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The effect of additives on the aluminum species transports in varying molar 
ratios of AlCl3 deep eutectic solvents (DES) was studied using EIS 
conductivity measurements. The amides studied were acetamide, 
propionamide and butyramide and the molar ratios ranged from 1:1 - 1.7:1 
for each AlCl3:amide DES.  The additives studied were propylene carbonate 
(PC) and fluoroethylene carbonate (FEC) in 5wt%. While FEC generally 
lowered the conductivities, PC appears to shift the reaction equilibrium 
towards lower AlCl3 concentration. It is possible the fluorine atom on the 
FEC interacts with the [AlCl2(amide)n]+ species, creating stronger 
interactions that lowers the conductivity. The data displayed non-Arrhenius 
behavior and were fitted using the Vogel-Fulcher-Tammann equation to 
reveal dynamic behaviors similar to some pure ILs where the effective inter-
conversion between the trans and cis conformations of the anion facilitated 
faster ion dynamics. These results can be helpful in modifying DES and 
similar aluminum solvents for electrolyte applications.  

 
 

Introduction 
 

The need for safe, low cost, high energy and density storage devices is ubiquitous the world over.  
Similarly ubiquitous are lithium ion batteries (LIBs) (1-4), due to lithium’s low molecular weight 
and small ionic diameter (1.80 Å) which allows it to deliver about 2.5 times the energy compared 
to others (lead-acid, nickel-metal hydride, nickel-cadmium) (3). These attributes have been 
especially fruitful for low temperature portable and selective automotive applications. Despite 
these advantages, issues such as cost, safety and lithium reserves location exist that make finding 
alternatives necessary (4-9). Additionally, markets such as commercial vehicles, large-scale 
storage of renewable energies, lightweight wearable electronics and batteries demand alternative 
energy sources. Together, these provide the need for implementation of more wide-scale 
competitive alternative electrochemical energy storage (EES) devices. However, due to the breadth 
of applications and their respective operational requirements, finding one EES to satisfy all is 
unrealistic.  Instead, niche applications are more likely.   
 
     As alternatives to LIBs, researchers have turned to various multivalent ion batteries because of 
their multiple electron (> 1) transfer capability and one example of this is aluminum ion batteries 
(AIBs). Aluminum metal offers a three-electron redox property, favorable energy density 
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(theoretical 2980 mAh/gm compared to lithium’s 3860 mAh/gm), low reactivity, easier handling, 
high cyclability and lower cost compared to lithium.  It is also one of the earth’s most abundant 
metal element.  The Al-air battery - which is comprised of an Al anode, air cathode and suitable 
electrolyte - has a theoretical voltage of 2.7 V and energy density of 8.1 kWh/kg, and is being 
considered for future large-scale applications (10-12).  Unfortunately, Al has a high open-circuit 
potential (-1.66 V vs. a standard Hg/HgO with a 4M NaOH electrolyte at 25oC) (13), which 
prevents the use of highly conducting aqueous electrolytes due to the decomposition of water 
before deposition of Al. Additionally, Al has a strong affinity towards oxygen and hence cannot 
be electrolyzed from aqueous solutions (14). Most detrimental is the formation of protective oxide 
layers on the surface of Al which despite providing excellent corrosion resistance, also prevents 
the use of Al as an anode material. This oxide layer cannot be dissolved in most aqueous electrolyte 
solutions.  However, high temperature molten salts have provided some aid with this problem (7), 
but due to their high working temperatures and cost, alternatives are needed.  
 
