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Abstract 

Rechargeable batteries based on multivalent ions (Mg2+, Ca2+, Al3+) can have far-reaching 
applications such as portable electronics, electric vehicles, and grid storage. As the most 
abundant metal in the Earth’s crust, Al is an ideal candidate. Metallic Al anodes can, in 
theory, provide exceptionally high charge capacities. However, the lack of non-corrosive 
electrolytes has been a bottleneck in the advancement of a practical rechargeable battery. 
This dissertation discusses the author’s efforts to develop and understand organic 
electrolytes based on aluminum trifluoromethanesulfonate (referred to herein as Al-triflate 
or Al(OTF)3), an active-halide-free and commercially available Al salt. To investigate 
these systems, a wide range of computational and experimental techniques have been 
utilized, including density functional theory (DFT) calculations, Fourier transform infrared 
spectroscopy (FTIR), cyclic voltammetry (CV), electrochemical impedance spectroscopy 
(EIS), scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS). 
From these, insights into Al-ion speciation and electrochemistry are brough to light, and 
Al electrodeposition is successfully achieved from several electrolyte systems. Ultimately, 
the work presented in this dissertation successfully tackles reversible Al electrodeposition 
from chloride-free organic electrolytes, a major hurdle that has prevented the incorporation 
of these systems in rechargeable Al batteries.  
 
Chapter one includes a detailed review of historic and most recent developments in non-
aqueous electrolyte chemistries for rechargeable aluminum batteries, including 
chloroaluminate ionic liquids and organic solutions. 
 
Chapter two reports the results of research on an Al(OTF)3 in tetrahydrofuran (THF) 
electrolyte. Computational modelling by means of DFT and a variety of experimental 
techniques have revealed the predicted and measured spectroscopic and electrochemical 
features of aluminum ions in this electrolyte. Aluminum was found to be electrochemically 
active, in addition to the presence of two concentration dependent ionic environments for 
triflate anions (OTF-). This work also introduces a method that provides a rationale for 
understanding redox potentials of Al-ions by comparing DFT calculations with cyclic 
voltammetry experiments. 
 
Chapter three discusses the effect of lithium chloride (LiCl) as an additive to the 
Al(OTF)3 in THF electrolyte to investigate the role of chloride ions on speciation and the 
electrochemical behavior of aluminum. Successful electrodeposition of aluminum was 
carried out from chloride (Cl-)-free (non-corrosive) and Cl--rich (highly-corrosive) Al 
electrolytes at room temperature, and a method to probe the progress of the reactions 
involving Al(OTF)3 and LiCl by utilizing the DFT-derived and FTIR-measured vibrational 
frequencies of the OTF- was introduced. 
 
 
 



 

 

xiv 

Chapter  four discusses the effect of hydrides (H-) on Al speciation and electrochemistry 
by employing a LiAlH4 additive to the Al(OTF)3/THF electrolyte. Reversible room-
temperature Al electrodeposition is demonstrated and compared to the chloride-based 
electrolyte. Using the method developed in chapter 3, and from DFT and FTIR analyses, 
Al-hydride speciation in these systems is explored, and a mechanism for reversible Al 
electrodeposition in OTF--based electrolyte is proposed. Insight into the chemical 
composition of the Al deposits from the OTF-- and Cl--based electrolyte is revealed using 
depth-profile XPS analyses.
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Chapter 1: Aluminum Batteries: A Literature Review 

1.1 Motivation 
The reliance on fossil fuels as the primary energy source has aggravated the impacts of 
global climate change.1 To address the climate challenges and mitigate their impacts on 
society, global efforts have focused on exploiting renewable energy resources such as solar 
and wind power.2 However, the intermittent nature of these green-energy resources 
necessitates the development of novel energy storage devices.3 Convenient storage of 
electrical energy can be fulfilled by using electrochemical storage devices.4 An example of 
such systems are rechargeable batteries. Providing on-demand access to energy with the 
possibility of reuse over an extended period of time, these devices, notably, Lithium-ion 
(Li-ion) batteries, play an essential role in our day-to-day lives.5,6 From portable electronic 
devices to electric vehicles, society’s reliance on these batteries is continuously growing, 
and with that growth, a surge in demand for alternative and more advanced energy storage 
devices is inevitable. 
 

 
Figure 1.1 Intrinsic properties of various metal anodes. Abundance in Earth's crust, cation radius, standard 
potential, cost, gravimetric and volumetric capacity.  
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Table 1.1 Intrinsic properties of various metal anodes. Abundance in Earth's crust, cation radius, standard 
potential, cost, gravimetric and volumetric capacity of lithium (Li), sodium (Na), potassium (K), magnesium 
(Mg), calcium (Ca), and aluminum (Al) 7 

 
 
 
Aluminum (Al) is the most abundant metal and third most abundant element on Earth. 
Compared to its monovalent and divalent counterparts, Al exhibits the highest theoretical 
charge capacity per unit volume (8046 mAh/cm3), which is about 4 times that of Li (2042 
mAh/cm3). (see Table 1.1 and Figure 1.1). This makes Al batteries an attractive candidate 
for personal electronic devices where portability is considered a key attribute. Also, Al’s 
theoretical gravimetric capacity (2980 mAh/g) is lower than that of Li (3861 mAh/g), yet 
superior to that of the other metals. Additionally, among these metals, Al has the smallest 
ionic radius (0.535 Å ) which suggests that intercalation-type cathodes, such as those used 
for Li-ion batteries, may be feasible.7 
Because of these exceptional characteristics, and from an industrial standpoint, large-scale 
development of rechargeable batteries based on aluminum offer the possibility of high 
energy density with low cost when coupled with suitable electrolytes and cathodes 
materials. 
 
To make use of Al as an anode material, reversible aluminum electrodeposition at high 
Coulombic efficiencies is an essential criterion. Unfortunately, this can only be achieved 
from a limited number of electrolyte systems, particularly those employing Al-halide 
molten salts (room-temperature and high temperature). Hence, these systems have been the 
spotlight of research on rechargeable Al batteries over the past decade, and several review 
articles on the topic have been published.7–15  In practice, however, these electrolytes are 
reactive towards cathode materials,16,17 corrosive towards stainless Steel current 
collectors,18 and Al anodes19 and may involve chlorine (Cl!) generation side reactions.20,21 
Consequently, alternative electrolyte systems are urgently needed. 
 
 

Element Gravimetric 
capacity 
(mAh/g) 

Abundance 
(ppm) 

Cost 
(USD/kg) 

Volumetric 
capacity 

(mAh/cm3) 

Standard 
Potential (V vs 

NHE) 

Cation 
radius 

(Å) 
Li 3861 65 19.2 2042 -3.042 0.76 

Na 1166 22700 3.1 1050 -2.71 1.02 

K 685 18400 13.1 609 -2.925 1.38 

Mg 2205 23000 2.2 3868 -2.37 0.72 

Ca 1340 41000 2.4 2071 -2.87 1 

Al 2980 82000 1.9 8046 -1.66 0.535 
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On account of their successful incorporation into Li-ion batteries, organic electrolytes 
present an appealing choice for practical application of rechargeable Al batteries.  
However, a major challenge that has hindered the development of an organic electrolyte 
for rechargeable Al batteries is the lack of a suitable organic system.12,17 Ultimately, the 
electrolyte of choice should be active-halide-free, that is, the system should not include 
free halogen anions (Cl", Br", F") and halo-aluminate complexes (such as AlCl#", Al!Cl$") 
while also promoting reversible aluminum electrodeposition. Additionally, the electrolyte 
should exhibit a wide electrochemical window to accommodate various types of cathode 
materials, and high ionic conductivity. 
Although numerous investigations employing aluminum trichloride in organic solvents 
have been undertaken, very few active-halide-free Al electrolytes have been reported.23–

27,101 To that end, this dissertation discusses the author’s efforts to develop and understand 
electrolytes based on Aluminum trifluormethanesulfonate, also referred to herein as Al-
triflate or (Al(OTF)%), in tetrahydrofuran (THF),28 and the role of chlorides (Cl"),29 and 
hydrides (H") in aluminum electrochemistry.  
 
1.2 Brief overview on the development of aluminum batteries 

 
According to early literature reports, the first application of Al as an electrode material was 
in 1850, where it was used as a cathode rather than an anode material in an Al - Zinc 
battery.8 Later, in 1857, initial attempts to use Al as an anode were conducted. In this study, 
Al was coupled with a carbon cathode in a nitric acid electrolyte.30 Almost a century later, 
a heavy duty Al – Chlorine (Cl!) battery was reported. Despite offering reasonable 
discharge voltages, further progress in the development of this battery was probably 
hampered by the safety concerns involving the use of Cl! gas.31 In 1951, a Leclanché -type 
dry cell utilizing an Al anode and a MnO! cathode was developed. The cell employed a 
NaOH plus ZnO electrolyte and a porous separator.32 In the following years, the electrolyte 
was replaced by manganese chloride tetrahydrate and other separators.33,34 Attempts to 
commercialize these batteries were unsuccessful, primarily due to Al’s innate ability to 
form an oxide layer which significantly lowers the battery’s operating voltage. 
Almost a decade later, in 1962, the Al-air battery, which utilizes the oxygen derived from 
air as a cathode, was developed. The battery was enabled by a concentrated KOH or NaOH 
electrolytes.35 By employing strong base electrolytes, dissolution of Al was achieved and 
the challenges associated with the protective oxide layer were overcome. However, this 
occurs at the cost of high corrosivity, which significantly diminishes the capacity of Al 
anodes due to side reactions involving H! evolution, leading to lower practical operating 
cell voltages.14,36  
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In 1972, the kinetics of Al electrodeposition/dissolution from binary (AlCl% − NaCl) and 
ternary (AlCl% − LiCl − KCl) high temperature molten salts were highlighted by Del Duca, 
and the conceptual framework for a rechargeable Al battery was brought to light.37  Shortly 
after Del Duca’s report, Holleck and Griner published two research articles on a AlCl% −
KCl − NaCl molten salts electrolyte. The first study focused on evaluating Al as an anode 
material in the molten salts.38 While in the second study, the kinetics of Cl2 reduction on a 
rotating-vitreous carbon disk electrode were elucidated.39 Although these systems showed 
promise as energy storage devices, large-scale application of these batteries was probably 
hindered by the high operating temperatures of the molten salt electrolytes, electrode 
passivation during anodic and cathodic polarization, dendrite formation during Al 
electrodeposition which could short-circuit the battery during operation, and the challenges 
associated with the use of Cl! gas.38 
Several years later, in 1988, the Al-Cl2 battery was revisited, this time however, a room-
temperature molten salt was used as the electrolyte. By mixing AlCl3 with 1,2-dimethyl-3-
propyl-imidazolium chloride, Gifford and Palmisano developed a rechargeable battery 
which utilized reversible Al plating/stripping as the anodic reaction, and Cl2 intercalation 
into carbon as the cathodic reaction. The battery exhibited a discharge voltage of 1.7V , 
and 35-40 mAh/g discharge capacities sustained for over 150 cycles.40  
Interest in rechargeable Al batteries re-emerged in 2010 when Paranthaman et al. 
investigated Mn2O4 as a cathode material with the room-temperature chloroaluminate 
molten salt consisting of AlCl% and 1-ethyl-3-methyl-imidazolium chloride ([EMIm]Cl)] at 
1.5:1 mole ratio.41 Unfortunately, intercalation/de-intercalation behavior with the Mn!O# 
cathode was not measured.  
One year later, using the same ionic liquid electrolyte, Jayaprakash et al. described a 
rechargeable aluminum battery that utilized V!O& as a cathode.42 The study revealed 
compelling evidence for rechargeability in terms of capacity and cycling behavior which 
lead the researchers to conclude that Al-ion insertion/de-insertion into V!O& was 
responsible for this electrochemical behavior. This hypothesis was later invalidated by 
Reed and Menke in 2013, who suggested that the V!O& was electrochemically inactive in 
this system and that the measured capacities were likely due to a side reaction occurring 
with the stainless Steele current collector.18 These reports were probably what motivated 
Wen et al. to study the reactivity of the ionic liquid with the V!O&.43 A mechanism 
elucidating the chemical reactivity between said constituents was proposed. It was found 
that V!O& reacts with the chloroaluminate species and produces electrochemically active 
degradation products including (VOCl%, VO!Cl, AlCl%VO%") which emphasizes the need for 
further investigation of the chemical reactivity of the chloroaluminate ionic liquids towards 
other cathodes material.  
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Following the work on the Al − V!O& battery by Jayaprakash et al,42 and then Reed and 
Menke,18 and the work by Abood et al. on ionic liquid analogues in 2011,44 an increasing 
number of studies on aluminum batteries utilizing room temperature chloroaluminate ionic 
liquids,45–59 high temperature molten salts,60–65 and ionic liquid analogues were reported.66–

73 While many researchers carried on investigating and synthesizing novel cathode 
materials (as can be found in these reviews16,74), Reed and Menke focused their efforts on 
developing active-halide-free organic electrolytes. In 2015, they reported the first known 
rechargeable Al battery based on an organic electrolyte.25 The battery employed an 
Al(OTF)%  in diethylene glycol dimethyl ether (diglyme) electrolyte and copper hexa-
cyanoferrate cathode. Despite obtaining reversible intercalation behavior with the Prussian 
blue analogue cathode, the battery delivered relatively low discharge capacities and 
suffered from poor capacity retention. Still, this work opens new horizons for the use of 
Prussian-blue analogues as cathodes materials for rechargeable Al batteries. 
 
1.3 Haloaluminate ionic liquids 
It is widely recognized that the discovery of ionic liquids occurred almost a century ago 
when Walden investigated the physical properties of ethylammonium nitrate, which was 
produced by reacting ethylamine with nitric acid.75 Chloroaluminate melts  are  first 
generation ionic liquids76 and are commonly investigated as electrolytes for rechargeable 
aluminum batteries.7,9 These electrolytes can be produced by mixing RX with AlX%, where 
R is an organic cation typically imidazolium or pyridinium, and X is an anion, typically a 
halogen (Cl, Br, or	I).9,77  
Early investigations of these systems were those of Hurley and Wier in 1951, where  an 
ionic liquid consisting of 2:1 mole ratio of AlBr% and 1-ethylpyridinium bromide was 
investigated for Al electrodeposition.78 Because this system consisted of both bromides 
and chlorides, exploring chemical composition was complicated at the time. Almost 3 
decades later, Gale et al. studied a similar system by Raman spectroscopy.79 The electrolyte 
consisted of AlCl% and 1-butylpyridinium chloride and was investigated at mole ratios 
ranging from 0.75:1 to 2:1. A key finding reported in this study was that the formation of 
Al!Cl$" was more facile in ionic liquids compared to high temperature molten salts, the 
significance of this Al complex will be discussed later. 
 
