIST 2014 mass spectral database.  

4.2.6 Electrochemical analysis 

All electrochemical experiments were performed in the argon-filled glovebox using a 

Gamry potentiostat/galvanostat/ZRA (Reference 3000) at room temperature. Cyclic 

voltammetry (CV) was carried out in three-electrode cells with a platinum (Pt) working 

electrode (3mm disc, Gamry), Al wire (1 mm diameter, 99.9995%, Alfa Aesar) reference 

electrode, and Al wire coil (2 mm diameter, 99.9995%, Alfa Aesar) counter electrode. The 

Pt working electrode was polished with alumina particles (0.05 µm) water dispersion on 

polishing pad and sonicated in ethanol, and then dried under vacuum. The Al reference and 

counter electrodes were scratched with stainless steel blaze to remove surface passivation 

layer in glovebox prior to every experiment. Copper (Cu) foil (99.9%, Sigma-Aldrich) 

was used as the working electrode in the chronopotentiometry experiments. The Cu foil 

was first washed and sonicated with acetone for grease removal, and then immersed in the 

diluted sulfuric acid (98% H2SO4 : H2O = 1:1 in volume ratio) for a few seconds to remove 

surface oxide layer. After that, it was washed by deionized water and then anhydrous 

ethanol. For immediate use, the fresh Cu foil was dried under vacuum in the antechamber 
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of the glovebox and then baked for 3 mins on a hotplate in the glovebox to remove the 

residual ethanol. The Al reference and counter electrodes were treated as same as in the 

CV experiments. 

4.2.7 Ionic conductivity measurement 

The ionic conductivity of the electrolyte was measured by electrochemical impedance 

spectroscopy (EIS) using a customized two-electrode cell with constant length and 

electrode area. Two freshly cleaned Cu foils were used as electrodes on each side of the 

cell. Galvanostatic EIS experiment was conducted on this set-up with an AC current of 0.1 

mA and frequency range from 106 to 1 Hz. The electrolyte ionic conductivity κ can be 

calculated by the following Equations: 

κ = 
l

RA
 

where R is the solution resistance, A is the electrode area, and l is the distance between 

the electrodes. 

4.3 Results and discussion 

Al(PF6)3 was synthesized through the reaction between ammonium hexafluorophosphate 

(NH4PF6) and triethyl-aluminum (Et3Al) as shown in Reaction 1. The selection of the 

solvent of this reaction was restricted by compatibility with Et3Al and solubility of Al(PF6)3: 

Et3Al is very reactive towards olefinic, carbonyl, primary and secondary amine, hydroxyl 

groups, ect.19 One may also anticipate that the especially strong coulombic attraction 

between the trivalent Al3+ and the PF6 anion  renders it much more difficult for the ion 

solvation to sufficiently compensate for energy loss during the disruption of the rather 

stable Al(PF6)3 lattice. Eventually, we identify dimethyl sulfoxide (DMSO) as the only 
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proper solvent that meets the above stringent requirements, with both good solvation power 

for Al(PF6)3 and chemical stability with Et3Al.  

Et3Al + 3NH4PF6 → Al(PF6)
3
 + 3NH3↑ + 3C2H6↑            [1] 

After the synthesis, the single crystals of Al(PF6)3 were obtained from a saturated solution 

of Al(PF6)3 in DMSO (0.25 M) by slow evaporation of DMSO at 90 ◦C for 2 days. The 

structure of the single crystal as determined by X-ray diffraction analysis (Figure 4.1a) 

reveals that Al(PF6)3 consists of Al3+ cations coordinated by six DMSO molecules. Three 

PF6
- anions are located at approximately 6.6 Å from the Al3+ cation. The detailed crystal 

structure information of [Al(DMSO)6](PF6)3 can be found in the Supporting Information. 

The ionic species in the electrolyte were characterized using electrospray ionization mass 

spectrometry (ESI-MS). Figure 4.1b shows the negative mode of the spectrum, where the 

dominant peak at 144.9 m/z can clearly be attributed to the PF6
- anion. In the positive mode 

spectrum the dominant peak at 221.0 m/z (Figure 4.1c) is attributed to the [AlF2(DMSO)2]
+ 

cationic fragment. We believe this was generated from the ionization of 

[Al(DMSO)6](PF6)3 with uncharged phosphorus pentafluoride (PF5) as the other product, 

which cannot be directly detected by mass spectrometer because of its electroneutrality. As 

such, the fragmentation during ionization is proposed as Reaction 2. 

[Al(DMSO)
6
](PF6)

3
 → [AlF2(DMSO)2]

-
 + 2PF5 + PF6

-  + 4DMSO                            [2]       

Overall, the neatness of both positive and negative modes of ESI-MS, each with only one 

dominant peak, strongly confirm the high purity of Al(PF6)3 synthesized in this work. 