     The selection of the electrolyte is very important in batteries as they must allow the transports 
of ionic species between the electrodes while simultaneously blocking that of electrons. In the case 
of AIBs, chloroaluminate ILs have been used in aluminum electrodeposition (15-17) and because 
of their relatively high ionic conductivity, tunable acidity, and wide electrochemical window, to 
date they are the most used electrolytes in AIBs.  Chloroaluminate ILs exhibit Lewis acid-base 
behavior with the solution pH, speciation and reactivity being determined by the chloride donor’s 
concentration.  They are mixtures of ionic liquids such as dialkylimidazolium chloride and metal 
halide salts of which the most used is aluminum chloride (AlCl3) (18-25). The acidic 
AlCl3/[EMIm]Cl system have received the most attention and depending on the molar ratio of 
AlCl3 to the imidazolium chloride the electrolyte can be classified as basic (<1), acidic (>1) and 
neutral (=1). The different anionic species present in the basic melt are AlCl4- and Cl-, in acidic 
Al2Cl7-, and AlCl4- in neutral solution (18-29). The electrochemical reduction of Al2Cl7- ion in 
acidic solution proceeds as (26, 28, 30-32): 
 
 

4 Al2Cl7- + 3e- → Al + 7 AlCl4-                                                [1] 
 
 
     Recently, deep eutectic solvents (DES) (33-40) have gained attention as electrolytes for energy 
storage devices (34-37). Fundamentally they are comprised of ionic and non-ionic moieties, with 
thermal and physical properties that are similar to room temperature ionic liquids. They are 
however generally cheaper and easier to prepare, and are also known to dissolve metal oxides (41) 
- which is one of the reasons for our interest. The reactions of DESs depend on several factors 
including the metal atom, the presence of chlorine coordinated cations or anions, and the hydrogen 
bond donor. In the case of metal halides, the eutectic formation rests with their asymmetric splitting 
whereby anions and donor-coordinated cations are formed (33).  For AlCl3, this process results in 
the formation of anionic and cationic structures such as AlCl4-, Al2Cl7-, and [AlCl2(amide)n]+ 
structures where n = 1 and 2 (33).  Examples of possible equilibria are presented in Eqs. 2-4 (36) 
where L represents the amide.    
 
 

  2[AlCl3Ln] ↔ [AlCl2Ln]+ + [AlCl4]- + nL                                        [2] 
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  2[AlCl3Ln] + Al2Cl6 ↔ 2[AlCl2Ln]+ + 2[AlCl4]-                           [3] 
 
 

           2[AlCl4]- + Al2Cl6 ↔ 2[Al2Cl7]-                            [4] 
 

 
     At low molar ratios, reaction 2 is favored.  With increasing AlCl3 concentration, the equilibrium 
shifts to reaction 3, and finally at higher molar ratios reaction 4 becomes the norm.  Like ionic 
liquids, the transport properties of DESs can be tuned.  Changing the hydrogen bond donor or the 
metal atom will change the resulting DES properties. Including additives can also change these 
properties.  An example of this is the 1.3:1 molar ratio AlCl3:Urea DES prepared by Yu et.al. (34) 
incorporating the 1,2-dichloroethane (DCE) additive.  The pure DES 27Al NMR spectrum was 
broad and extended between 95 and 105 ppm, while the additive DES gave individual peaks, 
possibly suggesting that either the additive reduced the electrostatic interactions between 
neighboring ions, or that it aided in moving the equilibrium reaction more in favor of ionic species.   
 
     In an effort to improve the ion transports in DES electrolytes, we have embarked on a series of 
studies that are focused on elucidating the various aluminum ion species and the interactions that 
govern their dynamics. Our initial study (42) delved into the local dynamics of the pure DES 
electrolytes comprised of varying molar ratios (1:1 – 1.7:1) of AlCl3 mixed with acetamide (AA, 
AcA), butyramide (BA, BuA), or propionamide (PA, PrA). Our goal was to determine how the 
aluminum ion transport and speciation were affected by the amide type, relative concentration and 
temperature. We used 1H and 27Al Nuclear Magnetic Resonance (NMR) spin-lattice relaxation 
times, chemical shifts and linewidth measurements, complimented with electrochemical 
impedance spectroscopy (EIS) ionic conductivity measurements, both as a function of temperature. 
The amides were chosen because they differ in the alkyl chain length which may help in elucidating 
their electron donor capabilities and the resulting aluminum ion species formed. Our variable 
temperature conductivity results (42) showed a non-Arrhenius behavior which was fitted using the 
Vogel-Fulcher-Tammann (VFT) equation. Generally, VFT behavior indicates a ‘fragile’ state (43), 
where dynamics are the result of available free volume and disorder resulting from molecular 
fluctuations and reorganizations over a wide variety of different particle orientations and 
coordination states, almost independently of thermal aid. Unlike the case for the typical EMIM[Cl] 
ionic liquid, there was no monotonic decrease in the To value with increasing AlCl3 concentration 
for any of the amides. Similarly, the pseudo activation energy did not display a monotonic increase 
with increasing AlCl3 concentration. These indicate a significant difference between the ionic 
environments of the AlCl3 DES analogues compared to the ionic liquid systems.   