As mentioned previously, electrodeposition of Al from high temperature molten salts was 
also investigated in the 1970s by Del Dulca.37  Compared to ionic liquids, high temperature 
chloroaluminate molten salts are usually produced by reacting binary or ternary mixtures 
of AlX%, with M'X", where M  an alkali metal (such as Li , K or Na) and X is a halogen 
(such as Br, or Cl).9,77 It is worth mentioning that the design rationale behind both high 
temperature chloroaluminate molten salts and room temperature chloroaluminate ionic 
liquids is the same,  that is, combining a Al-halide salt such as AlCl%with another halogen 
source (organic cation or alkali metal salt)  at specific mole ratios, produces  a mixture that 
exhibits a significantly lower melting point in comparison to the melting points of the 
individual constituents. In the case of high temperature molten salts, this is usually 
achieved by heating the mixture, while room temperature ionic liquids are in the molten 
state at ambient conditions. 
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Furthermore, it is important to note that Al speciation in these mixtures is in the form of 
Al-complexes rather than free Al cations.14 However, the presence of Al-complexes in 
these mixtures does not guarantee successful Al electrodeposition/stripping. Speciation in 
both room-temperature ionic liquids and high temperature molten salts can be described by 
the following conditions: 
 
In basic and neutral chloroaluminate melts, that is when the mole ratio of AlCl% to its 
corresponding chloride source is less than or equal to 1, the system is governed by 
following reaction20:  
 
 
AlCl% + Cl" ⇌ AlCl#"  
 
 
Al electrodeposition from these systems is possible in high temperature molten salts. On 
the other hand, in room temperature ionic liquids, the electrochemical reduction of Al 
complexes is preceded by electrochemical reduction of the organic cation, hence 
electrolyte decomposition occurs before Al plating can be achieved.80 
When excess amount of AlCl% is added to the system, self-ionization of haloaluminate 
species takes place, and the system is governed by the following reaction20: 
 
 
AlCl% + AlCl#" 	⇌ Al!Cl$" 
 
As a result of the coexistence of both AlCl#" and	Al!Cl$", reversible Al electrodeposition can 
be carried out, and the following reaction has been proposed20,77: 
 
 
4Al!Cl$" + 3e" ⇌ 	Al + 7AlCl#"  
 
 
Because room temperature chloroaluminate ionic liquids take advantage of this equilibrium 
at ambient conditions, these systems are widely explored as electrolytes for rechargeable 
Al battery application. 
In addition to their compositional tunability, ionic liquids exhibit exceptionally high ionic 
conductivities (13-19 mS/cm at room temperature in the commonly used 
(AlCl%: [EMIm]Cl)59 comparable to those of lithium ion batteries and relatively wide 
electrochemical windows19 (~ 2.4V vs Al/Al%'in the (AlCl%: [EMIm]Cl)).17 Meanwhile, 
these electrolytes are extremely hygroscopic and  highly corrosive towards stainless steel 
current collectors.18 Although, the corrosivity concern can be overcome by using 
molybdenum instead,17,81 this system still suffers from significant hurdles which have not 
yet been addressed, including the parasitic reaction involving Cl! gas generation,20,21  and 
the lack of a suitable cathode materials.17 
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1.4 Organic electrolytes 

 
Figure 1.2 Timeline showing overview of aluminum-based organic electrolytes.23–29,82–107 
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1.4.1 Aluminum halide electrolytes 

 
In 1952, Couch and Brenner developed an organic electrolyte from which Al 
electrodeposition was achieved.82 There study was inspired by Plotnikov’s work, which 
dates to 1899. The electrolyte consisted of mixture of 2 - 3 M aluminum chloride and 0.5 
– 1 M lithium hydride (LiH) or lithium aluminum hydride (LiAlH#) in diethylether. This 
system was developed at the National Bureau of Standards and was the first to be 
implemented on an industrial scale.77,82,108  Following this work, considerable efforts were 
devoted to the investigation of similar electrolytes, a timeline showing the evolution of 
most of these efforts is shown in figure 1.2, and a detailed review article describing early 
literature attempts (before 2000) on Al electrodeposition from organic electrolytes can be 
found in reference.77   
 

In this dissertation, special consideration is given to the studies involving AlCl% and LiAlH#. 
While the original report by Couch and Brenner discussed the use of a wide range of 
additives and solvents,82,109 in the following years, more detailed investigations were 
undertaken by other researchers. For example, in 1972, Ishibashi and Yoshio reported Al 
electrodeposition from a 3:1 mole ratio of AlCl% and LiAlH# in tetrahydrofuran-benzene.85 
It was reported that this solvent mixture significantly improved the operational longevity 
of the plating bath compared to diethyl ether. Another research article by Ishibashi and 
Yoshio was published in the following year.86 In this study, THF was used as the sole 
solvent for AlCl% plus LiAlH#mixture. It was found that the current densities measured for 
the Al electrodeposition from THF under similar conditions, was at least 3 times higher 
than that of diethylether which suggested that Al electrodeposition occurs at a much higher 
rate in THF.  
 
7 years later, in 1985, Graef investigated the electrochemical mechanism for 
electrodeposition of Al from AlCl% and LiAlH#in THF.89 Contrary to the previous report by 
Ishibashi and Yoshio, this study was conducted in excess of LiAlH# rather than AlCl%. 
Specifically, a 1:3 mole ratio of AlCl% to LiAlH#was used according to the following 
reaction110: 
 
 
AlCl% + 3LiAlH#" ⟶ 4AlH% + 3LiCl 
 
 
 
Graef also suggested that the overall electrochemical mechanism took place according to 
the following reaction: 
 
 
4AlX% + 3e" ⟶ 	Al + 3AlX#"               where X is H or Cl 
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According to this report and that of Daenen,111 H"  were found to catalyze the charge 
transfer process which facilitates Al electrodeposition.  
 
Motivated by the results in Graef’s report, and several others that also investigated the 
electrochemical mechanism for Al electrodposition from the same system at various mole 
ratios including Ishibashi and Yoshio, 85,86 Galová,88 Badawy et al.,90 Lefebvre and 
Conway,95–97 we studied the reaction between Al(OTF)% and LiAlH# at 1:3 mole ratio. Our 
findings not only corroborate those of Graef89 and Daenen111 with regards to the catalyzing 
role of H", but also demonstrate for the first time that reversible Al electrodeposition can 
be carried out in the absence of haloaluminate complexes, as will be discussed in chapter 
4. It is worth noting that despite all efforts to reversibly electrodeposit Al from organic 
electrolytes, to the best of the author’s knowledge, a rechargeable Al battery enabled by 
reversible Al electrodeposition from an organic electrolyte has not yet been reported. 
 
Moreover, because understanding aluminum electrodeposition from organic electrolytes is 
essential for the development of rechargeable battery electrolytes, studying the 
physicochemical and electrochemical properties of AlCl%based organic systems is crucial. 
In addition to the hydride-bath previously discussed, alternative organic systems were 
investigated. For instance, in 1994, Legrand et al. reported several studies on the 
electrochemical behavior of an electrolyte consisting of AlCl%and LiCl in dimethylsulfone 
(DMSO!).91–94 Although reversible Al electrodeposition was achieved from this electrolyte, 
the operating temperature of the electrolyte was 130 ˚C which inhibits its use in a room-
temperature rechargeable battery.92 The AlCl% in DMSO! electrolytes was investigated 
again in 2015 by Miyake et al.100 In the same year, Nakayama et al. studied AlCl% in 
dialkylsulfones (including ethyl n-propyl sulfone(EnPS), di-n-propyl sulfone, and ethyl 
secondary-butyl sulfone).99 Al speciation and electrochemistry of these mixtures were 
explored at various compositions and temperatures.  Interestingly, the researchers 
successfully optimized the composition of the AlCl% − EnPS by using toluene as a diluent 
at specific mole ratios. From this electrolyte, reversible Al electrodeposition at room 
temperature was achieved. Additionally, the corrosivity of this system was evaluated by 
soaking a stainless Steel electrode in the AlCl% − EnPS − toluene	 electrolyte. While SEM 
imaging revealed no evidence of corrosion, this does not rule out parasitic reactions 
involving Cl"which could arise during electrochemical testing.  
 
Other types of organic systems are those comprised of AlCl%/glyme mixtures. Several 
studies on these electrolytes were reported by Kitada et al.98,102,105,112 Successful Al 
electrodeposition was carried out from diglyme but not from triglyme and tetraglyme,112 
probably due to stronger interaction between Al-cations and triglyme/tetraglyme 
molecules. It is worth emphasizing that unlike the AlCl% in dialkylsulfone electrolytes, 
where Al!Cl$" is responsible for Al-plating,99 electrodeposition from the AlCl% in diglyme 
or DMSO! were attributed to Al-solvent and/or Al-Cl-solvent complexes.112,113 
More recent efforts involving AlCl%-based organic electrolytes is the work by Wen and 
other which was published in 2020.106 In this study Al electrodeposition was carried out 
from electrolytes composed of AlCl% in Gamma-butyrolactone (GBL).  
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To induce self-ionization and study the role of polymeric AlCl4- complexes, excess 
amounts of AlCl% were dissolved in GBL and benzene (which was used as a diluent). While 
Al!Cl$"species were not detected in these mixtures, NMR studies suggested the presence of 
a new type of polymeric AlCl#" species, namely,	Al%Cl()" . Unfortunately, AlCl%-based 
organic electrolytes are corrosive and moisture sensitive due to the presence of chlorides. 
This necessitates the synthesis and/or investigation of alternative Al-salts, as will be 
discussed in the following section. 
 
1.4.2 Active-halide-free electrolytes 

As previously mentioned, active-halide-free organic electrolytes refer to organic Al-ion 
systems that do not include free halogen anions (Cl", Br", F")  or halo-aluminate 
complexes (such as AlCl#", Al!Cl$"). Excellent examples of such systems are those based on 
the commercially available Al-salt, Al-trifluormethanesulfoante. 
Because trifluoremethanesulfonate anions are exceptionally stable against reductive and 
oxidative cleavage, they do not provide free fluorides,114 and therefore fall under this 
category. For this reason, Al-triflate was chosen as the Al-salt for the studies conducted in 
this dissertation. 
To the best of the author’s knowledge, utilizing active-halide-free electrolyte of 
rechargeable Al batteries made its first appearance in the published literature in the same 
report on Al − V!O& battery by Jayaprakash et al.42 In addition to using the AlCl%: [EMIm]Cl 
ionic liquid electrolyte, the researchers studied the electrochemical performance of V!O& 
with an Al(OTF)% in THF plus propylene carbonate (PC) organic electrolyte. It was 
concluded that the V!O& cathode was electrochemically active in the former, yet inactive 
in the latter. Revisiting the cyclic voltammogram (CV) provided in their work, one can see 
a reductive current near 0V vs Al/Al%' in the V!O& - Al(OTF)%/THF+PC experiment. 
While the reaction appears to be non-reversible and the measured currents are significantly 
lower than those obtained with the AlCl%: [EMIm]Cl ionic liquid, the observed CV profile 
is similar to the one we have reported for Al(OTF)%/THF,28 which we recently confirmed 
to be associated with Al electrodeposition29 as will be discussed in chapter 3. 
 
In 2015, Mandai and Johansson reported a ternary electrolyte that was prepared by mixing 
Al(OTF)% and urea in N-methylacetamide (NMA).23 The study revealed that urea 
significantly enhanced the dissolution of Al(OTF)%	in NMA, however, unfortunately Al 
electrodeposition/stripping was not demonstrated. 
In the same year, coinciding with their work on Al(OTF)%/diglyme	– Prussian blue 
analogue, Reed and Menke reported on the physicochemical properties of the 
Al(OTF)%/diglyme electrolyte both computationally and experimentally.24 Although the 
Al anode exhibited some electrochemically activity in this electrolyte, and remarkable 
ionic conductivities were reported (up to 25 mS/cm), reversible Al electrodeposition was 
not achieved, probably due to the strong chelation of the diglyme molecules to the Al-
cation.  
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In the following year, Mandai and Johansson synthesized a series of halo-aluminate free 
Al salts namely, [Al(L)*X%] where L is dimethylsulfoxide (DMSO) , 1-
methylimidazole(MIm) or 1-butylimidazole (BIm) and X is trifluoromethanesulfonate 
(OTF) or bis-(trifluoromethansulfonyl)imide (TFSI).26 
While the CVs reveal preliminary evidence for non-reversible electrochemical reduction 
of Al from the [Al(DMSO)*][TFSI]% in sulfolane, [Al(DMSO)*][OTF]% in sulfolane, and 
[Al(MIm)*][TFSI]% in acetonitrile electrolytes, successful Al electrodeposition was not 
achieved. Instead, the authors reported that decomposition of the electrolyte took place 
when electrodeposition from the 1-butylimidazole (BIm) based electrolyte 
[Al(BIm)*][TFSI]% was attempted at 80 ˚C. 
 
Apart from their ubiquity in Li-ion systems,22,115,116 TFSI- and PF*"-based electrolytes have 
shown promise in rechargeable Mg.117,118 Hence, the synthesis and investigation of 
corresponding Al salts is of paramount significance. Perhaps it is for this reason, Chiku et 
al.101 synthesized Al(TFSI)% and studied its electrochemical performance in acetonitrile 
using a Molybdenum working electrode. Whereas Wen et al.106 synthesized aluminum 
hexa-fluorophosphate Al(PF*)%  and explored its electrochemistry in DMSO. 
In both systems Al electrodeposition was successfully achieved, however, the 
electrochemical behavior of these systems, according to the CV profiles, appears to be 
quasi-reversible and may therefore be of limited use in a rechargeable Al battery. 
Nonetheless, further investigation of these Al salts in other organic solvents is crucial for 
understanding the role various anions play in Al electrodeposition/stripping. 
 
 
 
 
1.5 Cathodes 
The operation mechanisms for lithium-ion and rechargeable aluminum batteries are 
fundamentally distinct. In a typical Li-ion battery, Li-ions shuttle between 2 electrode 
materials where Li-ions are inserted/de-inserted into a graphite anode and layered Metal 
oxide cathode (such as LiCoO!, LiMnO!, LiNiO!, LiFeO!).5,6,119  
On the other hand, in a rechargeable Al battery, the reaction occurring at the anode is 
reversible Al plating, whereas an conversion or insertion reaction occurs at the 
cathode.7,9,10,12 
The difference between the two mechanisms occurring at the cathode is that the former 
includes a redox reaction between Al-ions and the cathode material (typically a transition 
metal sulfide), while the latter involves insertion of an intercalating species (Al-ion or Al-
complex) into host sites in the crystal structure of the cathode material.16,74 
Commonly reported insertion-type cathode materials include carbon120 (such as graphitic-
foam,46 natural graphite,50 and pyrolytic graphite121), V!O&,18,42,122 Mo*S+.45,123,124 It is 
worth mentioning that intercalation into some of these materials is still debatable and the 
exact nature of the intercalating species and intercalation mechanisms are not fully 
understood. 
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For example, in 2016 a rechargeable Al-battery which utilizes an Al anode, a graphite 
cathode, and a chloroaluminate ionic liquid was reported by Lin et al.46 Based on Ex-situ 
X-ray diffraction (XRD) and In-situ Raman studies, the reaction occurring at the cathode 
during charge/discharge was attributed to the intercalation/de-intercalation of AlCl#" 
species. However, the intercalation of Cl!, which was originally proposed as the 
intercalating species by Gifford and Palmisano in the first Al − Cl! battery in 1952,40 has 
been overlooked.  
Another controversial cathode material is the V!O&. As discussed above, V!O& was among 
the first cathode material to be evaluated in recent literature.18,42 As previously emphasized, 
Jayaprakash et al. claimed that intercalation into the V!O& layers was occurring,42 while 
Reed and Menke18 suggested that a corrosion reaction was occurring between the  ionic 
liquid electrolyte and the stainless steel current collector, which mimics the 
electrochemical performance of a battery. The corrosivity of the chloroaluminate ionic 
liquids towards various current collectors was recently highlighted.17 
Furthermore, a similar study on V!O& in the chloroaluminate ionic liquid electrolyte was 
conducted by Wang et al.122 In this report, however, V!O& was hydrothermally deposited 
on a Ni current collector, and the cathodic electrochemical reaction was attributed to the 
V!O& redox reaction. In the case of Mo*S+ cathode, Geng et al.45 evaluated this cathode in 
ionc liquid electrolyte consisting of AlCl% and 1-butyl-3-methylimidazolium 
chloride([BMIm]Cl). Inductively coupled plasma optical emission spectroscopy (ICP-
OES) and XRD studies conducted on the cathode material confirmed the presence of Al 
and the absence of chlorine, as a result, intercalation of Al-ions rather than chloroaluminate 
complexes into the host material was proposed according to the theoretical formula 
Al!Mo*S+. While the intercalation process appears reversible, entrapment of the Al-ions 
and a significant loss in charging capacity during the first cycle was reported.  
 