The ionic conductivity of 0.25 M Al(PF6)3 electrolyte in DMSO was measured as 

approximately 1.210-2 S cm-1 at room temperature, which, in comparison with the typical 
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ion conductivity of lithium ion electrolytes (10-3 ~ 10-2 S cm-1), is sufficient to support ion 

transport in bulk electrolytes. 

 

Figure 4.1 (a) Single crystal structure of [Al(DMSO) 6](PF6)3. (Hydrogen atoms omitted 

for clarity.); ESI-MS spectra of [Al(DMSO)6](PF6)3: (b) negative mode; (c) positive mode. 

The composition of the electrolyte solution was further identified through liquid-state 

nuclear magnetic resonance (NMR) spectroscopy. The 27Al NMR spectrum (Figure 4.2a) 

shows a sharp peak at 3.18 ppm corresponding to the Al3+ cations coordinated by six 

DMSO molecules (in a 6-coordination environment).20 No Al peak associated with Et3Al 

was detected. In Figure 4.2b, the 1H NMR spectrum shows two close singlets assigned to 

free DMSO at 2.52 ppm21 and DMSO coordinated to Al3+ at 2.90 ppm. The integration 

ratio of coordinated DMSO to free DMSO is 1:10, which matches very well with the 

calculation based on the concentration (0.25 M). The 19F (Figure 4.2c) and 31P NMR 

a 
b 

c 
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spectra (Figure 4.2d) demonstrate the existence of PF6
- anions with high purity. The 

doublet signal of PF6
- in 19F NMR at -72.47 ppm and -74.35 ppm occurred due to a 19F -

31P coupling. Accordingly, the septet signal in the 31P NMR spectrum from -131 to -158 

ppm represents PF6
-.22 There were no major impurities detected in any of the NMR spectra; 

however, a very small peak in the 19F NMR at -157.58 ppm was observed and attributed to 

hydrogen fluoride (HF).23 The existence of HF in solutions of hexafluorophosphate salts 

(e.g., LiPF6
24-25, NaPF6

26, and Mg(PF6)2
27) seems to be inevitable, and is well documented 

due to the existence of trace amounts of water in the solution, despite the DMSO solvent 

used in this work has been thoroughly dried and purified before use.  

 

Figure 4.2 (a) 27Al, (b) 1H, (c) 19F, and (d) 31P NMR spectra of the 0.25M Al(PF6)3 

electrolyte in DMSO. 

a b 

c d 
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The cyclic voltammogram (CV) of the Al(PF6)3 electrolyte obtained on a platinum working 

electrode in a three-electrode electrochemical cell is shown in Figure 4.3a (red curve). The 

cathodic peak at approximately -1.0 V and anodic peak at 1.3 V (both versus Al) in the CV 

curve correspond to the reversible Al deposition-stripping. The chronopotentiometry curve 

of Al deposition on copper (Cu) working electrode at 0.15 mA cm-2 is plotted in Figure 

4.3b (red curve), which demonstrates a stable overpotential of approximately -1.1 V versus 

Al until it rapidly increases after the 4 hour mark. The deposition was characterized using 

a scanning electron microscope (SEM) with energy dispersive X-ray (EDX) spectroscopy 

and X-ray photoelectron spectroscopy (XPS).  As the SEM image in Figure 4.3c displays, 

the deposit obtained from the 0.25 M Al(PF6)3 in DMSO was small particles dispersed on 

the Cu substrate. The 27Al, 1H, 19F, and 31P NMR spectra of the electrolyte after deposition 

(Figure 4.4) show no major compositional changes; however, the 27Al NMR spectrum 

reveals the appearance of hydrated Al3+ cations (Al(H2O)6
3+) and the 19F NMR spectrum 

indicates an increase in the HF concentration. Both observations indicate that the trace 

amount of water in the electrolyte causes parasitic reactions during the electrochemical 

deposition. Aurbach et al. previously demonstrated that a small amount of reducing agent, 

such as di-n-butylmagnesium, could effectively remove trace amount of water and lead to 

highly reversible Mg deposition-stripping in the Mg-ion electrolyte.28 With a similarly 

strategy, we added 250 ppm Et3Al to the 0.25 M Al(PF6)3 electrolyte. Indeed, in the 

presence of Et3Al that serves as water scavenger, the current density of both peaks in the 

deposition-stripping CV (blue curve in Figure 3a) significantly increased and the 

overpotential of Al stripping was lowered by 0.7 V compared to the pristine electrolyte. 
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The overpotential of the chronopotentiometry deposition of Al was also reduced by 0.5 V 

after the addition of Et3Al, as presented in Figure 4.3b (blue curve). Furthermore, the 

distinctly different surface morphology of the Al deposit after the addition of Et3Al is 

shown in Figure 4.3d. Unlike the particle deposit from the pristine electrolyte, the deposit 

from the Et3Al-enhanced electrolyte formed layers over a large area, suggesting a more 

uniform and efficient electrodeposition process. The EDX elemental mappings clearly 

display the distribution of the Al element on the Cu substrate (full spectra are in Figure 