 
     In this study we continue the characterization of the DES dynamics by focusing exclusively on 
the effect of the inclusion of additives such as propylene carbonate (PC) and fluoroethylene 
carbonate (FEC) on the transport of the aluminum species.  Additives such as propylene carbonate 
(PC, dielectric constant 64.92 at 25oC, 132oC flash point, melting point -49oC) have been used in 
lithium ion battery electrolytes to reduce solution viscosity and enhance ion dynamics (44-47).  
FEC (48) has also been used but as a stabilizing additive for PC, thereby enhancing the 
electrolyte’s cycling stability and solid electrolyte interface (SEI) formation capability. In our 
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efforts to not only improve the dynamics of the DES electrolytes for AIB applications, we 
incorporated each into the pure DESs.  We expect their inclusion to provide additional hydrogen 
bonding pathways for the aluminum ion species, which can affect the resulting ion transport. 
Towards this, we report for the first time variable temperature ionic conductivity measurements of 
varying molar ratios (1:1 – 1.7:1) of AlCl3:amide (acetamide, propionamide, and butyramide) with 
5wt% PC, or FEC additives.  Our future publications will include EIS measurements for additional 
additives and concentrations, and the comprehensive viscosity and NMR analyses of all DESs.   
 
 

Experimental 
 

Sample Preparation  
 
     The electrolytes studied were varying concentrations of the amides: acetamide (AA, AcA, 
CH3CONH2, Alfa Aesar, > 99%), butyramide (BA, BuA, CH3CH2CH2CONH2, Frontier Scientific, 
> 99%), and propionamide (PA, PrA, CH3CH2CONH2, Frontier Scientific, 99%), with Aluminum 
chloride (AlCl3, Alfa Aesar, > 99%). The additives used were 5wt% fluoroethylene carbonate 
(FEC, Sigma-Aldrich, anhydrous, 99%) and propylene carbonate (PC, Sigma-Aldrich, anhydrous, 
99%). Chemical structures of these amides are shown in Figure 1. The amides were dried in a 
vacuum oven at 353K for 40 hours while the AlCl3 was used as received.  Both AlCl3 and the 
amides were combined in their appropriate masses to create the required molar ratios of mixtures, 
which were mixed slowly with a magnetic stirrer to form the resulting liquid.  The required 
amounts of additives were then added to the respective DES, after which the mixture was heated 
and magnetically stirred at 80oC for an additional 36 hours. The work was done in a glove box 
under constant flowing nitrogen atmosphere. The exothermic nature of the reaction eliminated the 
need for heating or vigorous mixing.  
 
EIS Ionic Conductivity  
 
     Solvents were packed in a dry nitrogen atmosphere into an airtight 3 mL (Biologic Brand) two-
electrode sample cell, leaving 50% of the cell volume available for thermal expansion.  The cells 
were temperature controlled from 303 to 363K using a silicone oil bath.  The electrochemical 
impedance measurements were done using a Solartron 1260 Impedance Analyzer coupled with a 
Solartron 1287 Electrochemical Interface.  Experimental parameters utilized a frequency sweep 
from 25 Hz to 2.5 MHz using a resolution of 20 data points per decade and the energization was 
set with AC amplitude of 10 mV with no DC offset.  The resulting Nyquist plot of reactance versus 
resistance was inspected to determine the real electrical resistance.  Using the corresponding cell 
constants and the electrical resistance, conductivity was calculated and plotted versus temperature. 
Data shown and discussed are the averages of three sets of measurements.   
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Figure 1. Chemical structures for the amides and additives.  
 