As previously mentioned, another class of materials for rechargeable Al batteries are the 
conversion-type cathodes such as those based on chalcogens (for example CuS,125 FeS!,126 
Ni%S!,127) and halogens (for example FeCl%128 ,VCl%,129 NiCl!,130 and PVP-iodine.51 
Although the performance of these batteries is encouraging, great efforts are still required 
before a practical rechargeable Al battery can be realized. Consequently, due to the severe 
limitations of the commonly employed chloroaluminate ionic liquids and because the 
electrolyte composition dictates the reactions at the electrode, special attention should be 
given to understanding new electrolyte systems such as the active-halide-free organic 
electrolytes, as will be conveyed by this dissertation. 
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2.1 Introduction 
A green and energy sustainable society can be achieved through the development of non-
fossil fuel energy storage devices. Finding reliable, post-lithium secondary battery 
chemistries is a major challenge in terms of energy conversion and storage.1 Lithium ion 
batteries have dominated the mobile electronics market ever since they were made 
commercially available by Sony in the early 1990’s. However, The limited availability of 
lithium (Li), the primary component in Li-ion batteries, and its uneven distribution in the 
earth’s crust, raises concerns about its ability to meet the future energy needs.2 As a result, 
aluminum ion batteries have been proposed as a promising candidate capable of replacing 
the state of the art lithium ion batteries.3,4 Significant efforts for the development of cathode 
materials and electrolytes for aluminum ion batteries have been motivated by the 
abundance, low cost (~1.4 USD/Kg) , high theoretical volumetric charge density (8042 
mAh/ml), and the trivalent nature of aluminum.5,6 
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To take advantage of these attributes of aluminum, it is necessary to have an electrolyte 
that enables aluminum electrodeposition. The most widely explored electrolytes for Al-ion 
batteries are room temperature ionic liquids. Notable examples of such systems are 
mixtures of AlCl3 and 1-ethyl-3-methylimidazolium chloride [EMIM]Cl or 1-butyl-3-
methylimidazolium chloride [BMIM]Cl.6 In these electrolytes, reversible electrochemical  
behavior (deposition/stripping)  of aluminum has only been associated with acidic 
electrolytes where the dominating species are Al2Cl7-  rather than AlCl4-.7,8 Unfortunately,  
these electrolytes exhibit high reactivity and corrosivity towards cathode materials, 
limiting their usefulness in practical devices.9,10 

Considering non-ionic liquid electrolytes, ethers have shown promise as possible organic 
solvents for non-aqueous electrolyte systems due to their strong Lewis basicity and high 
donor numbers. Ever since Couch and Brenner revealed the possibility of electrodepositing 
metallic aluminum from a hydride bath that consisted of a mixture of AlCl3 and LiAlH4 in 
1952,11 there has been considerable efforts to electrodeposit aluminum from organic 
solvents.12,13,14 In addition, significant ionic conductivities of such systems have been 
reported making ethereal electrolytes an important candidate for aluminum ion 
batteries.15,16,17 

The present study builds on this and investigates the experimental and DFT-derived 
physicochemical properties of aluminum trifluoromethanesulfonate (Al-triflate) in 
tetrahydrofuran (THF). Electrochemical activity of aluminum ions was revealed by cyclic 
voltammetry measurements on glassy carbon and gold working electrodes at various 
concentrations and compared to the redox properties predicted by DFT. Spectroscopic 
measurements in agreement with computational predictions suggest the presence of a 
concentration dependent behavior for the triflate/Al-complex with the presence of Al-
triflate bond in the most concentrated solutions. Furthermore, electrochemical impedance 
spectroscopy measurements demonstrate the room temperature ionic conductivity profile 
as a function of molar concentrations, where an increase in ionic conductivity is observed 
up to the point of saturation. 
 
2.2 Materials and Methods 

2.2.1 Density functional theory calculations 

All calculations were done using the Gaussian 09 suite of electronic structure program.18  
The B3PW91 density functional was employed using the unrestricted spin-formalism for 
all open-shell cases along with the 6-311+G(d) basis set.19,20 Geometry optimizations were 
carried out using standard methods and all nature of the stationery points on the potential 
energy surfaces were confirmed using second-derivative calculations.21 A solvation model 
density (SMD) continuum solvation model was used to evaluate the solvation free energies 
based on the self-consistent reaction field (SCRF) approach and THF was used for all SMD 
calculations.22 In all cases, the stability of the SCF solution was verified.23,24 
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2.2.2 Experimental details 

Aluminum triflate and THF were purchased from Sigma-Aldrich. The aluminum triflate 
was used without further purification, while the THF was purified in a commercial 
purification system and transferred to a glove box under argon. All chemical preparations 
and electrochemical measurements were carried out in an argon-filled VAC glovebox with 
water and oxygen levels held below 1.5 ppm and 0.5 ppm respectively, and water content 
in the electrolytes was measured by Karl Fischer titration to be between 30 and 60 ppm. 
The solutions described below were prepared by dissolving appropriate amounts of Al-
Triflate in THF. Complete dissolution was achieved by stirring overnight. 
Cyclic voltammetry measurements were performed using a Gamry potentiostat. The 
electrochemical cells for cyclic voltammetry measurements consisted of either a gold or 
carbon working electrode, an aluminum wire counter electrode and an aluminum wire 
pseudoreference electrode set up in a standard three electrode cell configuration. A scan 
rate of 10 mV/s was used. 
Ionic conductivity measurements were performed using a ParStat 2273 by means of 
electrochemical impedance spectroscopy. A 10 mV ac signal with a 0V dc offset was used 
over a 0.1-4 kHz frequency range. The impedance cell was prepared in the lab and 
consisted of two platinum wires encased in flint glass tubing that was polished with 0.3 µm 
alumina. The cell was calibrated using a 0.01M KCl standard solution at 20 ˚C. 
FTIR spectra were measured using Vertex 70 spectrometer using a KBr window and 64 
scans. Resolutions of 4 cm-1 were used for concentrated solutions and 1 cm-1 for the most 
dilute. The spectra were normalized and smoothed using Spectragryph software.25 
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2.3 Results and Discussion 

 
Figure 2.1 Optimized structures (hydrogens not shown) of (A) Al(THF)43+, (B) [Al(THF)4(Triflate)]2+,(C) 
[Al(THF)4(Triflate)][Triflate]+, and (D) [Al(THF)4(Triflate)][Triflate]2. Pink: Al, black: carbon, red: oxygen, 
blue: fluorine, gold: sulfur. © 2020 American Chemical Society. 

2.3.1 Coordination structures 

DFT calculations were performed to determine the coordination structures of solvent-phase 
Al3+-THF complexes. The theoretical Gibbs free energy of the reactions resulting in an 
Al3+ cation coordinated by 3, 4 and 5 THF molecules has been evaluated.  
 
reaction 1:   Al%' + 3THF	 → Al(THF)%%'  ∆𝐺( = -1505.4 kJ/mol 
 

reaction 2:   Al%' + 4THF	 → Al(THF)#%'  ∆𝐺! = -1699.9 kJ/mol 
 
reaction 3:   Al%' + 5THF	 → Al(THF)&%'   ∆𝐺% = -1698.5 kJ/mol 

 

While the reactions producing Al(THF)43+ and Al(THF)53+ were shown to be the most 
thermodynamically favorable with a calculated solvent phase Gibbs free energy of -1700 
kJ/mol, we expect the Al(THF)43+ complex to be the more important due to the entropic 
factors, which the calculations do not account for, and so we have focused our 
computational efforts on this Al(THF)43+complex. 
To evaluate the effect imposed by triflate anions on the geometry and the spectroscopic 
features of the Al(THF)43+, we performed DFT calculation on Al(THF)43+ with a different 
number of coordinating anions.  
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The optimized geometries of complexes are shown in figure 2.1. DFT calculations indicate 
that all the geometries revealed in figure 2.1A-D are stable. As evident by the Al-core 
geometries revealed in figure 2.1B-D, contact ion pairing between Al(THF)43+and triflate 
anion is present. Based on these results, ion-pairing in the Al-triflate/THF electrolytes can 
be divided into two classes; one where the triflate anion is bound to the Al(THF)43+ 

complex, and another where the triflate anion is directly bound to the Al3+ core. 
Interestingly, among all the optimized geometries, only one triflate was directly bound to 
the aluminum cation as a result of steric effects. The bond occurring between the Al-core 
and the oxygen atom of the triflate anion demonstrated in the optimized geometries in 
figure 2.1B-D has a length of 1.8Å. Consequently, the presence of Al-triflate bond in these 
electrolytes and the distinct ionic environments of the triflate anions allow for a detailed 
discussion of the anion dependent physicochemical properties as will be seen later on. 
 
2.3.2 Determination of ionic association between aluminum and triflate in THF 

using infrared spectroscopy 
Table 2.1 Measured and computed vibrational frequencies (cm-1) of CF3 symmetric deformation, SO3 
symmetric and antisymmetric stretching modes. © 2020 American Chemical Society. 

Species 

Mode 

Free triflate Contact ion pair Bound triflate 

Computed Measured Computed Measured Computed Measured 

CF3 symmetric 
deformation 

746.63 - 750.44 757-764 767.30 766-767 

SO3 symmetric 
stretch 

989.60 1027-1032 989.88 1070 - - 

SO3 

antisymmetric 
stretch 

1222.44 

1222.88 

- 1238.28 1236-1246 1319.50 1307-1308 
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Figure 2.2 FTIR spectra of Al-triflate/THF solutions showing (A) CF3 symmetric deformation region, (B) 
SO3 symmetric stretch region and (C) SO3 antisymmetric stretch region. © 2020 American Chemical 
Society. 

In the course of establishing a conductive environment capable of transporting Al3+ ions, 
ionic association is a key factor to be considered. In order to understand ionic association 
and complex ion formation, infrared spectra was collected on solutions with varying 
concentrations of aluminum triflate, and compared with DFT calculations on free triflate 
and Al(THF)43+ complexes. The results of these measurements and calculations are 
summarized in table 2.1. Well known characteristic IR-bands for electrolytes comprising 
of triflate anions have been extensively studied by Frech and Huang.26-31 Bands observed 
within 750-775 cm-1 region of the IR-spectra correspond to vibrational frequencies of the 
C-S stretch coupled with a C-F bending mode of the triflate anion, also known as the CF3 
symmetric deformation mode, δs(CF3).27  
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Figure 2.2A reveals the absorption bands of the δs(CF3) for four different concentrations. 
Spectral characterization reveals two distinct regimes for the behavior of triflate anions. 
The lower intensity bands observed at 762, 764, and the shoulder peak at 757 cm-1 are 
attributed to complex-bound triflates. Similarly, higher intensity peaks observed at 766 cm-

1 in the most concentrated solutions, i.e 0.1 and 0.2M, correspond to δs(CF3) mode of Al-
bound triflate anions.  
These results are well represented by the predicted IR-Spectra obtained through DFT 
calculations on the [Al(THF)4(Triflate)][Triflate]1+ and [Al(THF)4(Triflate)][Triflate]2 , 
both complexes exhibit vibrational frequencies around 752 and 767 cm-1 corresponding to 
the δs(CF3) vibrational mode of the complex-bound and the Al-bound triflates respectively. 
Qualitatively similar frequencies were reported by Reed and others,15 for the δs(CF3) 
vibrational frequencies of triflate anions in solutions comprising of Al-triflate in 2-
methoxyethyl ether, with the exception of free triflate at 751cm-1 corresponding to the CF3 
vibrational frequency of free triflate. This peak was absent in all the IR measurements of 
the Al-trif/THF solutions reported in this study, suggesting that the Al(THF)43+ complex is 
more readily accessible to the triflate anion than the aluminum-diglyme complex 
previously reported. In the interest of comparison, the vibrational frequencies of a free 
triflate anion in THF was also acquired through DFT calculations, revealing a CF3 
vibrational frequency of 747 cm-1. The shift in frequency upon complexation of the triflate 
anion with the Al(THF)43+  complex arises from the charge redistribution on the triflate 
anion due to the perturbation of the charge density of the triflate molecules by the highly 
charged Al-cation.15,26 Additionally, the origin of the changes in the frequencies were 
traced by comparing the C-S and S-O bond lengths of free triflate to that of complex and 
Al-bound triflate, which decrease as the triflate anions are positioned in closer proximity 
to the Al-core, altering the internal force constants of various constituents that contribute 
to the δs(CF3) mode. 
Moreover, as noted earlier, vibrational frequencies corresponding to the CF3 symmetric 
deformation mode were absent within the region of 750-775 cm-1. However, it is important 
to note that this does not necessary indicate the absence of free triflate anions in these 
solutions. As shown in the spectral profile revealed by figure 2.2B, the band observed 
around 1027 cm-1 can be assigned to the non-degenerate symmetric stretch of the SO3 for 
free triflates, vsSO3.32 This observation can be supported by the fact that the band positions 
seems to be relatively unaffected by the changes in concentration. Similar band positions 
have been observed for monovalent,26,33  divalent,32 and lanthanide-based systems.34 The 
higher frequency band centered around 1070 cm-1  in the 0.05 and 0.1 M solutions can be 
attributed to contact ion pairs and/or ion aggregates.34 
Furthermore, a better representation of the strength of ionic association can be inferred by 
examining the 1200-1400 cm-1 region of the IR-spectrum, shown in figure 2.2C. For 
instance, previous reports on the ionic interaction present in solutions prepared by 
dissolving lithium and tetrabutylammonium triflate salts in various solvents revealed that 
solutions comprising of Li-triflate in tetrahydrofuran, triethylene glycol dimethyl ether, 
acetone, and acetonitrile exhibit a splitting in the doubly degenerate antisymmetric SO3 
mode, vasSO3 into two components, and the degree of band splitting can be used to 
demonstrate the strength of ionic association, ∆vas(SO3).  
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The frequency separation for Li-triflate in THF was reported to be 54 cm-1, with the two 
components detected at 1254 and 1308 cm-1.27   
Comparatively, the split components shown in figure 2.2C, designated by the peaks 
positioned at 1238 and 1309 cm-1 with a ∆vas(SO3) of around 71cm-1. The discrepancy 
between band widths for Li-triflate/THF and Al-triflate/THF can be associated to the 
higher charge density of the Al-cation compared to that of lithium. 
Surprisingly, the computational results for [Al(THF)4(Triflate)][Triflate] + indicate that the 
bands positioned at 1238 and 1309 cm-1 correspond to the two distinct environments of 
triflate discussed earlier, rather than the splitting of the doubly-degenerate ∆vs(SO3) 
previously proposed by Frech and Huang.26-31 
  

2.3.3 Stability predictions and electrochemical profiling 

 

Scheme 2.1 Born-Haber cycle used to calculate the changes in the standard solvation Gibbs Free Energy. © 
2020 American Chemical Society. 
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To provide a rationale for understanding the electrochemical behavior of Al3+ in THF, the 
following approach was carried out. The one electron reduction process represented by the 
Born-Haber cycle in scheme 135,36,37 was used to calculate the absolute redox 
potentials,	𝐸76.768,  of the species of interest i.e triflate, THF, and Al(THF)43+. Equation (1) 
was applied to obtain the standard solvent-phase Gibbs free energy change,	∆𝐺˚,-./

,123-4 by 
computing the solvation free energies of the oxidized species,	∆𝐺˚,	(𝑂𝑥), reduced species, 
∆𝐺˚,	(𝑅𝑒𝑑), and the gas phase standard Gibbs free Energies ∆𝐺˚56,

,123-4.  
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𝐸76.768,  was then calculated using equation (2), where n is the number of electrons involved 
in the reduction reaction, and F is Faraday’s constant. Consequently, estimates of the 
electrochemical window of the aforementioned species and predictions on the stability of 
the Al-trif/THF electrolyte can thus be made. Table 2.2 summarizes the results of these 
calculations: 
 
Table 2.2 Gibbs Free Energies and absolute reduction potentials of solvent, anion and complexes. © 2020 
American Chemical Society. 

 
 
 

 
The electrochemical windows of THF, triflate, and Al(THF)43+ as predicted from these 
calculations are approximately 6.8V, 7.3V and 5.8V respectively. These results suggest 
that the stability of this electrolyte is governed by two reactions, the oxidation of THF and 
the reduction of Al(THF)43+, which results in an expected electrochemical window of 
around 2.5V.15, 37 Furthermore, because an aluminum wire was used as a pseudo-reference 
electrode for all cyclic voltammetry measurements, and on the basis of the results shown 
in table 2.2, the electrochemical reduction of Al(THF)43+ is expected to be present at 0V vs 
the aluminum wire, and the oxidation of THF at 2.5V vs. the aluminum wire. 
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Figure 2.3 Displays the first three cycles of cyclic voltammograms for Al-triflate/THF electrolytes at different 
concentrations with a sweep rate of 10mV/s: (A) 0.05M on glassy carbon WE. (B) 0.1M concentration glassy 
carbon WE. (C) 0.01M on gold WE. (D) 0.1M on gold WE. The first scan is red, the second blue and the 
third is green. © 2020 American Chemical Society. 