4.5). 
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Figure 4.3 (a) CV scans at 25 mV s-1 in 0.25M Al(PF6)3 in DMSO with and without 250 

ppm Et3Al additive; (b) Chronopotentiometry curve at -0.15 mA cm-2 with and without 250 

ppm Et3Al additive; SEM images and EDX elemental mapping of Al deposit on Cu from 

0.25M Al(PF6)3 in DMSO (c) without and (d) with 250 ppm Et3Al additive. 

a 
 

b 

c d 
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Figure 4.4 (a) 27Al, (b) 1H, (c) 19F, and (d) 31P NMR spectra of 0.25M Al(PF6)3 in DMSO 

after chronopotentiometry deposition.  

In Figure 4.4a, a small peak at 0 ppm in 27Al NMR is detected, and it can be assigned to 

Al(H2O)6
3+ based on the chemical shift of 27Al NMR reference. We suspect this was due 

to free Al3+ and H2O generated during electrodeposition by the reaction between Al2O3 and 

HF. In Figure 4.4b, although the 1H chemical shifts of the two DMSO-related peaks did 

not change after electrodeposition, the ratio between the coordinated DMSO and free 

DMSO decreased from 0.1 to 0.08, which indicates the consumption of Al3+ cation. In 

Figure 4.4c, the peak intensity of HF drastically increased after deposition. Therefore, we 

hypothesize a “snowball” mechanism originated from the trace amount of water existing 

a b 

c d 
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in the electrolyte, similar to the LiPF6 electrolytes: The H2O impurity react to PF6
- to form 

HF, which reacts to Al2O3 to produce AlF3 and H2O. 

 

Figure 4.5 EDX spectra of Al deposit on Cu from 0.25M Al(PF6)3 in DMSO (a) without 

and (b) with 250 ppm Et3Al additive. 

The Al deposition was further analyzed with XPS to identify the composition of the 

deposits. Figure 4.6a shows Al 2p XPS spectra with depth profiling after electrodeposition 

from electrolyte without the Et3Al additive. Two deconvoluted peaks at 77.0 and 75.8 eV 

in the spectrum of the pristine surface (0 min argon sputtering) were attributed to aluminum 

fluoride (AlF3) and aluminum oxide (Al2O3), respectively.29 After sputtering for 2 min with 

argon ions, the relative intensity of the AlF3 peak decreased compared to that of Al2O3. 

Additionally, a new peak at 74.8 eV, which can be assigned to the thin Al2O3 layer on 

metallic Al,30 emerged in the spectrum. After sputtering for 18 minutes, the peak at 75.8 

eV representing the thick Al2O3 layer diminished in the Al 2p spectrum. Meanwhile, the 

a 

b 



104 

 

relative intensity of the thin Al2O3 layer on metallic Al peak significantly increased. 

Furthermore, a pair of peaks at 72.6 eV (Al 2p3/2) corresponding to metallic Al emerged in 

the spectrum.31 These observations indicate that the deposition of metallic Al occurs 

simultaneously with the formation of Al2O3 during the initial period of deposition. The Al 

and Al2O3 may subsequently react with the HF impurity in the Al(PF6)3 electrolyte to form 

AlF3, which appeared close to the surface of the deposit. Adding Et3Al significantly 

alleviated the formation of AlF3, as shown in Figure 4.6b. Compared to the pristine surface 

deposited from the electrolyte without Et3Al, the surface layer from the electrolyte with 

Et3Al shows a weaker AlF3 signal. More importantly, the peaks of metallic Al emerged 

after only two minutes of sputtering in absence of peaks representing the thick Al2O3 layer. 

These XPS results further confirm that the addition of Et3Al facilitates Al deposition by 

removing H2O and the related parasitic reactions due to HF. Unfortunately, the formation 

of Al2O3 seems an inherent parasitic reaction of Al deposition regardless of whether Et3Al 

was added.             

The possible mechanism of Al2O3 formation was probed using gas 

chromatography/electron ionization-mass spectrometry (GC/EI-MS) (spectrum shown in 

Figure 4.7) during the chronopotentiometry deposition of Al. In both electrolytes with and 

without Et3Al, gaseous dimethyl sulfide (C2H6S) was detected with GC/EI-MS during Al 

deposition. Therefore, the side reaction (or one of the side reactions) involving the 

reduction of DMSO during electrodeposition is proposed as Reaction 3. 