 

Results 
 
Variable temperature EIS ionic conductivity data were determined for AlCl3:amide (acetamide, 
butyramide and propionamide) DESs with 5wt% propylene carbonate (PC) or fluoroethylene 
carbonate (FEC) additive.  Conductivity (σ) values were obtained from corresponding Nyquist 
plots. The general behavior of the conductivity was a dependence on molar concentration, 
temperature, additive and amide types. Generally, several factors can contribute to σ but usually 
the biggest contributors are temperature, solution viscosity and the number of available charge 
carriers. We see the relationships between these parameters through the Nernst-Einstein (NE, left) 
and Stokes-Einstein (SE, right) equations (Eq. 5-6):    
  
 

       𝜎𝜎 =  𝐷𝐷𝑞𝑞
2𝑐𝑐

𝑘𝑘𝐵𝐵𝑇𝑇
                     [5] 

 
 

𝐷𝐷 =  𝑘𝑘𝐵𝐵𝑇𝑇
4𝜋𝜋𝜋𝜋𝜋𝜋

       [6] 
 
where η, D, q, kB, c, T and r are the solution viscosity, self-diffusion coefficient, charge of the 
carrier, Boltzmann constant, charge carrier concentration, temperature in Kelvin, and 
hydrodynamic radius respectively. Ideally, both equations are for application to very dilute 
solutions where the ions are depicted as hard non-interacting spheres, moving through a continuum 
of viscosity η. Correspondingly, the ions are expected to be single entities.  Because of these, large 
errors are often obtained from the application of either equation to concentrated systems.  The 
main sources of errors are usually due to concentration, relaxation or drag, and electrophoretic 
effects.  
 
Temperature and Concentration Effects  
 
     As shown in Figure 2 for AlCl3:PA (propionamide) with 5wt% FEC (left) and 5wt% PC (right), 
the conductivity increased with increasing temperature. This behavior was also observed for the 
AlCl3:AA-additive and AlCl3:BA-additive mixtures, as well as for the pure DESs (42). The 
increase in conductivity with temperature is expected since the greater thermal energies will cause 
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reduced electrostatic interactions resulting in faster ion dynamics. There was a maximum in σ for 
all DES-additive mixtures. For both the AlCl3:PA and AlCl3:BA, the maximum for the 5wt% PC 
mixtures occurred at the 1.1:1 molar ratio, while for the AlCl3:AA mixture it occurred for the 1.5:1 
molar ratio for all temperatures. In the case of the 5wt% FEC, the maxima occurred at the 1.3:1 
molar ratio for all three amide mixtures. For comparison sake, the maxima for the pure AlCl3:PA 
and AlCl3:BA DES electrolytes occurred prominently at the 1.3:1 molar ratio (42) for all 
temperatures. The pure AlCl3:AA DES had a broad plateau starting at the 1.1:1 molar ratio at lower 
temperatures which gave way to a more pronounced maximum at the 1.3:1 molar ratio at higher 
temperatures (42).  
 

 
 
Figure 2. Variable temperature ionic conductivity data for varying molar ratios of AlCl3:PA 
(propionamide) with 5wt% FEC (left) and 5wt% PC (right).  
      