 

To test these predictions, cyclic voltammetry was performed using a glassy carbon working 
electrode and a gold working electrode. Examination of the I-V polarization curves on a 
glassy carbon electrode, shown in figure 2.3A and B, and on a gold electrode, shown in 
figure 2.3C and D, reveal an oxidation near 2.5 V, relatively independent of concentration, 
which is in good agreement with our predictions and so we assign to the oxidation of THF.  
However, the onset potentials for the reduction reactions of the 0.05M and 0.1M solutions 
on the glassy carbon electrode are around -1 and -2V respectively, well below the predicted 
value of 0V vs aluminum for the Al(THF)43+ reduction, but well above the predicted value 
of either THF or triflate reduction. On the contrary, cyclic voltammograms measured on a 
gold working electrode are shown in figure 2.3C and D and reveal electrochemical activity 
around 0V which we attribute to the electrochemical reduction of Al(THF)43+. Our 
hypothesis is that this reduction is going all the way to aluminum metal, and that the 
reduction potential dependence on electrode material are due to changes in wetting energy 
between aluminum on carbon and aluminum on gold. This hypothesis is consistent with 
our observation of a color change of the gold electrode from gold to silver in color.  
 
 
 
 



 

 

31 

Furthermore, the lack of an oxidation current due to aluminum stripping is likely due to the 
lack of a strong Lewis base in this electrolyte, consistent with previous work by Graef,14 
where the mechanism for reversibly depositing/dissolving aluminum from an AlCl3-
LiAlH4/THF bath was proposed. A key finding was that a chloride-rich environment was 
necessary for the formation of stable aluminum chloride ligands without which, the 
activation overpotential for the dissolution of aluminum would not be realized. However, 
this hypothesis requires further investigation and is outside the focus of this work. 
 
 
 

 

 Figure 2.4 Ionic conductivity of the solution as a function of aluminum triflate concentration. © 2020 
American Chemical Society. 

 
To further examine the effect of increasing the concentration on the electrochemical 
properties of the electrolyte, electrochemical impedance spectroscopy was conducted to 
measure the ionic conductivities for different molar concentrations at room temperature. 
Figure 2.4 shows that the ionic conductivities for these electrolytes increases as a function 
of concentration up to the point of saturation around 0.8M, with conductivities as a high as 
a 2.5mS/cm, before the ionic conductivity starts to decrease around 1.2M, which may be 
attributed to an increase in viscosity and ion pairing following the trend reported 
elsewhere.15  
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2.4 Conclusions 
In summary, we have investigated the physicochemical aspects of Al-trif/THF electrolytes.  
DFT calculations were performed at the B3PW91/6311+G(d) level of theory to predict the 
structural, spectroscopic and electrochemical features of ionic species present. 
Complementary to the DFT-predicted vibrational frequencies, FTIR spectra of several Al-
triflate concentrations were measured. Peaks within the 750-780 cm-1 region of the spectral 
profiles reveal corroborating evidence for the presence of two distinct ionic environments 
for triflate anion contact ion pairs. Al-bound triflates with an Al-O bond length of 1.8Å, 
and outer-shell ligands. In addition to contact ion pairs, peaks centered around 1030 cm-1 
confirm the presence of free triflate anions in all concentrations.  
Cyclic voltammetry measurements provide insight into electrochemical behavior of Al-
ions on gold and carbon working electrodes. Oxidation was observed on both gold and 
glassy carbon electrodes around 2.5 V, while reduction was observed near 0 V on gold and 
-2 V on glassy carbon, consistent with THF oxidation and Al(THF)43+ reduction predicted 
by theory. Finally, the ionic conductivity of these electrolytes follows an expected trend, 
with a maximum of 2.5 mS/cm-1 near saturation. 
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Chapter 3: Aluminum Electrodeposition from Chloride-Rich 

and Chloride-Free Organic Electrolytes 
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3.1 Introduction 
The pursuit of high energy density for electrification of the transportation system and 

the demand for intermittent grid storage along with the significant uncertainty in material 
supplies for lithium-ion batteries1,2 are propelling research efforts towards multivalent ion 
battery technologies, including those based on magnesium (Mg), calcium (Ca) and 
aluminum (Al).3,4 Among post-lithium(Li) ion batteries, Al is of particular interest because 
of its superior theoretical volumetric capacity and low-cost compared to Li and other post-
	Li battery metals on account of its trivalency and high abundance.5,6 However, making use 
of Al’s remarkable capacity is challenging due to its relatively small ionic radius and high 
charge density, which inevitably leads to the formation of Al-ion complexes rather than 
“free” Al-ions in commonly employed chloroaluminate ionic liquids, diminishing the 
expected capacities of rechargeable Al batteries.7 In spite of the recent advances in 
developing cathode materials,8,9 and electrolytes,6,10 the rechargeable Al battery remains in 
its infancy.11 Accordingly, breaking new ground in Al-ion electrolyte chemistries for 
rechargeable Al batteries is of utmost significance.  
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Due to their ability to electrodeposit/strip Al, chloroaluminate ionic liquids based on 
aluminum trichloride (AlCl%) are often investigated as electrolytes for rechargeable Al 
batteries.12–28 Nevertheless, their integration into a practical rechargeable Al battery is 
hindered by severe drawbacks including the instability of cathode materials in these 
electrolytes leading to rapid capacity fading,20 high corrosivity towards Al anodes29 and 
stainless steel current collectors,13 and side reactions that generate Cl! gas.30,31  
Moreover, considering that molten salts are often limited to high operating temperatures,6 
organic solvents present an appealing choice for room temperature rechargeable Al battery 
application. The development of an organic electrolyte, however, is a challenging task that 
requires a fundamental understanding of the solute/solvent ion-dipole and coulombic 
interactions.32 
Tremendous efforts have been dedicated to electrodeposit Al from a plethora of organic 
systems including AlCl% and lithium hydride(LiH) in diethyl ether,33 AlCl% and lithium 
aluminum hydride (LiAlH#) in tetrahydrofuran (THF) and benzene mixture,34 AlCl% and 
LiAlH# in THF and toluene,35 AlCl% and LiAlH# in THF,36–39 aluminum tribromide(AlBr%) 
in aromatic hydrocarbons,40,41 AlBr% in N,N-dimethylaniline,42 AlBr% and potassium 
bromide (KBr) in ethylbenzene,43 AlCl% in sulfones,44–49 AlCl% in glycol ethers (glymes),50–

53 AlCl% in ethylene carbonate,54 and AlCl% in gamma-butyrolactone (GBL).55 
Unfortunately, these electrolytes are inherently corrosive and the prospects of practically 
implementing rechargeable Al batteries as electrochemical energy storage devices is 
contingent upon active chloride-free systems.56 It is therefore imperative to investigate 
organic electrolytes based on alternative Al-salts. Inspired by the aforementioned 
challenges associated with Al-halides, researchers have sought to synthesize novel 
chloride-free Al-salts including; aluminum hexa-dimethyl sulfoxide 
trifluoromethansulfonate [Al(DMSO)*][OTF]%, aluminum hexa-dimethyl sulfoxide 
bis(trifluoromethansulfonyl)imide	 [Al(DMSO)*][TFSI]%, aluminum hexa-
methylimidazole bis(trifluoromethansulfonyl)imide [Al(MIm)*][TFSI]%,57 Al(TFSI)% in 
acetonitrile,58 and aluminum hexafluorophosphate (Al(PF*)%) in DMSO,59 as well as 
explore the commercially available aluminum trifluoromethanesulfonate (Al(OTF)%) in 
propylene carbonate and THF mixture,12 2-methoxy ethyl ether (diglyme),60,61 N-methyl 
acetamide,62 and THF.63  It is worth noting that employing Al(OTF)%	as a potential Al-salt 
for rechargeable Al batteries has not been restricted to organic solvents, with its application 
in aqueous systems64,65 and ionic liquids66 having already been demonstrated. Despite these 
endeavors, the role free chlorides (Cl") play in Al-ion organic electrolyte chemistry, and a 
clear demonstration of Al electrodeposition using Al(OTF)%, has not yet been established. 

 
In chapter 2, we explored the ionic speciation and the electrochemical activity of Al-

complexes in Al(OTF)%/THF computationally and experimentally. Density functional 
theory (DFT) calculations coupled with Fourier transform infrared spectroscopy (FTIR) 
suggested that Al exists in these solutions as fully solvated Al-complexes, in addition to the 
presence of inner-sphere and outer-sphere trifluoromethansulfonate anions (OTF").63 
Further investigation at higher concentrations (>0.1M), presented herein, reveals that these 
solutions are dominated by [Al(THF)!(OTF)!]'. 
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The structure evolution of these species is depicted in (Figure 3.1a-c). In light of these 
findings and to ascertain the effect of Cl" on the electrochemical behavior of Al-ions, we 
report here evidence for the electrochemical reduction of Al-ions to Al-metal from THF 
through a comparative study that reveals the electrochemical behavior and ionic speciation 
of Al-complexes in three electrolyte systems: Al(OTF)% THF⁄ , Al(OTF)% + LiCl THF⁄ , and 
AlCl% THF⁄ .  

 

 

Figure 3.1 Optimized structures (hydrogens not shown) of (a) Al(THF)43+, (b) [Al(THF)4(OTF)][(OTF)]+, (c) 
[Al(THF)2(OTF)2]+, (d) AlCl3(THF)2, (e) AlCl3(THF), and (f) AlCl4-. © 2022 American Chemical Society. 

In this study, lithium chloride (LiCl) was chosen as an additive due to its ability to provide 
free Cl" in THF, a result of the ionic character of the Li − Cl bond in LiCl compared to the 
more covalent nature of the Al − Cl bonds in AlCl%. To examine the effect of Cl" on Al 
speciation, a comprehensive investigation of computed versus measured vibrational 
frequencies was undertaken, with a summary of the DFT results provided in the 
(Supporting Information, see Table 3.1). Our findings on the AlCl% THF⁄  solutions 
complement those of Derouault et al.,67 where the major species in these solutions were 
found to be charge neutral AlCl%(THF)! and AlCl%(THF) (shown in Figure 3.1d,e). The 
spectral features of the Al(OTF)% THF⁄  and AlCl% THF⁄  solutions at various concentrations 
are then used to elucidate the reactions involving Al(OTF)% and LiCl in THF. Our results 
suggest that this electrolyte is dominated by AlCl#" (Figure 3.1f) at Al(OTF)%: LiCl mole 
ratios equal to or above 1:3, in addition to the ionic association between Li' and OTF" in 
this electrolyte. The striking dissimilarities in the spectroscopic and electrochemical 
attributes for the Cl" rich environments i.e. AlCl% THF⁄  and Al(OTF)% + LiCl THF⁄ , 
provide insight into the role of particular Cl" containing Al-complexes in Al 
electrodeposition/stripping behavior in THF. 
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3.2 Materials and Methods 

3.2.1 Density functional theory calculations 

All density functional theory (DFT) calculations were done using the Gaussian 09 suite of 
electronic structure program.68 The B3PW91 density functional was employed using the 
unrestricted spin-formalism. All structures were fully optimized in the solvent phase 
incorporating tetrahydrofuran (THF) using a solvation model density (SMD) continuum 
solvation model based on the self-consistent reaction field (SCRF) approach. Chloride 
containing calculations were carried out using the aug-cc-(PVTZ) basis set. For all other 
calculations the 6311+G(d) basis set was used. Vibrational analyses were performed to 
obtain harmonic vibrational frequencies. In all cases, the optimized structures were found 
to be a local minima on the potential energy surfaces by confirming the absence of any 
imaginary frequencies.  
 
3.2.2 Experimental details 

99.9% Aluminum trifluoromethansulfonate (Al(OTF)%), 99% lithium chloride (LiCl), 
99.995% lithium triflate (LiOTF), ultrapure 99.99% aluminum trichloride (AlCl%), and 
99.9% tetrahydrofuran (THF) were purchased from Sigma-Aldrich. LiCl was weighed and 
dried overnight in a vacuum oven at 120 ˚C, all other chemicals were used without further 
purification. All chemical preparations and electrochemical measurements were conducted 
in an argon-filled glovebox. All electrolytes were prepared by dissolving appropriate 
amounts of each salt in 5 ml of THF. To ensure complete dissolution, the solutions were 
stirred overnight. It is important to note that Al(OTF)% salt is highly hygroscopic, and trace 
amounts of moisture can significantly inhibit its dissolution in organic solvents. Copper 
(Cu) foil substrates were purchased from McMaster-Carr.  
 
At low concentrations the Al(OTF)% THF⁄  solutions are transparent, at high concentrations 
the electrolytes become turbid and yellowish in color. The Al(OTF)% + LiCl THF⁄  are 
transparent solution and highly hygroscopic turning white in color when trace amounts of 
moisture is present. The reaction between AlCl% and THF is a very violent reaction, and so 
AlCl% was slowly added to THF. At low concentrations the solutions are transparent turning 
dark brown/reddish in color at higher concentrations. 
Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy was 
carried out using a Vertex 70 spectrometer. Samples of each electrolyte were packed in 
glass cells, sealed under argon and transferred to FTIR spectrometer to ensure minimal 
interaction with air. A 4 cm"( resolution and 120 scans were used. 
The concentration of aluminum was set to 0.1M for all electrochemical measurements, 
including the various mole ratios of Al(OTF)% & LiCl. For example a 1:2 Al(OTF)%: LiCl 
solution is comprised of 0.1M Al(OTF)% + 0.2M LiCl / 5 ml of THF. Electrochemical 
measurements were conducted using a potentiostat (Gamry). A standard three electrode set 
up was used for both cyclic voltammetry (CV) and chronoamperometry experiments. CV’s 
were obtained using a gold working electrode, an Al wire pseudoreference, an Al wire 
counter electrode and a scan rate of 50 mV/s.  



 

 

39 

Chronoamperometry was carried out using a Cu substrate as the working electrode, an Al 
wire pseudoreference and an Al wire counter electrode. The potential was set to 0V (with 
a pre-step initial voltage of -0.1V) for the Al(OTF)%/THF electrolyte and +0.25 V for both 
the AlCl%/THF and 1:3 Al(OTF)% + LiCl/THF electrolytes. Before and after the 
chronoamperometry experiments, the Cu electrodes were rinsed with acetone and dried in 
a vacuum oven for at least 30 minutes. Electron microscopy was conducted with a field 
emission scanning electron microscope (Zeiss Gemini SEM 500). X-ray photoelectron 
spectroscopy (XPS) measurements were carried out using Nexsa spectrometer. The sample 
for the XPS analysis was prepared by holding the potential of a Cu substrate at 0V vs. the 
Al wire for 72 hours in a 0.1M Al(OTF)%/THF electrolyte followed by rinsing the Cu 
substrate with acetone. 