2Al
3+

+ 6e
-
+ 3C2H6OS → Al2O3 + 3C2H6S↑  [3]   
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Figure 4.6 Al 2p XPS depth profiling analysis of the Al deposits from the electrolytes of 

0.25M Al(PF6)3 in DMSO (a) without and (b) with 250 ppm Et3Al additive. 

 

Figure 4.7 (a) GC total ion chromatogram; (b) EI-MS spectrum of gas product during 

electrodeposition from 0.25M Al(PF6)3 in DMSO without Et3Al additive. The peaks at 15, 

27, 35, 47, 62 m/z are attributed to dimethyl sulfide (C2H6S). Another two peaks at 18 m/z 

(H2O) and 28 m/z (N2) are from air impurity. 

a b 

a b 
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4.4 Conclusion 

Our work demonstrates the first successful synthesis of the chloride-free Al electrolyte 

based on weakly coordinating PF6
-
 anion. Electrochemical deposition-stripping of Al from 

the electrolyte of Al(PF6)3 in DMSO was demonstrated to be reversible, particularly after 

removal of the water impurity by the addition of a small amount of Et3Al. We also found 

that Al deposition-stripping is undermined by the continuous cathodic decomposition of 

DMSO on the electrode surface to form Al2O3. It remains a challenge to find a better 

solvents for Al(PF6)3 that must be simultaneously be able to dissolve the salt while being 

chemically stable with it. The future strategies should focus on the substitution of PF6
- with 

a more weakly coordinating and stable anion that can be dissolved in the solvent with better 

cathodic stability. 
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Chapter 5. Synthesis and Electrochemical Properties of an Aluminum Fluorinated-

Alkoxyborate Electrolyte 

5.1 Introduction 

Rechargeable aluminum batteries (RABs) system is one of the most promising multivalent 

battery systems. The high abundance of aluminum metal in the earth crust makes it of great 

interest for potential applications and safety for practical use.1 The development of room 

temperature chloroaluminate ionic liquid (IL) electrolytes offers the opportunity for 

intensive research of RABs in the recent years.2 However, the trivalent nature of Al3+ and 

high corrosivity of chloroaluminate IL electrolytes make RABs system still far from 

practical utilization. Particularly, the corrosive IL electrolytes makes it incompatible with 

various cathodes (i.e., transition metal oxide or transition metal sulfide), and the choices of 

current collector and cell case are also limited.3-5 Although extensive efforts and 

investigations have been made in exploring suitable cathode materials and design new IL 

electrolytes for RABs, most reported IL electrolytes still contain high concentration of 

active chloride which not only limited the electrochemical window but also may cause 

toxic chlorine evolution.6-10 So far, only few information is available in previous reports 

focus on the design strategies of chloride free and non-corrosive aluminum electrolyte,11, 

12 which is an ignored but crucial research direction for RABs.  

In our previous study, we synthesized weakly coordinating salt Al(PF6)3 in DMSO and 

demonstrated reversible aluminum deposition and striping can be enabled in this class of 

electrolyte. However, due to the strong coulombic attraction between trivalent Al3+ cation 

and PF6
- anion, the solubility of Al(PF6)3 is relatively low. Moreover, the solvent DMSO 
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is not stable during reduction, leading to Al2O3 passivation on aluminum anode surface. 

The borate based weakly coordinating electrolytes (i.e., [CB11H12]
-,13-16 B[(hfip)4]

-,17-19 

BH4
-20-22) have been widely applied in lithium and magnesium batteries. These halide free 

electrolytes show high solubility and compatibility with metal anode. In addition, weakly 

coordinating anions have been suggested as promising candidates for the electrolytes of 

multivalent batteries, in order to access easy multivalent ion dissociation and high ionic 

conductivity owing to their non-nucleophilic nature.23, 24 Herein, we designed and 

synthesized a new ether-based weakly coordinating aluminum fluorinated-alkoxyborate 

(Al[B(hfip)4]3) electrolyte. Benefits from the large size of boron-centered anion, this 

aluminum salt mainly has two advantages: 1) -CF3 terminates in the boron-centered anion 

has higher moisture stability comparing with PF6
-anion, which will reduce HF generation 

by trace amount of water in the electrolyte. 2) The solubility of Al[B(hfip)4]3 is much higher 

than which of Al(PF6)3 due to the lower charge density of large size anion which resulting 

in weaker cation-anion interactions. Therefore, Al[B(hfip)4]3 can be easily prepared and 

dissolved in ethereal solvents, which have better cathodic stability comparing with 

DMSO.25 In this study, we design a continuous reaction pathway to synthesize 

Al[B(hfip)4]3 in 1,2-Dimethoxyethane (DME). The solvation structure and electrochemical 

properties of Al[B(hfip)4]3 electrolyte are systematically investigated afterwards. 