 

Like the pure DES, the maximum in conductivity may be due to a combination of factors.  
As shown in the NE equation, the increasing ionic species associated with greater AlCl3 
concentrations can increase the conductivity. Generally, an increase in charge concentration is 
accompanied by similar increases in viscosity. Unfortunately, we did not perform viscosity 
measurements on either the pure or additive mixtures but those measurements are a part of our 
future studies. We used the viscosity results of Liu et. al. (49) for the pure DESs - which for 
acetamide showed a linear decrease with increasing molar ratio, but for both the propionamide and 
butyramide DES electrolytes exhibited a broad minimum between 1.1:1 and 1.3:1 molar ratios. 
Since the minimum in η coincides with the maximum in σ for both the propionamide and 
butyramide additive mixtures, it suggests that viscosity is still influencing their aluminum ion 
transports. The additive dependent maximum in conductivity also supports the additive type being 
used as an additional tuning parameter for DES electrolytes and suggests differences in the 
interactions between the amides, the aluminum species and the additives.   
 
Amide and Additive Type Effects 
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     The effect of the additive type on the conductivity of the AlCl3:amide-additive mixtures is 
illustrated more clearly in Figures 3 and 4 for the 1.1:1 (left) and 1.5:1 (right) molar ratios of 
AlCl3:amide-additive mixtures. As shown in Figure 3, the 5wt% PC additive increased the 
conductivity for the 1.1:1 AlCl3:PA, 1.1:1 AlCl3:BA, 1.5:1 AlCl3:AA and 1.5:1 AlCl3:BA 
analogues compared to their pure forms. Similar enhancements were observed for the 1:1 
AlCl3:PA and 1.7:1 AlCl3:AA analogues. As shown in Figure 4 for the 5wt% FEC mixtures, 
generally no enhancement was observed for the FEC mixtures and this was the trend for all molar 
ratios and amide types. Both FEC (78.4 at 25oC) (48) and PC (64.92 at 25oC) (44-47) have high 
dielectric constants and should offer additional screening for the aluminum species. Whereas the 
PC can serve as a solvent for LIB electrolytes and is often used in greater quantities than 5wt%, 
the FEC is used to enhance the electrolyte’s SEI formation capability and cyclability and is used 
in similarly small quantities. Since the DES solvents are the potential electrolytes for AIBs, any 
additive incorporated is expected to be used in small quantities, therefore the 5wt% of both PC and 
FEC seems appropriate. Our future studies will include a variation on the additive concentration 
as well. 
 

 
 
Figure 3. Variable temperature ionic conductivity data for 1.1:1 (left) and 1.5:1 (right) molar ratios 
of AlCl3:amide-PC mixtures.  
 
 
     The difference between the effect of the two additives may be based upon their structures. As 
shown in Figure 1, the FEC additive has a terminating fluorine atom while PC has a methyl group. 
Unlike the methyl group, the terminal fluorine atom can interact electrostatically with the 
aluminum cationic [AlCl2(amide)n]+ species. This has been shown in LIB electrolytes such as 
LiPF6/EC/DEC/FEC where the FEC enhanced the formation of LiF (50) over Li2CO3. This 
interaction would result in stronger local interactions between the aluminum species and their 
solvation spheres thereby resulting in reduced transports and lower ionic conductivities. Unlike 
FEC, PC selectively enhances the mixtures ionic conductivity. Although preliminary, it appears 
PC shifts the reaction equilibrium to favor lower molar ratios for both propionamide and 
butyramide. In the case of acetamide, in spite of the concentration at which the conductivity 
maximum occurs remaining unchanged, the fact that the maximum encompassed the entire 

All problems according to Preflight profile
Convert to PDF/A-1b
All problems according to Preflight profile
Convert to PDF/A-1b
All problems according to Preflight profile
Convert to PDF/A-1b



temperature range - unlike for the pure DES - suggests PC reduced the electrostatic interactions 
between the aluminum species.        
 
     To determine the effect of the amide type on the conductivity we compared their structure. The 
size of the amide molecules is as follows: BA>PA>AA (see Figure 1). Compared to both 
propionamide and acetamide, butyramide is most bulky and because of this, its interaction with 
the various ionic species could be less effective. The effect of amide size seems to be temperature 
and concentration dependent. For PC additive mixtures, at molar ratios above 1.1:1 and 
temperatures below 343K, the acetamide mixtures have the lowest conductivity. Above this 
temperature the trend reversed.  Additional revelations include propionamide mixtures at the 1:1 
and 1.1:1 molar ratios being most conducting, while the butyramide were slightly more than the 
acetamide. This behavior was also observed for the pure DESs (42). For the FEC additive, 
generally acetamide mixtures have the lowest conductivities below 353K, while above they have 
the highest and also the largest thermal enhancements.     
 