 
3.3 Results and Discussion 

A series of electrolyte solutions were prepared by dissolving appropriate amounts of Al-
salt (Al(OTF)%, AlCl%) and/or Li-salt (LiOTF, LiCl) in THF. FTIR spectra were collected 
and are shown in (Figure 3.2).  Initially, it was crucial to examine the spectral regions 
corresponding to the complex-ion formation in the Al(OTF)%/THF electrolyte at various 
concentrations (Figure 3.2a).  
Characteristic peaks attributed to free and coordinated OTF"have been extensively studied 
by Frech and Huang.69–73 In accordance with these reports, we revealed in our previous 
investigation of the Al(OTF)%/THF electrolytes that the peak at 1028 cm"( is associated 
with symmetric stretch (ν>SO%) of free OTF" and that the 1200-1400 cm"( region of the 
spectra displays bands assigned to the asymmetric stretch of the OTF"anions (ν?>SO%) for 
two types of contact ion pairs, outer sphere and inner sphere OTF", referred to here as SSIP 
(for Solvent-Separated Ion Pair) and Agg (for Aggregates), respectively.63 Re-examining 
this region, we find that the broad peak centered at 1210 cm"( is likely a combination of 
two spectral components, a peak at 1220 cm"(, SSIP, assigned to ν?>SO%, another, Agg, at 
1210 cm"( assigned to νC − S coupled with ν>SO3 of OTF"(Supporting Information Table 
3.1). Upon access of an additional OTF" to the inner solvation sphere of the Al-cation, a 
new peak appears both computationally and experimentally at ~1350 cm"(. We attribute 
this peak to a new type of Agg, represented by the following species; [Al(THF)!(OTF)!]' 
and [Al(THF)%(OTF)!]'. Although the predicted reaction energies for both complexes are 
similar (Table 3.2), entropic factors are not accounted for in these calculations. As a result, 
we attribute the peak at ~1350 cm"( to the tetrahedral complex [Al(THF)!(OTF)!]'. 
Moreover, comparing the Al(OTF)%/THF spectra to that of pure solvent (THF), we find 
that the peak at 1068 cm"( becomes broader as the concentration increases, suggesting that 
this band is not only associated with THF but also Al-Agg. 63,74                           
The peak emerging at 883 cm"(, as supported by our DFT calculations, can be assigned to 
ν(Al − O) coupled with τCH! of Al − THF bond. (Table 3.1. in Supporting Information) 
Finally, the peak observed at 1048 cm"( is more prominent at concentrations >0.3M which 
suggest that this peak may be associated with ionic aggregates of Al(OTF)%.  
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Based on these results the following dissociation reactions for Al(OTF)% in THF can be 
proposed, corresponding to the structures shown in Figure 3.1a-c: 

 
Al(OTF)% + 4THF → Al(THF)#%' + 3OTF" (1) 
 
 
Al(OTF)% + 4THF → [Al(THF)#(OTF)][OTF]' + OTF"  (2) 
 
 
Al(OTF)% + 2THF → [Al(THF)!(OTF)!]' + OTF" (3)     
 
 

 
Figure 3.2 FTIR spectra of various concentrations of Al and/or Li salts in THF. OTF- : 
trifluoromethansulfonate anion, SSIP: solvent separated ion pair, Agg: aggregate. © 2022 American 
Chemical Society. 
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With considerable knowledge of the Al(OTF)% THF⁄  spectroscopic features in hand, the 
reaction between Al(OTF)% and LiCl in THF can now be studied. The progress of this 
reaction is depicted in the inset of Figure 3.2b (See also Supporting Information Figure 
3.5). As LiCl is introduced to a 0.1M Al(OTF)% solution at mole ratios equal to or above 
1:2, a transfer of the OTF" from Al- to Li-ions is evident. This is illustrated by the peak 
shift from 1238 to 1253 cm"(, which, according to our DFT calculations, may be assigned 
to Al − SSIP and Li − CIP (Contact Ion Pair), respectively. At 1:3 mole ratios, this region 
of the spectrum is identical to that of a solution of 0.4M LiOTF	in THF. Thus, one may 
infer that a double displacement reaction between Al(OTF)% and LiCl takes place at 1:3 
mole ratio according to reaction 4. While Li cations have OTF" in their vicinity, the 
formation of LiOTF ionic aggregates can be excluded from the 1:3 electrolyte due to the 
absence of the peak at 1047 cm"(, which is typically attributed to LiOTF aggregates,72 and 
the shoulder peak at 1269 cm"(, observed only in the 0.75M LiOTF THF⁄  solution.  
After establishing that the 1:3 electrolytes are primarily comprised of AlCl% and LiOTF, 
inspecting ionic species previously reported for AlCl% THF⁄  solutions is crucial. Alves et 
al. investigated AlCl% THF⁄  solutions by Raman spectroscopy and deduced that these 
electrolytes were dominated by AlCl#" in dilute systems whereas AlCl%(THF)% are favored 
at higher concentrations.75 On the other hand, Derouault et al. investigated Al-halide (AlCl% 
or AlBr%) in THF by FTIR and NMR spectroscopy,67 and the results were compared to the 
FTIR and Raman spectra of solid Al-halide complexes.76 The latter concluded that 
dissolving AlCl% in THF produced mainly AlCl%(THF) , cis- and trans- isomers of 
AlCl%(THF)!, and AlCl#" and [AlCl!(THF)#]' which resulted from slight dissociation of 
AlCl%(THF)! according to a proposed equilibria which is provided in the (Supporting 
Information). We note that our FTIR spectra for AlCl% THF⁄  appear identical to those of 
Derouault et al.67 The spectra comparison with the Al(OTF)% + LiCl THF	⁄ solution is 
shown in (Figure 3.2c and d).  The distinct broad-band centered around 490 cm"(, observed 
for all measured concentrations of the AlCl% THF⁄  solutions, has been assigned to the 
ν(Al − Cl) of AlCl%(THF)! and AlCl#" at 490 cm"( and 494 cm"(, respectively.67 
Comparatively, our DFT calculations suggest a peak for the ν?>(Al − Cl) at 476 and 488 
cm"( for the trans-AlCl%(THF)!	 and a peak for the triply degenerate ν?>(Al − Cl) of AlCl#" 
at 477 cm"(. Surprisingly, these peaks are absent in the 1:3 and 1:4 electrolytes, yet a 
weak-intensity peak is observed at 490 cm"( for the 1:5 electrolyte. These intriguing 
disparities suggest that the peak at 490 cm"( is attributed to AlCl%(THF)!	rather than AlCl#". 
The absence of a peak at 477 cm"( associated with AlCl#" is probably due to the strong 
perturbation of the tetrahedral symmetry of AlCl#"  caused by the presence of excess 
amounts of Li', a phenomenon which has previously been reported for LiAlCl# melts.77  
Additionally, DFT calculations suggest that the most thermodynamically favored reaction 
is that of AlCl% and Cl"	to produce AlCl#" (Table 3.3). To confirm the presence of AlCl#" in 
these electrolytes, the 800-1800 cm"( regions of the spectra shown in Figure 3.2d were 
examined. A broad peak ~1640 cm"( emerges at 1:3 mole ratios, this peak is also present 
in dilute (0.1M) and concentrated (0.75M) AlCl% THF⁄  solutions. A similar band has been 
reported for AlCl#" analogs,78 which supports assigning this peak to AlCl#".  
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In accordance with these findings, we propose the following dissociation mechanisms for 
the reaction between Al(OTF)% and LiCl in THF at 1:3 mole ratio: 

 
 

Al(OTF)% + 3LiCl + 2THF	 → AlCl%(THF)! + 3LiOTF (4)        
 
 

AlCl%(ΤΗF)! + Cl" ⇌ 	AlCl#" + 2THF (5) 
 
 

Only when the amount of LiCl added to a 0.1M Al(OTF)% THF⁄  solution exceeded a 1:4 
molar ratio, a peak appeared at 490 cm"(, indicating that an equilibrium exists between 
AlCl%(THF)!  and AlCl#" with the former being produced only when substantial amounts of 
AlCl#" have formed. This observation can be supported by the fact that THF is a much 
weaker Lewis base than Cl".  
Moreover, the weak-intensity peak observed at ~381 cm"( in the 1:2 solutions, concealed 
by an overlapping broad-band from LiOTF at higher mole ratios, is probably associated 
with [AlCl!(THF)#]', previously reported ~360 cm"(.67 The broad peak at 407 cm"( is 
attributed to ν(Al − O)67 as supported by our DFT calculations for AlCl%(THF) (Table 3.1). 
Other bands attributed to this complex according to our DFT calculations are the peak at 
~524 cm"( (Figure 3.2c) associated with ν?>(Al − Cl), and the peak at 880 cm"( (Figure 
3.2d) associated with ν(Al − O) coupled with τ(CH!)(Table 3.1).  
 
Finally, the vibrational frequencies of polymeric AlCl#", namely Al!Cl$" and Al%Cl()"  were 
calculated using DFT. Our results indicate that both species would have bands in the 200-
600 cm"( region.  Although several peaks are observed at various concentrations in said 
region, it’s highly unlikely that these peaks are attributable to polymeric AlCl#". The only 
report of such species in similar systems, to our knowledge, is that of AlCl% GBL⁄  solutions 
where the presence of Al%Cl()"  was proposed at considerably high concentrations.55 Thus, 
polymerization of AlCl#" in THF, although possible, is unlikely to occur in dilute solutions 
(<1M), such as those studied here. 
 
To evaluate the electrochemical behavior of these electrolytes, cyclic voltammetry (CV) 
experiments were performed for 0.1M Al(OTF)% THF⁄ , 1:3 Al(OTF)% + LiCl THF⁄  and 
0.1M AlCl% THF⁄  using a gold working electrode in a standard three electrode setup, the 
results of which are shown in (Figure 3.3). The CV for 0.1M Al(OTF)% THF⁄  electrolyte 
(Figure 3.3a) reveals the electrochemical reduction of Al-ions with an onset reduction 
potential ca. +0.15V (vs. Al/Al3+). The addition of LiCl at a 1:3 mole ratio (Figure 3.3b) 
results in a shift in reduction potential to ca. +0.4V along with a dramatic increase in 
current, suggesting more facile Al	electrodeposition in Cl" rich environment, similar to 
shifts observed in the magnesium aluminum chloride complex electrolyte.79  
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This electrolyte also exhibits a broad cathodic wave that extends beyond -1V, possibly due 
to co-deposition of Li which is expected around this potential versus the Al wire. CV 
measurements for the 1:2 mole solution were hindered by the formation of a gas bubble on 
the surface of the gold electrode, whereas the 1:4 and 1:5 solutions exhibited a similar CV 
profile to that of the 1:3 electrolyte (Supporting Information Figure 3.7). 
In contrast, the AlCl% THF⁄  electrolyte exhibits a non-diffusion controlled electrochemical 
reduction ca. 0V for the 0.1M solution (Figure 3.3c) while a drastic shift in reduction 
potential is evident at higher concentrations (0.75M) (inset of Figure 3.3c). Two adjoint 
cathodic waves are observed ca. +0.25V, which we attribute to the electrochemical 
reduction of Al-ions. The shift in electrochemical activity as a function of increasing 
AlCl% THF⁄  concentration is shown in (Supporting Information Figure 3.6). While the CVs 
appear to demonstrate underpotential deposition (UPD) in all three electrolytes, this is 
likely an artifact stemming from using a pseudoreference electrode (an aluminum wire with 
an uncontrolled/unknown surface) rather than true UPD. However, the positive shift in 
reduction potential for the AlCl% THF⁄   and 1:3 electrolyte clearly reveals that 
electrochemical reduction of Cl" containing Al species is less energy demanding 
suggesting that Cl" significantly enhance the electrochemical activity of Al-ions. 
 

 
Additionally, an anodic peak is evident ca. +0.8V in the most concentrated 
AlCl% THF⁄ 	solutions, this oxidative feature may have arisen as a result of partial Al-
stripping caused by the increased acidity of the solution, likely due to the formation of 
AlCl%(THF) as we have previously revealed by DFT/FTIR analyses. 
To further understand the nature of the acidic environment causing these immense 
differences in electrochemical behavior of Al-ions in the Cl" rich environments (1:3 
electrolyte and 0.75M AlCl% THF⁄ ), a clear description of the ionic profile of both 
electrolytes is necessary. According to previously discussed spectroscopy analyses, the 
electrochemically active Al species in the 1:3 electrolyte is likely the anionic species AlCl#" 
arising from ligand transfer which is promoted by excess amounts of LiCl. In this system, 
AlCl#" is associated with Li − OTF	CIP. Comparatively, Al	speciation in AlCl% THF⁄  is 
much more diverse, and the origin of AlCl#" is intricate. It is well known that AlCl% dimers 
may undergo symmetric and/or asymmetric cleavage when dissolved in ethereal organic 
solvents.57,80 While DFT calculations revealed that both processes are equally plausibale 
in THF,81 experimental evidence repeatedly corroborates that these solutions are dominated 
by AlCl%(THF)! .79,82           
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Figure 3.3 Cyclic voltammograms (first scan is red, second is green, and third is blue) on gold working 
electrode at 50 mV/s scan rate for (a) 0.1M Al(OTF)3⁄THF, (b) 1:3 Al(OTF)3:LiCl⁄THF and (c) 0.1M 
AlCl3⁄THF with inset showing 0.75M AlCl3⁄THF  corresponding chronoamperograms on Cu-substrate of (d) 
0.1M Al(OTF)3⁄THF at 0V, (e) 1:3 Al(OTF)3:LiCl⁄THF at +0.25V and (f) 0.1M AlCl3⁄THF at +0.25V (vs. 
Al/Al3+). © 2022 American Chemical Society. 

Interestingly, temperature dependant NMR spectroscopy for this system suggested that 
AlCl%(THF)! undergoes self ionization to produce [AlCl#"][AlCl!'(THF)#].67,83 Hence, the 
acidic character of the AlCl% THF⁄  solution is perhaps also due to ionic association of the 
AlCl#" to the highly acidic [AlCl!'(THF)#] rather than the charge neutral Li − OTF	CIP. 
To gauge the likelihood of aluminum deposition, chronoamperometry was carried out on 
these three systems, in dilute solutions ([Al]=0.1M) using a Cu foil substrate in a standard 
three electrode setup. Chronoamperograms corresponding to Al-plating from 0.1M 
Al(OTF)% THF⁄ , 1:3 Al(OTF)%: LiCl THF⁄  and 0.1M AlCl% THF⁄  are shown in (Figure 3.3d, 
e and f), respectively. The potential for the Al(OTF)% THF⁄  electrolyte was set to 0V vs. 
(Al/Al%'), whereas the potential for the AlCl% THF⁄  and 1:3 electrolyte was set to +0.25V 
(vs. Al/Al%'). Over the course of these chronoamperometry experiment, a cathodic current 
was obtained for all three electrolytes. Despite the significantly lower electrodeposition 
potential of the 1:3 electrolyte, the measured current in this electrolyte is at least 2 orders 
of magnitudes higher than that of the Al(OTF)% THF⁄  electrolyte. The total charge passed 
was calculated by integrating the chronoamperometry curves, and was found to be -196.3 
mC, -47.47 C, and -134.2 mC for the Al(OTF)% THF⁄ , 1:3 Al(OTF)% + LiCl THF⁄  and 
AlCl% THF⁄  electrolytes, respectively.  
The oscillations in the reductive currents observed only in the 0.1M Al(OTF)% THF⁄  and 
1:3 Al(OTF)%: LiCl THF⁄  are probably associated with the reductive decomposition of free 
anionic ligands (OTF", Cl") which are absent from the AlCl% THF⁄  electrolyte.  
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A similar observation occurring during potentiostatic zinc (Zn) deposition from Zn(TFSI)! 
and ZnCl! electrolytes has been reported.84 Furthermore, the gradual decrease in current in 
the 1:3 Al(OTF)%: LiCl THF⁄  is likely attributed to the decrease in active surface area of the 
Cu substrate and/or depletion of Al cations due to more facile Al deposition from this 
electrolyte. 
To confirm that the reductive processes observed in cyclic voltammetry and 
chronoamperometry plots correspond to electrochemical reduction of Al-ions to Al-metal, 
a scanning electron microscope (SEM) was used to evaluate the surface morphology of the 
Cu substrates. (Figure 3.4) shows a series of SEM images of an untreated Cu substrate (a,b), 
Al deposits obtained from Al(OTF)% THF⁄  (c,d), 1:3 electrolyte (e,f), and AlCl% THF⁄  (g-
h). Low magnification SEM images (Supporting Information Figure 3.9) show that the 1:3 
electrolyte exhibits high corrosivity as evident by the dark pits on the surface of the Al/Cu. 
High magnification SEM imaging for the Al deposits obtained from Al(OTF)% THF⁄  reveal 
that these deposits undergo structural rearrangement during deposition to form streaks of 
nanoparticle agglomerates as shown in (Supporting Information Figure 3.10) probably due 
to the non-homogenous surface of the Cu substrates. 
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Figure 3.4 SEM images of (a-b) untreated Cu substrate, Al electrodeposits on Cu-substrate (vs. Al⁄Al3+ ) 
obtained from (c-d) 0.1M Al(OTF)3⁄THF at 0V for 24 hours, (e-f) 1:3 Al(OTF)3:LiCl⁄THF at +0.25V for 24 
hours and (g-h) 0.1M AlCl3⁄THF at +0.25V for 6 hours. © 2022 American Chemical Society. 
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3.4 Conclusion 
In summary, FTIR measurements complemented by DFT calculations provided unique 
insight into Al	complex ion formation in Cl" free (Al(OTF)% THF⁄ ) and Cl" rich 
(	AlCl% THF⁄  and Al(OTF)% + LiCl THF⁄ ) environments. The spectral features associated 
with the OTF" anion were highlighted for the purpose of measuring the effect of Cl" on 
Al-ion speciation and subsequently, the electrochemical behavior of Al-ions. At the cost of 
high corrosivity, Cl" significantly enhances the electrochemical activity of Al-ions. 
Spectral analyses coupled with CV measurements for the Cl" rich systems suggest that a 
sufficiently acidic ionic environment may enable stripping of Al in THF. Finally, Al 
nanoparticles were deposited potentiostatically from dilute solutions ([Al]=0.1M) of all 
three systems. 
 