5.2 Experimental methods 

5.2.1 Synthesis of Al[B(hfip)4]3 

The synthesis of Al[B(hfip)4]3 was performed with a micro-distillation apparatus (as shown 

in Figure 5.1a) in an argon-filled glovebox due to the high air sensitivity of the precursor, 
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Al(BH4)3. Sodium borohydride (NaBH4, 99.99%) and anhydrous aluminum chloride 

(AlCl3, 99.99%) were purchased from Sigma-Aldrich and used as received. Anhydrous 

1,2-Dimethoxyethane (DME, 99.5%, inhibitor-free) and anhydrous toluene (C6H5CH3, 

99.8%) were also purchased from Sigma-Aldrich, and further dried with 3Å molecular 

sieves. 1,1,1,3,3,3-Hexafluoro-2-propanol (HOCH(CF3)2, 99%) was purchased from 

Chem-Impex and distilled with CaH2. In a typical synthesis, fine ground NaBH4 (1.7g, 54 

mmol) and anhydrous AlCl3 (1.67g, 12.5 mmol) was weighed and loaded into a 50 mL 

single-neck Schlenk flask (shown on the left in Figure 5.1a), and 15 mL anhydrous toluene 

was subsequently added to form a suspension. The suspension was stirred for 48 h under 

100 C to induce the reaction between NaBH4 and AlCl3 to produce Al(BH4)3, which is 

soluble in toluene. The theoretical yield of Al(BH4)3 is 12.5 mmol = 1.62 mL. Under the 

heating at 100 C, the produced Al(BH4)3 was evaporated due to its low boiling point at 

44.5 C, and subsequently condensed in the receiving three-neck flask (shown on the right 

in Figure 5.1a) through a horizontal condenser that was kept at -10 C. The receiving flask 

was pre-loaded with 12.24 equivalents of HOCH(CF3)2 (16 mL,153 mmol) and 15 mL 

DME. The reaction between HOCH(CF3)2 and Al(BH4)3 started once condensed Al(BH4)3 

dropped into the receiving flask. The said reaction is exothermic, and HOCH(CF3)2 has a 

low boiling point at 59 C. Therefore, the reaction in the receiving flask was kept at room 

temperature, and a coil condenser at -10 C was attached on top to prevent the evaporation 

of the reactants and products. The entire system is under protection of slowly flowing argon 

gas. The mixture in the receiving flask was stirred at room temperature. After 48 h, the 

temperature in the Schlenk flask was raised to 130 C. The reaction was completed when 
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most of the liquid phase (presumably Al(BH4)3 in toluene) in the Schlenk flask was 

evaporated and condensed into the receiving flask. The obtained mixture in the receiving 

flask was dried under vacuum at room temperature for 12 h to obtain a transparent gel-like 

product as shown in the Figure 5.1b, which was presumably DME coordinated 

Al[B(hfip)4]3. The purified Al[B(hfip)4]3 was obtained by further recrystallizing twice with 

hexane and dried under vacuum at room temperature for 12 h.  

 

Figure 5.1 (a) Synthesis apparatus, (b) Al[B(hfip)4]3 gel-like product. 

5.2.2 Electrochemical Analyses 

All electrochemical experiments were performed in the argon-filled glovebox using a 

Gamry potentiostat/galvanostat/ZRA (Reference 3000) at room temperature. Cyclic 

voltammetry (CV) was carried out in three-electrode cells with a platinum (Pt) working 

electrode (3mm disc, Gamry), Al wire (1 mm diameter, 99.9995%, Alfa Aesar) reference 

electrode, and Al wire coil (2 mm diameter, 99.9995%, Alfa Aesar) counter electrode. The 

Pt working electrode was polished with alumina particles (0.05 µm) water dispersion on 

polishing pad and sonicated in ethanol, and then dried under vacuum. The Al reference and 
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counter electrodes were scratched with stainless steel blaze to remove surface passivation 

layer in glovebox prior to every experiment. Copper (Cu) foil (99.9%, Sigma-Aldrich) 

was used as the working electrode in the chronopotentiometry experiments. The Cu foil 

was first washed and sonicated with acetone for grease removal, and then immersed in the 

diluted sulfuric acid (98% H2SO4 : H2O = 1:1 in volume ratio) for a few seconds to remove 

surface oxide layer. After that, it was washed by deionized water and then anhydrous 

ethanol. For immediate use, the fresh Cu foil was dried under vacuum in the antechamber 

of the glovebox and then baked for 3 mins on a hotplate in the glovebox to remove the 

residual ethanol. The Al reference and counter electrodes were treated as same as in the 

CV experiments. 