 
 
Figure 4. Variable temperature ionic conductivity data for 1.1:1 (left) and 1.5:1 (right) molar ratios 
of AlCl3:amide-FEC mixtures.  
 
 
     The high-temperature thermal enhancements in conductivity experienced by the acetamide 
mixtures suggest the breaking of the hydrogen bonding network. Generally, hydrogen bonds lessen 
in strength and connectivity with increasing temperature. This can lead to faster ion dynamics as 
a result of the reduced interactions. Since the strength of the hydrogen bonding network as well as 
the local electrostatic interactions are modulated by the dielectric screening of the amide 
molecules, we tried to compare their dielectric constants. Unfortunately, at the time of writing only 
acetamide had a publicly available dielectric constant. Values were however available for their N-
methyl analogues which at 30oC are: 178.9, 164.3 and 124.7 respectively for N-methylacetamide 
(51-52), N-methylpropionamide (53-54) and N-methylbutyramide (55). N-methylacetamide 
having the highest dielectric constant could support the acetamide mixtures having lower 
conductivities. The N-methylbutyramide analogue having the lowest dielectric constant could 
support butyramide providing a weaker hydrogen bonding network. However, as previously stated, 
due to butyramide’s bulky size, its solvating properties and the resulting ion dynamics in its 
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mixtures may be further impeded. Also, in the case of butyramide the inclusion of the PC 
molecules seems to provide additional screening for the aluminum species which allows for faster 
ion dynamics. This suggests that amide size is a determining factor as it affects the resulting 
electrostatic interactions between the ionic species, as well as their mobilities. Whereas the 
acetamide appears too small to provide effective screening for the aluminum species especially at 
lower temperatures, the butyramide appears too bulky to provide efficient translational dynamics 
at higher temperatures. The propionamide however appears to balance effectively the need for 
effective electrostatic screening and translational dynamics.   
 
     The inverse temperature behavior of the logarithmic conductivity was fitted to the VFT 
equation:  
 

𝜎𝜎 =  𝜎𝜎𝑜𝑜 exp � −𝐵𝐵
𝑇𝑇− 𝑇𝑇𝑜𝑜

�                                       [7] 
 
 

where the adjustable parameters - B, T and To - are the pseudoactivation energy, current 
temperature, and ‘pseudo’ ideal glass transition temperature respectively in unit of Kelvin.  The 
logarithmic form of the VFT was used instead of the exponential as it allows better fitting of data 
spanning orders of magnitude. Additionally, when compared to the Arrhenius fit, the VFT 
produced smaller errors and had R2 values greater than 0.99 indicating the VFT was a more suitable 
model. As previously mentioned, the pure DESs also had curve-like inverse temperature behavior 
of their logarithmic conductivities and were fitted using the VFT equation (42). A representative 
plot for the variable molar ratios AlCl3:AA DES with 5wt% FEC (left) and 5wt% PC (right) 
additives are shown in Figure 5. Similar behaviors were observed for the AlCl3:PA-additive and 
AlCl3:BA-additive mixtures (both not shown). There is no data for the 1:1 AlCl3:AA and 1.7:1 
AlCl3:BA with 5wt% PC because the additive caused precipitation of the mixture.  
  