3.5 Outlook 
Organic electrolytes for rechargeable Al battery application are generally 
overlooked due to their volatility and high flammability. However, operational 
organic electrolytes typically comprise of concentrated electrolytes where the effect 
of free solvent is diminished leading to low volatility.53 With regards to the 
flammability of these systems, this hurdle may be overcome by exploring additives 
that inhibit flammability via routes similar to those investigated for Li-ion85 and Na-
ion86 electrolytes. We speculate that Al can be electrochemically deposited from 
organic solvents of similar properties using Al(OTF)%. Extending this work to other 
systems while exploring numerous additives may provide profound understanding 
of Al-anion and Al-solvent interactions which could potentially lead to an optimized, 
non-corrosive and safe organic electrolyte for practical rechargeable Al battery 
application.  
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3.6 Supporting Information 
Table 3.1 Measured and computed vibrational frequencies of aluminum complexes. ν = bond stretch, τ = 
twisting, δ = group angle deformation, subscript s = symmetric, subscript as = asymmetric, OTF* = CF+SO+*. 

Species Mode Computed           
(𝒄𝒎*𝟏) 

Measured 
(𝒄𝒎*𝟏) 

Literature 

[𝐴𝑙(𝑇𝐻𝐹)!]"# 𝜈(𝛢𝑙 − 𝑂)
+ 𝜏(𝐶𝐻$) 

885.49 883 This work 

[𝐴𝑙(𝑇𝐻𝐹)%(𝑂𝑇𝐹)]$# 𝜈(𝛢𝑙 − 𝑂)
+ 𝜏(𝐶𝐻$) 

885.72 883 This work 

Inner sphere 

𝜈(𝐶 − 𝑆) + 𝜈&𝑆𝑂" 

 

1214.78 1210 This work  

[𝐴𝑙(𝑇𝐻𝐹)%(𝑂𝑇𝐹)][(𝑂𝑇𝐹)]'# 𝜈(𝛢𝑙 − 𝑂)
+ 𝜏(𝐶𝐻$) 

886.00 883 This work 

Inner sphere 

𝜈(𝐶 − 𝑆) + 𝜈&𝑆𝑂" 

1210.21 1210 This work 

Outer sphere 

𝜈(&𝑆𝑂" 

1238.28 1238 This work and 
our previous 

work63 

Inner sphere 

𝜈(&𝑆𝑂" 

1319.50 1307 This work and 
our previous 

work63 

[𝐴𝑙(𝑇𝐻𝐹)%(𝑂𝑇𝐹)][(𝑂𝑇𝐹)$] 

 

𝜈(𝛢𝑙 − 𝑂)
+ 𝜏(𝐶𝐻$) 

880.20 883 This work 

Outer sphere 

𝜈(𝐶 − 𝑆) + 𝜈&𝑆𝑂" 

1218.82 1220 This work 

1219.14 

[𝐴𝑙(𝑇𝐻𝐹)"(𝑂𝑇𝐹)$]'# 

 

𝜈(𝛢𝑙 − 𝑂)
+ 𝜏(𝐶𝐻$) 

886.78 883 This work 

888.64 

Inner sphere 

𝜈(𝐶 − 𝑆) + 𝜈&𝑆𝑂" 

1211.99 1210 This work 

1216.32 

Inner sphere 

𝜈(&𝑆𝑂" 

1343.23 

 

1350 
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1316.50 1307  

[𝐴𝑙(𝑇𝐻𝐹)$(𝑂𝑇𝐹)$]'# 

 

𝜈(𝛢𝑙 − 𝑂)
+ 𝜏(𝐶𝐻$) 

898.45 883 This work 

Inner sphere 

𝜈(𝐶 − 𝑆) + 𝜈&𝑆𝑂" 

1214.35 

 

1210 

1216.12 

Inner sphere 

𝜈(&𝑆𝑂" 

1351.58 1350 This work 

1357.27 

Mixed Speciation  

 

𝜈(&(𝐶𝐹") of free 
𝑂𝑇𝐹) (peak is 
independent of 
concentration), 
Inner sphere & 

outer sphere 𝑂𝑇𝐹)		
 

 

1172.00 – 1198.78 1164 

(broad peak) 

This work 

Free 𝑂𝑇𝐹) 𝜈&𝑆𝑂" - 1028 This work and 
our previous 

work63 

𝐴𝑙(𝑂𝑇𝐹)"	𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 

 

- - 1048 This work 

𝐿𝑖(𝑇𝐻𝐹)"(𝑂𝑇𝐹)	 Inner sphere 

𝜈(&𝑆𝑂" 

1252.60 1253 This work  

𝐿𝑖 − 𝑂𝑇𝐹	𝑐𝑜𝑛𝑡𝑎𝑐𝑡	𝑖𝑜𝑛	𝑝𝑎𝑖𝑟 𝜈(&𝑆𝑂" - 1254 Ref 70 

𝐿𝑖 − 𝑂𝑇𝐹	𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 - - 1047 This work and 
ref 73 

- - 1269 This work 

𝐴𝑙𝐶𝑙$#(𝑇𝐻𝐹)" 𝜈(&(𝐴𝑙 − 𝐶𝑙) 524.29 524 This work 

𝐴𝑙𝐶𝑙"(𝑇𝐻𝐹) 𝜈(𝐴𝑙 − 𝑂) 427.01 417 

 (broad peak) 

This work and 
ref 67 
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Table 3.2 Predicted reaction energies from DFT calculations (OTF). 

 
 

𝜈(&(𝐴𝑙 − 𝐶𝑙) 

 

527.38 

 

524 This work 

𝜈(𝐴𝑙 − 𝑂)
+ 𝜏(𝐶𝐻$) 

880.01 880 This work 

𝑐𝑖𝑠 − 𝐴𝑙𝐶𝑙"(𝑇𝐻𝐹)$ - - 329 Ref 67 

407 

(Broad peak) 

𝑡𝑟𝑎𝑛𝑠 − 𝐴𝑙𝐶𝑙"(𝑇𝐻𝐹)$ 𝜈(&(𝐴𝑙 − 𝐶𝑙) 

 

487.86 490 This work 

476.34 

𝜈(𝐴𝑙 − 𝐶𝑙) 

 

- 490 Ref 4 

𝐴𝑙𝐶𝑙%
) 𝜈(&(𝐴𝑙 − 𝐶𝑙) 

Triply degenerate 

 

477.45 - This work 

𝜈(𝐴𝑙 − 𝐶𝑙) 

 

- 494 Ref 67 

- - 1640 This work and 
ref 78 

[𝐴𝑙𝐶𝑙$#(𝑇𝐻𝐹)%] - - 381 This work 

- - 360 Ref 67 

Reaction Predicted Solvent Phase Reaction 
Energies(kJ/mol) 

𝐴𝑙+- + 2𝑇𝐻𝐹 + 2𝑂𝑇𝐹 → 𝐴𝑙(𝑇𝐻𝐹).(𝑂𝑇𝐹). -1975 

𝐴𝑙+- + 3𝑇𝐻𝐹 + 2𝑂𝑇𝐹 → 𝐴𝑙(𝑇𝐻𝐹)+(𝑂𝑇𝐹). -1968 
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Table 3.3 Predicted reaction energies from DFT calculations (chloride) 

 
 
Note: For both Tables 3.2 and 3.3 the predicted solvent phase reaction energies were 
calculated by subtracting the “sum of electronic and thermal free energies” of the 
reactants from that of the products for each reaction. Energies for all chloride 
containing molecules in table 3.3 were calculated in a similar manner to those of 
table 3.2. Positive values for predicted energies indicates a thermodynamically 
unstable species. 
 
 

Reaction Predicted Solvent Phase Reaction 
Energies(kJ/mol) 

𝐴𝑙𝐶𝑙+ + 𝐶𝑙* → 	𝐴𝑙𝐶𝑙/* -166 

𝐴𝑙𝐶𝑙/* + 𝐶𝑙* → 	𝐴𝑙𝐶𝑙0.* +91 

𝐴𝑙𝐶𝑙+ + 2𝐶𝑙* → 	𝐴𝑙𝐶𝑙0.* -75 

𝐴𝑙𝐶𝑙/* + 𝑇𝐻𝐹 →	𝐴𝑙𝐶𝑙/*(𝑇𝐻𝐹) +96 

𝐴𝑙𝐶𝑙+ + 2𝑇𝐻𝐹 → 	𝐴𝑙𝐶𝑙+(𝑇𝐻𝐹). -46 

𝐴𝑙𝐶𝑙+ + 𝑇𝐻𝐹 → 	𝐴𝑙𝐶𝑙+𝑇𝐻𝐹 -91 

𝐴𝑙.𝐶𝑙1 + 𝐴𝑙𝐶𝑙/* →	𝐴𝑙+𝐶𝑙23
* +10 

2𝐴𝑙𝐶𝑙+ + 𝐴𝑙𝐶𝑙/* →	𝐴𝑙+𝐶𝑙23
* -28 

𝐴𝑙𝐶𝑙+ + 𝐴𝑙𝐶𝑙/* →	𝐴𝑙.𝐶𝑙4
* -25 

𝐴𝑙.𝐶𝑙1 + 𝐶𝑙* →	𝐴𝑙.𝐶𝑙4
* -153 

𝐴𝑙𝐶𝑙+ + 	𝐴𝑙𝐶𝑙+ →	𝐴𝑙.𝐶𝑙1 -38 

𝐴𝑙𝐶𝑙.-(𝑇𝐻𝐹)+ +	𝐶𝑙* → 	𝐴𝑙𝐶𝑙+ + 3𝑇𝐻𝐹	 -77 

𝐴𝑙𝐶𝑙.-(𝑇𝐻𝐹). +	𝐶𝑙* → 	𝐴𝑙𝐶𝑙+ + 2𝑇𝐻𝐹	 -41 

𝐴𝑙.𝐶𝑙1 + 4𝑇𝐻𝐹 → 	2𝐴𝑙𝐶𝑙+(𝑇𝐻𝐹). -54 

𝐴𝑙.𝐶𝑙1 + 3𝑇𝐻𝐹 →	𝐴𝑙𝐶𝑙.-(𝑇𝐻𝐹)+ + 𝐴𝑙𝐶𝑙/* -50 

𝐴𝑙.𝐶𝑙1 + 2𝑇𝐻𝐹 →	𝐴𝑙𝐶𝑙.-(𝑇𝐻𝐹). + 𝐴𝑙𝐶𝑙/* -86 
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Figure 3.5 Illustration of OTF transfer from Al-cation to Li-cation. Illustration of measured and computed, 
ν56SO+ peak shifting upon transfer of OTF* from Al-cation to Li-cation due to the addition of LiCl to a 0.1M 
Al(OTF)+ THF⁄  electrolyte. (a) 0.1M Al(OTF)+ THF⁄ , (b) 1:2 Al(OTF)+: LiCl THF⁄ , (c) 1:3 
Al(OTF)+: LiCl THF⁄ , and (d) 0.4M LiOTF THF⁄ . 

 

 

 
Figure 3.6 Cyclic voltammogram shift as function of increasing concentration of AlCl3 in THF Showing the 
shift in onset of electrochemical reduction potential as concentration is increased (a) 0.1M, (b) 0.4M, and (c) 
0.75M.  
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Figure 3.7 Cyclic voltammogram of Al(OTF)3 and LiCl in THF at various mole ratios Showing the similarity 
in CV profiles for (a) 1:3 Al(OTF)+: LiCl, (b) 1:4 Al(OTF)+: LiCl, and (c) 1:5 Al(OTF)+: LiCl electrolytes. 

 
 

 
Figure 3.8 Low magnification SEM images(a) Untreated Cu substrate , Al electrodeposits on Cu-substrate 
(vs. Al Al+-⁄ ) obtained from (b) 0.1M Al(OTF)+ THF⁄  at 0V for 24 hours, (c) 1:3 Al(OTF)+: LiCl THF⁄  at 
+0.25V for 24 hours, (d) 0.1M AlCl+ THF⁄  at +0.25V for 6 hours. 
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Figure 3.9 High magnification SEM images of Al nanodeposits. (a)Untreated Cu substrate , Al 
electrodeposits on Cu-substrate (vs. Al Al+-⁄ ) obtained from (b) 0.1M Al(OTF)+ THF⁄  at 0V for 24 hours, (c) 
1:3 Al(OTF)+: LiCl THF⁄  at +0.25V for 24 hours, (d) 0.1M AlCl+ THF⁄  at +0.25V for 6 hours. 
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Figure 3.10 SEM images of chloride-free Al electrodeposits from 0.1M solution. Showing low magnification 
(a, c, and e) and corresponding high magnification (b, d, and f) SEM images of electrochemically deposited 
aluminum nanoparticles from the 0.1M Al(OTF)+ THF⁄  on the Cu-substrate. 
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Figure 3.11 Chloride-free aluminum electroplating from 0.2M solution. Showing (a) cyclic voltammogram 
on gold working electrode at 50 mV/s scan rate for 0.2M Al(OTF)+ THF⁄ , corresponding (b) 
chronoamperogram on a Cu-substrate at -0.1V vs. (Al Al+-⁄ ) for 12 hours. Low (c) and high (d) magnification 
SEM images of untreated 
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Figure 3.12 X-ray photoelectron spectroscopy (XPS) spectra of Al-deposits from Al(OTF)3 

Electrolyte.Showing (a) Al (2s) and (b) Al (2p) XPS regions for: Al deposit obtained by electrodeposition of 
Al from a 0.1M Al(OTF)+ THF⁄  electrolyte at 0 V vs. Al wire for 72 hours (green line curve), control Al foil 
(blue dashed curve), and untreated Cu substrate (red dotted curve).   