5.2.3 NMR Spectroscopy 

Liquid-state NMR spectra were acquired using a Bruker NEO 400 spectrometer with a 9.4 

T narrow-bore superconducting magnet (27Al at 104.26 MHz, 1H at 400.13 MHz, 19F at 

376.50 MHz, 11B at 128.40 MHz). All samples were prepared by dissolving 0.1 mL sample 

in 0.6 mL deuterated chloroform (CDCl3) solvent and sealed in a 5-mm standard NMR 

tube in an argon-filled glovebox. All NMR experiments were conducted at ambient 

temperature. 27Al, 1H, 19F, and 11B NMR chemical shifts are calibrated to the reference of 

1.0 M aluminum chloride dissolved in D2O (99.9 atom% D, Sigma-Aldrich), 1 M 

tetramethylsilane, 1 M trichlorofluoromethane, and 15% BF3.OEt2 in CDCl3, respectively. 
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5.2.4 X-ray Diffraction (XRD) 

XRD was performed with a PANalytical Empyrean instrument (45 kV/40 mA) with a Cu-

Kα source. The surface morphology and chemical composition of samples was studied by 

scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy. 

5.2.5 Surface Characterizations 

The X-ray photoelectron spectroscopy (XPS) was conducted with a high sensitivity Kratos 

AXIS Supra with monochromatic Al (Kα) radiation (1486.7 eV). The emission current for 

excitation was 15 mA. All XPS spectra were analyzed by the CasaXPS software using the 

carbon 1s peak at 284.8 eV (adventitious carbon) as the reference. The XPS sample was 

first rinsed with freshly distilled DME three times to remove the residue of the reactants, 

followed by evaporating DME solvent. The sample rinsing and solvent evaporation were 

performed in an argon-filled glovebox. The XPS samples were transferred and loaded 

under argon continuously without exposure to ambient environment. The surface 

morphology and elemental composition of samples were characterized with scanning 

electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy. 

5.3 Results and discussion 

The synthesis of Al[B(hfip)4]3 starts from the reaction of aluminum chloride (AlCl3) and 

sodium borohydride (NaBH4) to generate the intermediate product Al(BH4)3, which has 

very low boiling point (44.5 oC). After that, gaseous Al(BH4)3 is distilled into the second 

reaction flask and react with the fluorinated alcohol 1,1,1,3,3,3-Hexafluoro-2-propanol 

(HOCH(CF3)2) in DME to yield gel-like product Al[B(hfip)4]3 as shown in Reaction 1 and 

Reaction 2. The synthesis details are provided in the supporting information.  
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                     AlCl3+3 NaBH4 →Al(BH4)
3
↑ +3 NaCl                                                  [1] 

                       Al(BH4)
3
+12 HO(CH)(CF3)

2
 →6 H2↑ +Al[B(O(CH)(CF3)

2
)
4
]
3
             [2] 

The coordination structure of electrolyte was analyzed by liquid state 27Al NMR as shown 

in Figure 5.2a. A sharp peak at 61.0 ppm attributes to Al3+ cation coordinated by two DME 

molecules in a 4-coordination environment. Another smaller peak at 57.3 ppm is also 

corresponding to the Al nuclei in 4-coordination environment.26 We hypothesize that this 

small peak is generated from the cation exchange between Al3+ in Al(DME)2
3+ and B3+ in 

B[(hfip)4]
- as shown in the inset equilibrium reaction, since Al element and B element are 

listed in the same group in the periodic table which share similar chemical properties. 

Besides, a small broad peak at 5.0 ppm can be assigned to Al(DME)3
3+ in the 6-

coordination environment, which may due to less stability of Al(DME)3
3+ caused by steric 

effect comparing with Al(DME)2
3+ in the electrolyte. Therefore, the main coordination 

structure in the electrolyte should be Al3+ cation surrounded by two DME molecules. 19F 

NMR and 11B NMR also demonstrate the exist of B[(hfip)4]
- anion and cation exchange 

equilibrium as shown in Figure 5.3.17, 27 The rough concentration of electrolyte can be 

calculated as 0.64 M based on the integration ratio of coordinated DME in Al(DME)2
3+ (-

CH2: 4.41 ppm, -CH3: 4.13 ppm) and free DME (-CH2: 3.73 ppm, -CH3: 3.56 ppm) in 1H 

NMR spectrum (Figure 5.2b). The chemical shift and peak integral of 1H NMR are 

calibrated by deuterated chloroform (CDCl3) at 7.26 ppm. Two small peaks at 4.86 ppm 

and 4.77 ppm can be assigned as Al[(hfip)4]
- and B[(hfip)4]

-, respectively.17, 27 Based on 

the analysis of NMR spectra, we proposed the main coordination structure in the 

Al[B(hfip)4]3 electrolyte as shown in Figure 5.4: one Al3+ cation and three B[(hfip)4]
- 
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anions are dissociated by two DME molecules. Unfortunately, single crystal structure 

cannot be acquired due to the multiple coordination environments in this system.   