    
 
Figure 5. VFT plots of the ionic conductivity for 5wt % FEC (left) and 5wt % (right) AlCl3:AA 
DES electrolytes. 
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     As previously stated, liquids displaying VFT behaviors are dynamically disordered on the 
molecular level, whereby species reorganize over a wide variety of different particle orientations 
and coordination states, without thermal aid.  The Fragility (F) value is generally accepted as an 
indicator of this dynamic behavior and values for both AlCl3:amide-additive mixtures were 
determined from the relationship: B/To. F is used instead of D to differentiate the Fragility 
parameter from the self-diffusion coefficient (D) which is depicted in the SE equation and is part 
of our future studies. As shown in Tables I and II, the Fragility values range from 3.7 to 9.4. 
Generally, fragility values for most ILs fall between 5 and 10.  Those with values below 5 are 
considered ‘most fragile.’  This was demonstrated by Castner et.al. (56) in their study of the effect 
of the symmetry of fluorinated anions on dynamics in imidazolium based ILs. They obtained a 
value of 3.80 for the 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide IL and 
attributed this to the effective inter-conversion between the trans and cis conformations of the 
anion that facilitated faster ion dynamics.       
 
Table I. VFT fitting parameters for the 5wt% PC in varying molar ratio AlCl3:amide DES electrolytes.  Pseudo-
activation energies (B) are given in Kelvin but can be represented in kJ/mol using the conversion factor 1kJ/mol = 
120.31 K. Corresponding Arrhenius activation energies (EA) and Fragility (F) are also included.       

  T0 B F EA 

Sample (K) (K)       (kJ·mol-1) 

10AlCl3:10AcA+5%PC             

11AlCl3:10AcA+5%PC 181 ± 4 743 ± 40 4.1 ± 0.1 6.2 ± 0.1 

13AlCl3:10AcA+5%PC 227 ± 9 497 ± 78 2.2 ± 0.1 4.1 ± 0.1 

15AlCl3:10AcA+5%PC 182 ± 19 666 ± 187 3.7 ± 0.2 5.5 ± 0.2 

17AlCl3:10AcA+5%PC 158 ± 34 1037 ± 438 6.6 ± 0.4 8.6 ± 0.4 
             

10AlCl3:10BuA+5%PC 192 ± 10 502 ± 76 2.6 ± 0.1 4.2 ± 0.1 

11AlCl3:10BuA+5%PC 187 ± 16 546 ± 129 2.9 ± 0.1 4.5 ± 0.1 

13AlCl3:10BuA+5%PC 191 ± 5 489 ± 33 2.6 ± 0.1 4.1 ± 0.1 

15AlCl3:10BuA+5%PC 195 ± 5 477 ± 37 2.4 ± 0.1 4.0 ± 0.1 

17AlCl3:10BuA+5%PC             
             

10AlCl3:10PrA+5%PC 207 ± 8 447 ± 59 2.2 ± 0.1 3.71 ± 0.06 

11AlCl3:10PrA+5%PC 144 ± 31 961 ± 321 6.7 ± 0.1 8.0 ± 0.1 

13AlCl3:10PrA+5%PC 164 ± 13 757 ± 118 4.6 ± 0.1 6.3 ± 0.1 

15AlCl3:10PrA+5%PC 182 ± 5 544 ± 40 3.0 ± 0.0 4.53 ± 0.04 

17AlCl3:10PrA+5%PC 171 ± 14 667 ± 119 3.9 ± 0.1 5.5 ± 0.1 
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     Compared to the Fragility values of the pure DESs, those for the AlCl3:amide-additive mixtures 
are larger. Depending on the molar concentration, the pure DES is expected to contain anionic 
(AlCl4-, Al2Cl7-), cationic ([AlCl2(amide)n]+) and neutral ([AlCl3(amide)] and [AlCl3(amide)2]) 
aluminum species. The inclusion of the PC additive is not expected to alter these species. However, 
the FEC can cause the formation of additional species including [AlCl2(amide)n] [F]. In spite of 
this, the relatively small fragility factors support the existence of local conformational changes of 
the various species. In our future studies which includes 27Al NMR measurements, one of the 
objectives will be to determine if additional aluminum ion species are formed from FEC and 
similar fluorinated additives. 
 