 
Table 3.4 Comparison of measured Al (2p) binding energies (eV) to literature values 

This work Ref.59   
72.8 72.6 (Al metal) 
75.0 74.8 (Al2O3/Al) 
75.9 75.8 (Al2O3) 
77.2 77.0 (AlF3) 

78.5 (Cu3p) - 
 
 
 
 
Dissociation mechanism proposed by Derouault et al.67 
 
1
2# Al!Cl" + THF ⇌ 	AlCl#(THF) 

AlCl#(THF) + THF ⇌ 	AlCl#(THF)! 
2[AlCl#(THF)!] ⇌ 	AlCl$% + AlCl!&(THF)$ 
cis − AlCl#(THF)! ⇌ 	trans − AlCl#(THF)! 
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Chapter 4:Hydride-Enhanced Plating and Stripping of 

Aluminum from Triflate-Based Organic Electrolytes  

 
4.1 Introduction 
The rechargeable aluminum (Al) battery is a likely candidate for next-generation energy 
storage systems due to Al’s unmatched theoretical volumetric capacity, abundant 
resources, and considerably low cost.1,2 Most research on rechargeable Al batteries employ 
chloroaluminate ionic liquids as the electrolyte.3–21 While these systems demonstrate 
impressive cycleability with certain cathode materials,8,10,11,14,15,17,19,21 they suffer from 
high corrosivity and reactivity towards battery components, 5,20,22,23 and side reactions 
involving toxic chlorine (Cl2).24,25 One approach to overcome these challenges is through 
the development of active-halide-free organic electrolytes.26 
Thus far, only a handful of active-halide-free organic electrolytes have been reported.27–34 
A timeline showing the progress in organic electrolyte development for rechargeable Al 
battery is shown in Chapter 1 Figure 1.2. Early work on active-halide-free electrolytes 
involved aluminum trifluoromethanulfonate (Al(OTF)3) and urea in N-methyl acetamide 
(NMA),29 and Al(OTF)3 in 2-methoxy ethyl ether (diglyme).27,28 Unfortunately, from both 
systems, Al electrodeposition could not be carried out. Following their work on Al(OTF)3 
and urea in NMA, Mandai and Johansson introduced an interesting strategy for the 
development of active-halide-free electrolytes.30  
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Several promising electrolyte systems were reported, including aluminum hexa-
dimethylsulfoxide trifluoromethanesulfonate [Al-DMSO)6][OTF]3 in sulfolane, aluminum 
hexa-dimethyl sulfoxide bis(trifluoromethanesulfonyl)imide [Al-DMSO)6][TFSI]3 in 
sulfolane, aluminum hexa-methylimidazole bis(trifluoromethanesulfonyl)imide 
[Al(MIm)6][TFSI]3 in acetonitrile (MeCN), and aluminum hexa-butylimidazole 
bis(trifluoromethanesulfonyl)imide [Al(BIm)6][TFSI]3.  
Al electrodeposition was attempted from [Al(BIm)6][TFSI]3 at 80 ˚C, however, the Al 
electrodeposition process was accompanied by severe electrolyte decomposition. 
While considerable progress has been made, only two systems have shown promising 
reversible Al electrochemistry. Notable work on the synthesis of Al(TFSI)3 and aluminum 
hexa-fluorophosphate (Al(PF6)3) salts was conducted by Chiku et al.31 and Xiaoyu et al,33 
respectively. Although evidence for Al electrodeposition was reported for the 
Al(TFSI)3/MeCn electrolyte, the demonstrated reversibility of this process was unclear, 
and therefore requires further investigation.31  On the other hand, quasi-reversible Al 
plating/stripping along with a side reaction involving the reductive generation of dimethyl 
sulfide was demonstrated from Al(PF6)3/DMSO. Surprisingly, however, the Al plating and 
stripping potentials were of unusually low-energy efficiency, with a reduction and 
oxidation potentials of -1V  and +0.5V (vs Al/Al3+), respectively.33   
In the case of Al(OTF)3, as mentioned earlier, Reed et al. investigated this salt in diglyme. 
Although Al electrodeposition from the Al(OTF)3/diglyme was not achieved,28 reversible 
intercalation/deintercalation behavior was demonstrated with a Prussian blue analogue 
cathode.27 Unlike the Al(OTF)3/diglyme electrolyte, however, non-reversible Al 
electrodeposition can be carried out from Al(OTF)3 in tetrahydrofuran (THF) electrolytes, 
as we have revealed in our previous reports.32,34 
To highlight the role of hydrides (H–) in the Al plating/stripping process, in this report, we 
demonstrate room-temperature reversible Al plating/stripping from an active-halide-free 
organic electrolyte based on Al(OTF)3/THF facilitated by a lithium aluminum hydride 
(LiAlH4) additive. The spectroscopic and electrochemical aspects of the 
trifluoromethanesulfonate (OTF–)-based electrolyte were evaluated and compared to the 
well-known chloride (Cl–)-based system.35–44 This comparison revealed that the H– species 
not only catalyzes the Al plating/stripping process in the Cl–-based electrolytes as 
previously proposed by Daenen38 and Graef,40 but also allows for this process to be carried 
out in the absence of any haloaluminate species. Density functional theory (DFT) 
calculations along with Fourier transform infrared spectroscopy (FTIR) analyses reveal 
remarkably dissimilar Al-hydride speciation in these two systems. Unambiguous evidence 
for Al deposition is demonstrated using an optical microscope, a scanning electron 
microscope (SEM) and X-ray diffraction (XRD) spectroscopy. Characterization by means 
of X-ray photoelectron spectroscopy (XPS) indicates that the deposits from the OTF–-
based electrolyte comprise metallic Al, aluminum trifluoride (AlF3) and aluminum oxide 
(Al2O3), whereas the deposits from the Cl–-based electrolyte comprise mainly aluminum 
trichloride (AlCl3) and Al2O3. Depth profile XPS analyses of the Al films from either the 
OTF–-based or Cl–-based electrolytes suggest that during the plating process, freshly 
deposited Al reacts with the electrolyte components to form Al2O3 and either AlF3 (from 
the OTF–-based) or AlCl3 (from the Cl–-based). 
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4.2 Materials and Methods 
 
4.2.1 Density functional theory calculations 

All density functional theory (DFT) calculations were carried out using Gaussian 09 suite 
of electronic structure program. All results were obtained using the unrestricted spin-
formalism employing the B3PW91 density functional and the 6311+G(d) basis set. All 
structures were fully optimized using the solvation model density (SMD) continuum 
solvation model based on the self-consistent reaction field (SCRF) approach, and 
tetrahydrofuran (THF) was used as the solvent for all calculations. All structures were 
found to be local minima on the potential energy by confirming the absence of any 
imaginary frequencies. 
 
4.2.2 Electrolyte preparation 

All chemical preparations were conducted in an argon-filled glovebox. 99.9% aluminum 
trifluoromethanesulfonate (Al(OTF)3), 99.99% aluminum trichloride (AlCl3), 97% lithium 
aluminum hydride (LiAlH4), 99.9% tetrahydrofuran (THF), were all purchased from 
Sigma-Aldrich and used as received. To prepare the OTF-based electrolyte, a 1:3 mole 
ratio of Al(OTF)3 to  LiAlH4 was used. Initially, 0.2 g of LiAlH4 were dissolved in 3.5 mL 
of THF. Similarly, a 0.83 g of Al(OTF)3 were dissolved in 3.5 mL in THF. Both solutions 
were stirred separately for at least 30 minutes to ensure complete dissociation. The 
LiAlH4/THF solution was slowly added drop-wise to the Al(OTF)3/THF solution under 
moderate stirring. It should be noted that the reaction between the two solutions is 
extremely exothermic, and mixing the solutions should be carried out slowly, otherwise 
excessive solution foaming and THF evaporation may take place. The mixture was allowed 
to stir for 30 minutes. While Al Electrodeposition can be carried out at this point, the 
excessive hydride activity due to the elevated temperature in the solutions can be 
problematic. For this reason, the mixture was allowed to rest (without stirring) for several 
hours before measuring the oxidative stability of the electrolyte. (See Supporting 
Information Figure 4.8) The chloride-based electrolytes were prepared according to the 
same procedures using appropriate amounts of AlCl3 (0.23 g), to ensure the total 
concentration of [Al] is the same in both electrolytes. Both electrolytes used for the 4 hour 
chronoamperometry experiments contained the same total concentration of Al. As for the 
electrolyte used for the 18 hours chronoamperometry experiment, the concentration was 
higher, and the electrolyte consisted of 0.4 g of LiAlH4 and 1.23 g of Al(OTF)3 in 5 ml of 
THF. 
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4.2.3 Materials characterization 

All electrochemical measurements were conducted in an argon-filled glovebox using a 
potentiostat (Gamry). Cyclic voltammetry experiments were carried out using a standard 
three-electrode set up using a gold working electrode, an Al wire pseudo-reference, and an 
Al wire as the counter electrode. A 50 mV/s scan rate was used. Chronoamperometry 
experiments were carried out using a Cu substrate as the working electrode, an Al wire as 
a pseudo-reference, and an Al wire as the counter electrode.  
Immediately after the chronoamperometry experiments were done, the Cu substrates were 
rinsed with THF in the glovebox. Chronoamperometry for the 4 hours samples from both 
triflate-based and the chloride-based electrolytes were done by setting the potential to -0.25 
V (vs Al/Al3+). For the 18 hour sample from the OTF–-based electrolyte, electrodeposition 
was conducted at -0.2 V (vs Al/Al3+) from a highly concentrated solution consisting of 0.4 
g of LiAlH4 and 1.23 g of Al(OTF)3 in 5 ml of THF.  
Fourier transform infrared spectroscopy (FTIR) experiments were done in attenuated total 
reflectance (ATR) mode using a Vertex 70 spectrometer. A 4 cm–1 resolution and 64 scans 
were used.  
X-ray photoelectron spectroscopy (XPS) measurements were carried out using a Nexsa 
spectrometer. Etching experiments were conducted using argon. In all cases, 10 scans were 
collected. 
X-ray diffraction spectroscopy (XRD) measurements were carried out using a PAnalytical 
X’Pert PRO X-ray diffractometer, using a Co-K𝛂 source. The spectra were then converted 
to Cu-K𝛂 source using the HighScore software. The sample holders for the XRD were 
filled with polyethylene glycol (PEG) and the Cu substrates were laid on top of the PEG.  
Electron microscopy experiments were conducted using a field emission scanning electron 
microscope (Zeiss Gemini SEM 500) and optical microscopy images were obtained using 
an ECLIPSE LV150A microscope. 
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4.3 Results and Discussion 

 
Figure 4.1 Optimized structures (hydrogens only shown for Al—H bonds) of various Al-complexes and FTIR 
spectra of various THF-based Al electrolytes. (A) Al2Cl3H4–, (B) AlH3(THF), (C) AlH3(THF)2, (D) AlH4–, 
(E) LiAlH4, (F) Al2H7–, (G) νasSO3 shifting corresponding to OTF– transfer from Al to Li ions, (H) Al-chloride 
speciation region for all electrolyte solutions, (I) Al-chloride speciation region for the Cl–-based electrolyte, 
(J) Al-hydride speciation region, (K) zoomed in Al—H stretching region for the OTF–-based electrolyte, (L) 
zoomed in Al—H speciation region for the Cl–-based electrolyte. SSIP : solvent-separated ion pairs, CIP : 
contact ion pairs, Agg : aggregates. 

The electrolytes were prepared by slowly adding a solution of LiAlH4/THF to a solution 
of either AlCl3/THF or Al(OTF)3/THF. The experimental details can be found in the 
Supporting Information. 
Identifying the Al species that are likely to be found in the studied electrolytes is crucial to 
elucidate the electrochemical mechanism for reversibly plating and stripping Al from the 
OTF–-based electrolyte. DFT calculations for several Al complexes were performed and 
the optimized structures are shown in Figure 4.1A-F. A summary of the calculated 
vibrational frequencies can be found in Table 4.1 in the Supporting Information. To 
experimentally substantiate the existence of such species, FTIR spectra for four electrolyte 
solutions were collected, and different regions of the spectra are shown in Figure 4.1G-L.  
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Motivated by the exceptional work conducted by Frech et al.45–48 on the spectroscopic 
attributes of the OTF–anions, in our previous work on Al(OTF)3/THF we described a new 
method that allows for the determination of the reaction progress between Al(OTF)3 and 
Li-based salts by exploiting the computed and measured spectroscopic features of the OTF–

.34 Indeed, these results are well represented by the FTIR measurements shown in Figure 
4.1G. Upon the addition of LiAlH4 to the Al(OTF)3/THF electrolyte at 1:3 mole ratio’s, a 
shift in frequency from 1238 to 1253 cm–1, corresponding to the transfer of the triflate 
anion from Al to Li ions, is observed. Additionally, the peak at 1350 cm–1 associated with 
the presence of Al-OTF aggregates (Al-Agg) disappears, further indicating that the OTF– 
are no longer associated with Al ions. 
FTIR spectra for the Cl–-based electrolytes shown in Figure 4.1H,I reveals that the bands 
associated with AlCl3(THF), cis- and trans-AlCl3(THF)2, those previously identified in an 
AlCl3/THF solution,34,49 remain intact.  
However, peaks attributable to a new species are observed at 501 and 667 cm–1. Our DFT 
calculations suggest that these peaks are associated with the asymmetric stretch (νas(Al—
Cl)) and AlH3 group bending (δAlH3) of Al2Cl3H4

–, respectively. Moreover, the νas(Al—
Cl) band for AlCl3(THF)2 was measured at 490 cm–1 in the AlCl3/THF electrolyte.34,49 The 
shift in frequency for the νas(Al—Cl) mode from 490 to 501 cm–1 suggest that strong ionic 
association is taking place. It is important to note that the presence of AlCl3H– in a H– rich 
environment was confirmed by the detailed NMR studies conducted by Lefebvre and 
Conway,42 however, computational and experimental evidence for the ionic association of 
AlCl3H– with AlH3 is presented here for the first time. Next, we examine the region 
associated with the hydride species. Inspecting the LiAlH4 spectra (i) in Figure 4.1J, one 
can clearly see two adjoint peaks at 1645 and 1668 cm–1. Our DFT calculations suggest 
that these bands are attributed to the Al—H asymmetric stretch (νas(Al—H)) of the AlH4

–

, and LiAlH4 species, respectively. (Table 4.1 in Supporting Information)  
In the triflate based electrolyte, however, the peak associated with LiAlH4 disappears. 
These results are also consistent with the fact that the Li ions in the OTF–-based electrolyte 
are associated with the OTF–, weakening the interaction between Li and AlH4

–, thus, 
resulting in free AlH4

– species, which dominates the ionic profile of the OTF–-based 
electrolyte. Comparatively, the spectrum for the Cl–-based electrolyte shown in Figure 
4.1L reveals several bands associated with three distinct Al-hydride complexes.  
According to our DFT calculations, the bands at 1711 and 1800 cm–1 are attributable to the 
AlH3(THF)2 and AlH3(THF), respectively. Furthermore, DFT results for the Al2H7

– 
suggests that this species exhibits two strong vibrational modes associated with νas(Al—
H) at 1778 and 1800 cm–1. These results suggest that the existence of a hydride bridge 
between two AlH3 is likely to occur in the Cl–-based electrolytes, particularly because the 
calculated bond length between the bridging hydride and the AlH3 is ca. 1.71Å as shown 
in (Supporting Information Figure 4.6), this bond length is equal to Al—H bond length 
reported for solid AlH3.50 Interestingly, these bands are absent from the OTF–-based 
electrolyte. Clearly, the ionic profiles of both systems are radically distinct.  
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The discrepancy between the Al-hydride species in OTF–-based and Cl–-based electrolytes 
arises from the unique bonding profiles of Al(OTF)3 in THF and AlCl3 in THF. In the 
former, the coordination of Al with the OTF– is relatively weak, which results in the 
presence of free OTF–, contact ion pairs (CIP) and aggregates (Agg) upon dissolving 
Al(OTF)3 in THF.32,34 When a Li-based salt is added at 1:3 mole ratio’s, complete transfer 
of the OTF– from Al to Li ions occurs, as demonstrated in this work and our previous 
work.34 As for the later, Cl– are never completely detached from Al due to the strong and 
covalent nature of the Al—Cl bond,30 which results in mixed speciation when LiAlH4 is 
added to AlCl3/THF solutions. It has been proposed that Al speciation in the Cl–-based 
electrolyte occurs according to the Schlesinger reaction42,43,51: 
 

AlCl3 + AlH4– + 2THF ⇌ AlHxCl(3–x)(2THF) + [AlH(4–x)Clx]–    (1) 

 

It is worth emphasizing that in the previous studies by Lefebvre and Conway, it was 
proposed that the high Lewis acidity of the AlCl3 facilitates solution decompositions in the 
Cl–-based electrolytes.42 
Based on these results, we propose the following dissociation reaction mechanism in the 
OTF–-based electrolytes at 1:3 mole ratio of Al(OTF)3 to LiAlH4 in THF: 
Al(OTF)3 + 3LiAlH4 → 4AlH3 + 3LiOTF   (2) 

2AlH3  ⇌ AlH2+ + AlH4–   (3) 
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Figure 4.2 Cyclic voltammograms (first scan is red, second is green, and third is blue) on gold working 
electrode at 50 mV/s of (A) 1:3 Al(OTF)3:LiAlH4/THF, (B) 1:3 AlCl3:LiAlH4/THF, and corresponding 
chronoamperograms on Cu substrate of (D)1:3 Al(OTF)3:LiAlH4/THF, and (E) 1:3 AlCl3:LiAlH4/THF. 