 

Figure 5.2 (a) 27Al, and (b) 1H NMR spectra of 0.64M Al[B(hfip)4]3 in DME. 

 

Figure 5.3 (a) 19F, and (b) 11B NMR spectra of 0.64M Al[B(hfip)4]3 in DME.  

The chemical shift in 19F NMR spectrum is calibrated by the external standard 

trichlorofluoromethane (CFCl3) at 0 ppm as shown in Figure 5.3a. A large single peak at 

– 77.8 ppm can be assigned to the main boron-centered anion B[(hfip)4]
-. Another smaller 

peak shifted downfield was attributed to the cation-exchanged Al[(hfip)4]
-, where Al3+ has 

stronger electronegativity than B3+ leading to deshielding effect on F nuclei. In Figure 

⇄ 
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5.3b, the sharp peak at 16.3 ppm was corresponding to B[(hfip)4]
-, and we suspect another 

broad peak at 1.42 ppm was formed from the weakly coordinating B(DME)2
3+ in the cation 

exchange equilibrium.     

 

Figure 5.4 Proposed coordination structure of Al(DME)2[B(hfip)4]3.  

The electrochemical properties of electrolyte were measured by cyclic voltammogram (CV) 

and chronopotentiometry. In Figure 5.5a, there is a large reduction peak at approximately 

-1.1 V (versus Al) corresponding to aluminum deposition. However, only a very small peak 

at 0.7 V can be observed during oxidation process, which indicates aluminum stripping 

process was hindered. The possible reason could be electrode surface passivation which 

will be illustrated later. In Figure 5.5b, Al deposition on copper (Cu) working electrode 

was carried out at 0.15 mA cm-2 and leading to a stable overpotential at about -0.7 V. The 

Al deposit morphology was characterized by scanning electron microscope (SEM) with 

energy dispersive X-ray (EDX) spectroscopy. The SEM image in Figure 5.5c shows 

uniform and dense particles of deposit, which indicates efficient deposition from the 
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electrolyte. The EDX elemental mappings clearly display the distribution of the Al element 

on the Cu substrate. In addition, the EDX spectrum of elemental percentages in the deposit 

is provided in Figure 5.6.    

 

Figure 5.5 (a) CV scans at 25 mV s-1; (b) Chronopotentiometry curve at -0.15 mA cm-2; 

(c) SEM images and EDX elemental mapping of Al deposit on Cu from 0.64M 

Al[B(hfip)4]3 in DME. 
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Figure 5.6 EDX spectra of Al deposit on Cu from 0.64M Al[B(hfip)4]3 in DME. 

In Figure 5.7a, the X-ray diffraction (XRD) pattern of the deposited layer demonstrates 

metallic Al based on the characteristic peaks of Al (200) plane and Al (220) plane.28 The 

characteristic peak intensity of Al and Cu are both changed by deposition, since the lattice 

orientation rearranged on the flat sample.29 The surface compositions of the Al deposit 

were further analyzed with XPS. Figure 5.7b shows the Al 2p XPS spectrum of the Al 

deposit. A pair of peaks at 72.8 eV (Al 2p1/2) and 72.3 eV (Al 2p3/2) are assigned to metallic 

Al.30 Another two deconvoluted peaks at 77.5 eV and 75 eV are attributed to AlF3 and thin 

Al2O3 layer on metallic Al, respectively.31, 32 AlF3 must come from the anion 

decomposition (-CF3) which is the only fluoride source in this system. The peak at 687.5 

eV in F 1s spectrum (Figure 5.8a) also demonstrate the exist of AlF3.
33 Besides, there is 

no obvious signal in B 1s spectrum (Figure 5.8b), which indicates boron was not involved 

in the surface reaction. However, we cannot infer the source of Al2O3, which may come 

from anion decomposition, or solvent (DME) decomposition or both.              
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Figure 5.7 (a) XRD pattern; (b) Al 2p XPS surface analysis of the Al deposits from 0.64M 

Al[B(hfip)4]3 in DME 

 

 

Figure 5.8 (a) F 1s, and (b) B 1s XPS surface analysis of the Al deposits from 0.64M 

Al[B(hfip)4]3 in DME. 