Table II. VFT fitting parameters for the 5wt% FEC in varying molar ratio AlCl3:amide DES electrolytes. Pseudo-
activation energies (B) are given in Kelvin but can be represented in kJ/mol using the conversion factor 1kJ/mol = 
120.31 K. Corresponding Arrhenius activation energies (EA) and Fragility (F) are also included.      

  T0 B F EA 

Sample (K) (K)       (kJ·mol-1) 

10AlCl3:10AcA+5%FEC 195 ± 8 730 ± 83 3.7 ± 0.1 6.1 ± 0.1 

11AlCl3:10AcA+5%FEC 193 ± 10 704 ± 104 3.7 ± 0.1 5.9 ± 0.1 

13AlCl3:10AcA+5%FEC 180 ± 11 701 ± 106 3.9 ± 0.1 5.8 ± 0.1 

15AlCl3:10AcA+5%FEC 162 ± 12 927 ± 135 5.7 ± 0.1 7.7 ± 0.1 

17AlCl3:10AcA+5%FEC 161 ± 18 903 ± 190 5.6 ± 0.2 7.5 ± 0.2 
             

10AlCl3:10BuA+5%FEC 163 ± 15 754 ± 139 4.6 ± 0.1 6.3 ± 0.1 

11AlCl3:10BuA+5%FEC 197 ± 10 519 ± 76 2.6 ± 0.1 4.3 ± 0.1 

13AlCl3:10BuA+5%FEC 150 ± 12 855 ± 118 5.7 ± 0.1 7.1 ± 0.1 

15AlCl3:10BuA+5%FEC 187 ± 4 557 ± 34 3.0 ± 0.1 4.63 ± 0.03 

17AlCl3:10BuA+5%FEC 126 ± 12 1126 ± 127 8.9 ± 0.1 9.4 ± 0.1 
             

10AlCl3:10PrA+5%FEC 208 ± 6 503 ± 48 2.4 ± 0.1 4.2 ± 0.0 

11AlCl3:10PrA+5%FEC 190 ± 3 576 ± 25 3.0 ± 0.1 4.8 ± 0.0 

13AlCl3:10PrA+5%FEC 161 ± 13 746 ± 115 4.6 ± 0.1 6.2 ± 0.1 

15AlCl3:10PrA+5%FEC 189 ± 10 550 ± 79 2.9 ± 0.1 4.6 ± 0.1 

17AlCl3:10PrA+5%FEC 151 ± 7 887 ± 73 5.9 ± 0.1 7.4 ± 0.1 

 
 

Summary 
 

We determined the variable temperature ionic conductivities for mixtures comprised of varying 
molar ratios (1:1 – 1.7:1) of AlCl3:amide (acetamide, propionamide, and butyramide) with 5wt% 
PC, or FEC additives. This was done in an effort to determine the effect of additives commonly 
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used to improve the performance and ion dynamics of lithium ion battery electrolytes on AlCl3 
deep eutectic solvents (DESs). Although the FEC has a larger dielectric constant compared to PC, 
compared to the pure DES electrolytes the conductivity of the mixtures was generally lowered by 
the FEC additive but selectively improved by the PC. The smaller conductivities of the FEC 
mixtures may be due to its terminating fluorine atom which may be interacting with the cationic 
species to create [AlCl2(amide)n]+ [F]. Our future 27Al NMR studies will investigate this 
possibility, as well as determine the changes in the local dynamics due to the incorporation of the 
additives. Similar to the pure DES, the AlCl3:amide-additive mixtures show a maximum in 
conductivity that was amide dependent.  In the case of PC, the maximum shifted from 1.3:1 in the 
pure DES to 1.1:1 molar ratio for both the propionamide and butyramide mixtures. This suggests 
that for both amides, it is possible to get effective ion transports at lower AlCl3 concentration. 
Overall, these results show the use of additives can be used to improve and tune the ionic 
conductivity of deep eutectic solvents for aluminum electrolyte applications, and possibly extend 
to other multivalent ion electrolytes.  
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