The plating/stripping behavior of Al from the chloride- and the OTF–-based electrolytes 
were evaluated by cyclic voltammetry using a gold working electrode in a three-electrode 
electrochemical cell. Prior to mixing the LiAlH4/THF with the AlOTF3/THF solutions, it 
is essential to first record a cyclic voltammogram (CV) for the LiAlH4/THF. The CV is 
shown in (Supporting information Figure 4.7). Our measurements are consistent with those 
of Lefebvre and Conway,43 revealing a reversible electrochemical process between -1 and 
0 V (vs Al/Al3+), likely associated with deposition of Li and possibly the co-deposition of 
Al. This is perhaps due to the strong interaction between Li ions and AlH4

– as revealed by 
the above-mentioned DFT and FTIR results.  
Figure 4.2A shows a typical CV for the 1:3 Al(OTF)3:LiAlH4/THF electrolytes. Upon 
sweeping to a more negative potential, a cathodic current is immediately measured ca. -0.2 
V (vs Al/Al3+), and a CV typical to reversible electrochemical deposition is recorded.  



 

 

72 

On the reverse sweep, stripping of the deposited Al takes place ca. 0V (vs Al/Al3+), with 
minimal plating/stripping potential hysteresis. The oxidative stability of the electrolyte is 
ca. 1.8 V (vs Al/Al3+), which to the best of our knowledge, is the highest measured 
oxidative stability for an active-halide-free Al organic electrolyte. (see Supporting 
Information Figure 4.8A) Comparatively, the CV for the Cl–-based electrolyte shown in 
Figure 4.2B exhibits a similar profile, with the appearance of an Al nucleation loop during 
the negative potential sweep. In this electrolyte, however, oxidative decomposition occurs 
ca. +1.1V (vs Al/Al3+), consistent with the measurements of Lefebvre and Conway.43  
Furthermore, while recoding the CVs for the OTF–-based electrolyte, an unusual feature in 
the CVs is observed ca. +1V (vs Al/Al3+) (Supporting Information Figure 4.8A). This 
feature was investigated by sweeping the potential from 0 to +1.5 V (vs Al/Al3+), which is 
shown in Supporting information Figure 4.8B. This oxidation reaction can be attributed to 
side reaction involving H2 generation as shown in reaction (5). It is worth noting that this 
feature is usually amplified within the first 30 minutes after the electrolyte has been 
prepared as shown in (Supporting Information Figure 4.8C,D), likely due to the elevated 
temperature of the solution which arises from the highly exothermic reaction between 
Al(OTF)3 and LiAlH4. According to these results, we propose the following 
electrochemical reaction mechanisms at 1:3 mole ratio of Al(OTF)3 to LiAlH4 in THF: 
 
4AlH3 + 3e–  ⇌ Al + 3AlH4–    (4) 

 

2H–→ H2 + 2e–   (5) 

 
Our hypothesis is that the H– adsorb to the electrode surface enabling reversible Al plating 
in a process similar to that of the Cl– in the magnesium aluminum chloride complex 
electrolytes.52 
In the OTF–-based electrolyte, this process is dictated by the equilibrium proposed in 
reaction (4) and the AlH3 species are electrochemically reduced to Al metal during the 
electrochemical reduction reaction, increasing the concentration of free H– at the interface, 
which, unfortunately, not only allows for stripping of the deposited Al, but also makes the 
electrolyte susceptible to parasitic reactions involving the oxidative generation of H2. 
To confirm Al electrodeposition from both electrolytes, chronoamperometry, optical 
microscopy and scanning electron microscopy experiments were conducted. 
Electrodeposition of Al on a Cu substrate from both electrolytes was achieved by holding 
the potential at either -0.25V (vs Al/Al3+) for 4 hours or -0.2V (vs Al/Al3+) for 18 hours. 
As was the case for the cyclic voltammetry experiments shown in Figure 4.2A,B, the 
measured currents during the chronoamperometry experiments in the Cl–-based electrolyte 
(Figure 4.2D) are one order of magnitude higher than that of the OTF–-based electrolytes 
(Figure 4.2C), re-enforcing the fact that the Cl– significantly facilitate the plating process, 
as we have demonstrated in our previous report.34 These results strongly suggest that a 
more facile nucleation process from the Cl–-based electrolyte is to be expected. 
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Figure 4.3 Optical microscopy images of Al electrodeposits on Cu substrate from 1:3 Al(OTF)3:LiAlH4/THF 
at -0.25V (vs Al/Al3+) for 4 hours at magnification of (A) 5x , (B) 20x, (C) 50x, and Al electrodeposits on 
Cu substrate after 18 hours at -0.2 V (vs Al/Al3+)  from highly concentrated 1:3 Al(OTF)3:LiAlH4/THF 
electrolyte at magnification of (D) 5x and from AlCl3:LiAlH4/THF at magnification of (E) 5x and  (F) 20x. 
(G) X-ray diffraction pattern of aluminum electrodeposits on Cu substrates. 
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The optical microscopy images and XRD patterns of the Al deposits from the OTF–-based 
and the Cl–-based electrolytes are shown in Figure 4.3. The overall effectiveness of the 
OTF–-based electrolyte for electrodeposition of Al is evident from the optical microscopy 
images Figure 4.3A-D and the photographic images in Supporting Information Figure 
4.9A,B in. To verify that the grain-like deposits observed on the Cu substrate corresponds 
to crystalline Al, XRD spectra were compared to that of an untreated Cu substrate and an 
Al foil. Clearly, the Al deposits from both the OTF–-based and Cl–-based electrolytes 
exhibit a diffraction pattern which is identical to that of the Al foil.  
The surface morphology of the Al deposits were further examined by a scanning electron 
microscope (SEM) and the results are displayed in Figure 4.4. Clear dissimilarities in the 
grain sizes are indicative of the beneficial role chlorides play in facilitating the plating 
process. As mentioned earlier, the higher currents achieved suggest that nucleation rate is 
expected to be higher in the Cl–-based electrolyte. Indeed, this is manifested by signficantly 
larger Al deposits as shown in the Figure 4.4D,H.  
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Figure 4.4 SEM micrographs of Al electrodeposits on Cu substrate from 1:3 Al(OTF)3:LiAlH4/THF after 4 
hours at -0.25V (vs Al/Al3+) at region 1 (A,B), and region 2 (C,D), and (E) after 18 hours at -0.2V (vs Al/Al3+) 
from highly concentrated 1:3 Al(OTF)3:LiAlH4/THF electrolyte, and from (F-H) 1:3 AlCl3:LiAlH4/THF after 
4 hours at -0.25V (vs Al/Al3+). 
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To uncover the chemical composition of the electrodeposited Al films, the Cu substrates 
were characterized by depth-profile XPS analyses and the results are shown in Figure 4.5. 
The Al 2p spectra for the Al deposits obtained from the OTF–-based electrolytes shown in 
Figure 4.5A, strongly indicates that Al metal, Al2O3, and AlF3 are present. Upon etching 
the thin Al film with argon for 5 minutes, the peak attributed to the Al-metal at 72.8 eV 
remains unchaged, while the peaks attributed to Al2O3 and AlF3 became more prominent. 
Also, the AlF3 peak becomes broader due to the contribution from the Cu 3p at ca. 80 eV. 
A clear distinction between the peaks of the  Al 2p of AlF3 and the Cu 3p of the Cu 
substrate, in addition to the peaks associated with organic- and metallic-fluorine was made 
by examining another region of the electrode surface (region 2), where the surface coverage 
of Al on Cu is significantly lower than that of region 1. A comparison of the XPS spectra 
of the two regions is shown in the Supporting Information Figure 4.10.  Additionally, 
before etching, a weak-intesity peak is observed at 933 eV in the Cu 2p spectrum. After 
etching, the relative intesity of this peak increases along with the appearance of a peak at 
952.8 eV, indicating that a significant portion of the Al film has been completely removed 
exposing the Cu substrate. To experimentally confirm this result,  after completing the XPS 
experiment, the Cu substrate was re-examined by a SEM and the result revealing the 
residual Al on Cu is shown in Supporting Information Figure 4.11.   
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Figure 4.5 XPS spectra for aluminum electrodeposits (region 1) from (A-C) 1:3 Al(OTF)3:LiAlH4/THF, and  
Al electrodeposits (region 1) from (D-F) 1:3 AlCl3:LiAlH4/THF. 

In contrast, the Al 2p spectra of the unetched Al film obtained from the Cl–-based 
electrolyte shown in Figure 4.5D suggests that the film is primarly comprised of AlCl3 and 
Al2O3. Examining another region of the electrode, a small, yet significant peak at 72.8 eV 
associated with metallic Al is observed as shown in spectrum (v) in Supporting Information 
Figure 4.10. 
In addition to the reactivity of the Al film with the electrolyte components during the 
plating process, the high degree of oxide- and chloride-components of the Al film can be 
attributed to the participation of AlX3(THF)n (where X is Cl or H, and n= 0, 1 or 2) species 
in the plating process. 
Moreover, despite etching the Al film for 5 mins, no peaks associated with the Cu substrate 
were detected in the Cu 2p region as shown in Figure 4.5F, substantiating our visual 
examination (see photographic images in Supporting Information Figure 4.9) and 
confirming that the Al film obtained from the Cl–-based electrolyte is thicker than the Al 
film obtained from the OTF–-based electrolyte despite identical plating conditions, that is, 
total concentration of Al, plating potential and duration.  
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Also, the Cl 2p peak persists even after etching as shown in Figure 4.5E, confirming that 
Cl is not only found as a surface contaminant, but also within the Al film. 
 
The results in this report indicate potential application of an active-halide-free organic 
electrolyte in rechargeable Al batteries. By introducing a LiAlH4 additive to an 
Al(OTF)3/THF electrolyte, we have demonstrated that the H– play an integral role in 
plating/stripping Al in organic electrolytes, allowing the process to occur in the absence of 
any active-halides. Al deposits, although visually evident on the Cu substrates, were also 
confirmed by several characterization techniques including optical microscopy, SEM, 
XRD and XPS. XPS etching experiments confirm that significant reactivity occurs between 
the freshly-plated Al and the electrolyte components as evident by the F- and Cl-XPS 
spectra from the OTF–- and Cl–-based electrolytes, respectively. Results from DFT and 
FTIR have shown that the strategy employed to evaluate the hydride additive by relying on 
the spectroscopic attributes of the OTF–, can allow for the evaluation of other Li-based 
additives not just LiCl as we have previously demonstrated.34 Lastly, preferential Al 
plating/stripping occurs in the Cl–-based electrolyte, highlighting the role of both Al-
chloride and Al-hydride species in the Al plating/stripping process. 
 

4.4 Outlook and Future Work 
While the work demonstrated in this report overcomes a milestone in organic electrolyte 
development for rechargeable Al batteries, much work is still needed. In addition to 
evaluating this electrolyte with several cathode materials, perhaps those less prone to 
hydride reactivity, studying the reaction in other organic solvents will be necessary. Ideally, 
the choice of the organic solvent should be limited to those compatible with LiAlH4. For 
instance, our preliminary cyclic voltammetry evaluation of an electrolyte consisting of 
Al(OTF)3 and LiAlH4 in diglyme reveals a reversible electrochemical process ca. 0V (vs 
Al/Al3+), likely associated with reversible Al plating and stripping, as shown in the 
Supporting Information Figure 4.14. We speculate that borohydrides (BH4

–) can have 
similar effect on the plating and stripping behavior of Al-ions, especially because of the 
critical role BH4

– play in magnesium53  and calcium54–56 electrolyte chemistries. 
Preliminary cyclic voltammetry evaluation of the LiBH4 additive on electrolytes consisting 
of either Al(OTF)3/THF or AlCl3/THF reveal promising reversible Al electrochemistry as 
shown in Supporting Information Figure 4.15. Future work will focus on confirming Al 
electrodeposition from these solutions and exploring ionic speciation in both systems. We 
also speculate that a similar plating/stripping behavior can occur in the absence of the F-
component, this hypothesis will be explored by replacing the Al(OTF)3 salt with a halide-
free and THF-soluble Al salts. 
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4.5 Supporting Information 
 
Table 4.1 Measured and computed vibrational frequencies of aluminum complexes ν = bond stretch, τ = 
twisting, δ = group angle deformation, subscript s = symmetric, subscript as = asymmetric, OTF–= CF3SO3– 

Species Mode Computed           
(cm–1) 

Measured 
(cm–1) 

Literature 

[Al(THF)4(OTF)][OTF]1+ Outer sphere  

νasSO3 

1238.28 1238 This work 
and our 
previous 
work 34 

[Al(THF)2(OTF)2]1+ Inner sphere 

νasSO3 

1351.58 1350 This work 
and our 
previous 
work 34 

1357.27 

Li(THF)3(OTF) Inner sphere  

νasSO3 

1252.60 1253 Previous 
work and 

ref 46 

trans–AlCl3(THF)2 νas(Al—Cl)  487.86 491 Previous 
work34 

476.34 

ν(Al—Cl)  - 

 

490 Ref 49 

cis–AlCl3(THF)2 - 

 

- 

 

329 Ref 49 

407 

(Broad 
peak) 

Previous 
work34 

AlH3(THF) Al—H twisting 503.04 & 513.07 500 
(broad) 

This work 

 νas(Al—H) 1806.10 1800 
(broad) 

 

 

 νas(Al—H) 1825.67  

AlH3(THF)2 νs(Al—H) 1799.65 This work 

 νas(Al—H) 1742.15 (strong) 1711 
(broad) 

This work 
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Figure 4.6 Showing the DFT calculated Al—H bond lengths in (A) Al2H7– and (B) Al2Cl3H4– 

 
 
 
 

 𝜈'((𝐴𝑙 − 𝐻) 1762.46 (strong) 1768 
(broad) 

 

AlH4
– νas(Al—H) 

Triply 
degenerate 

 

1670.85 1668 This work 

LiAlH4 νas(Al—H) 1651.49 1645 This work 

Al2H7
– νas(Al—H) 

bridging 
hydride (very 
strong) 

1778.21 1778 
(broad) 

 

νas(Al—H) 

Quadruply 
degenerate 

 

1802.10, 1808.92 
and 1811.28 (very 

strong) 

1800 
(shoulder) 

 

Al2Cl3H4
– νas(Al—Cl) 501.28 501 This work 

 507.48 

 δAlH3 672.70 (very 
strong) 

667 This work 
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Figure 4.7 Cyclic voltammogram for 1.5 M LiAlH4/THF on gold working electrode (first scan is red, second 
is green, and third is blue) 
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Figure 4.8 Cyclic voltammograms showing hydride activity on gold working electrode for 1:3 
Al(OTF)3:LiAlH4/THF. After resting the electrolyte for several hours (A) -1 to +2.5 V voltage window and 
(B) 0 to +1.5 V voltage window. Showing contributing from hydride 30 minutes after the electrolyte has been 
prepared (C) -1 to +2.5 V voltage window and (D) 0 to +1.5 V voltage window. (first scan is red, second is 
green, and third is blue) 
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Figure 4.9 Showing photographic images of Al electrodeposit on Cu substrate from (A) &(B) OTF–-based 
and (C) Cl–-based electrolytes and the regions (1) & (2) for XPS experiments 

 

 
Figure 4.10 XPS spectra comparison of region 1 (before etching) and region 2 for Al electrodeposits from 
(A-C) 1:3 Al(OTF)3:LiAlH4/THF, and  from (D-F) 1:3 AlCl3:LiAlH4/THF 
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Figure 4.11 SEM image of remaining Al electrodeposits on Cu substrate after etching experiments at region 
1 
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Figure 4.12 Showing (A) optical image and (B) SEM image of Al electrodeposits streaking patterns on Cu 
from 1:3 Al(OTF)3:LiAlH4/THF after 4 hours of plating. Showing (C) Al film obtained after 18 hours of 
plating from highly concentrated 1:3 Al(OTF)3:LiAlH4/THF and (D) corresponding SEM image 
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Figure 4.13 High magnification SEM images of Al electrodeposits (4 hours) from (A-C) 1:3 
Al(OTF)3:LiAlH4/THF and from (D-F) 1:3 AlCl3:LiAlH4/THF. 
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Figure 4.14 Cyclic voltammogram on gold working electrode for 1:3 Al(OTF)3:LiAlH4/diglyme (first scan 
is red, second is green, and third is blue). 

 

 
Figure 4.15 Cyclic voltammograms on gold working electrode for (A) 1:3 Al(OTF)3:LiBH4/THF and (B) 1:3 
AlCl3:LiBH4/THF (first scan is red, second is green, and third is blue). 
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