5.4 Conclusion 

In summary, we present the design strategy to develop a new class of weakly coordinating 

aluminum electrolyte, Al[B(hfip)4]3 in DME. We demonstrated that high solubility can be 

achieved through designing large weakly coordinating anion, [B(hfip)4]3
-. Besides, 

efficient aluminum electrodeposition was performed in the Al[B(hfip)4]3 electrolyte with 

relatively high concentration (0.64 M). However, the surface decomposition from the 
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functional group -CF3 in [B(hfip)4]3
- anion and possible decomposition from DME solvent 

prohibited the aluminum stripping process. Therefore, the next step for weakly 

coordinating aluminum electrolyte design should focus on either replace the fluorinated 

alcohol to non-fluorinated active hydrogen compounds and then react with Al(BH4)3 to 

obtain large size boron-centered anion, or directly design novel non-fluorinated large 

weakly coordinating anion. The cathodic stability of ethereal solvents may also need to be 

further examined. We believe that these significant design concepts can highly push 

forward the developments of practical rechargeable aluminum batteries. 
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Chapter 6. Summary 

6.1 Conclusions 

The aim of this work is to understand the fundamental knowledge of state-of-the-art 

electrolytes for rechargeable aluminum batteries and based on this to develop new 

aluminum-containing salts which exhibit better electrochemical and chemical properties. 

In the first chapter, the history and conception of Al batteries were introduced. 

Rechargeable Al batteries are based on Al metal anode with the advantages of low cost and 

high theoretical capacity. Common cathode materials are mainly divided into two types 

which are intercalation-type and conversion-type, but both have some critical problems 

still unsolved. In addition, the most challenging part is the highly corrosive ionic liquid 

electrolyte leading to side reactions with battery components and limiting the choice for 

cathode materials. 

In chapter 2, the reaction of cathode material V2O5 with chloroaluminate ionic liquid is a 

typical case to demonstrate that the corrosive electrolyte can chemically react with 

transition metal oxide material due to the active Cl-. The electrolyte under Lewis acidic 

condition can easily dissolve V2O5 under room temperature. Even if under Lewis neutral 

condition, the electrolyte still remain reactivity from AlCl4
-, which will react with V2O5 to 

form VO2Cl and AlCl3VO3
- with both 4-coordinated and 6-coordinated structures. 

Therefore, diluting or reducing chloride concentration may not be an optimal way to 

eliminate the intrinsic corrosivity in the chloroaluminate ionic liquid electrolyte. 

In chapter 3, we further investigated the chemistry and coordination environment in AlCl3-

based organic electrolyte. our work demonstrated aluminum can not only be deposited from 

ionic liquids or deep eutectic solvents-based electrolytes at room temperature, but also can 
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be achieved from organic solvent based electrolyte. 27Al NMR, ab-initio MD simulation 

and Raman suggested that Al coordination complexes changed from low concentration 

solutions to high concentration solutions with different molar ratios of AlCl3/GBL. At low 

concentrations (AlCl3/GBL<1:2.6), Al2Cl6 was asymmetrically splitted by GBL to form 

AlCl4
- and [AlCl2·(GBL)2]

+. At high concentrations (AlCl3/GBL>1:2.6), Al2Cl6·GBL has 

more possibility to split into AlCl3 + AlCl3·GBL. Electrochemical active species, Al3Cl10
- 

is generated from the electrolytes of AlCl3/GBL>1. XRD, SEM and EDX characterizations 

demonstrate that metallic aluminum can be deposited from electrolytes containing Al3Cl10
-. 

This work gave us confidence and set the foundation to further develop non-chloride Al 

electrolytes in organic solvents. 

6.2 Future directions 

Chapter 4 and Chapter 5 are our preliminary attempts to design and synthesize weakly 

coordinating Al salts in order to replace the active but corrosive chloroaluminate complex. 

In chapter 4, the synthesis of Al(PF6)3 represents the first success to obtain pure aluminum 

hexafluorophosphate salt. Our results show that the electrolyte of Al(PF6)3 in DMSO 

enables Al deposition/stripping. The electrochemical performance can be further enhanced 

by adding 250 ppm Et3Al as reducing agent to remove trace water and HF. However, the 

intrinsic function of Et3Al is limited due to the continually decomposition of DMSO and 

PF6
- anion on electrode surface. Not only that, the strong Coulombic interaction between 

Al3+ cation and PF6
- anion leads to extremely low solubility in other polar organic solvents. 

Therefore, our second-generation electrolyte in chapter 5 is based on a much larger weakly 

coordinating anion [B(hfip)4]3
-. This boron-centered anion indeed bring better solubility 
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comparing with PF6
-. Al deposition was also achieved in the Al[B(hfip)4]3 electrolyte, but 

Al stripping process was negligible mainly caused by the passivation layer on Al anode 

from electrolyte decomposition.  

Hence, the future directions to develop electrolytes for rechargeable aluminum batteries 

should be focus on more stable weakly coordinating anions and solvents. Surface 

modification or electrolyte additives may also be useful approaches to protect Al anode. 

Besides, different coordination environments of active Al species lead to different reaction 

mechanisms, especially at the cathode side which needs more attention.   

     

 

 

 




