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[bookmark: _1dibfr598s1x]Abstract 

Lack of knowledge on electrochemical reaction pathways for Al/S batteries prevents the development of practical approaches to mitigate the irreversibility and poor cycling performances of this appealing secondary battery system which is, in theory, scalable, inexpensive, and energy-dense. Different from the Li/S system, Al/S batteries use ionic liquids (ILs) as electrolytes. The choice of the IL, i.e., whether the IL is based on a conventional EMImCl-based electrolyte or in a deep eutectic mixture of aluminum chloride with Urea (or any of its derivatives), strongly affects the electrochemical energy storage performances of the cell. To shed some light on the Al/S battery chemistry, here, we present a computational electrochemistry research work to determine the most favorable reaction pathways and thermodynamically stable reaction intermediates. We also discuss the effect of the coordination of ionic species (originated from aluminum-containing deep eutectic electrolytes) with polysulfide intermediates which lead to alterations in the reaction pathway and electrochemical behavior of the Al/S system. The spectroscopic signatures from various reaction intermediates are also reported and validated via comparison with experimental observations.
1. [bookmark: _e6bwft1pxt1e]Introduction 
 
Carbon neutral electricity supply needs grid-scale energy storage1 to balance the fluctuating renewable resources. While pumped hydro storage provides the lowest life cycle cost, it can not be deployed everywhere on a mass scale due to geography and environmental impact limitations. Rechargeable batteries are critical in energy grids’ reliability and utilization when the generative capacity of the grid is primarily renewables. Innovating beyond the state-of-the-art lithium-ion batteries is crucial for the battery research community to generate cost-effective electrochemical energy storage solutions for the grid. For example, coupling an aluminum anode with a sulfur cathode could produce low-cost, safe, high-energy-density rechargeable Al/S cells. Combining a three-electron per aluminum anode reaction and a two-electron per atomic sulfur cathode reaction makes a battery with theoretical specific energy close to 1300 Wh kg-1 2–4. In addition, aluminum and sulfur are both cheap, easy to produce, earth-abundant materials. Thus such battery chemistry is, in principle, scalable to TWhs - a requirement for grid deployment across the world. The electrochemical behavior of sulfur-based cathode in non-aqueous, aluminum-based systems was investigated for the ﬁrst time in NaCl-AlCl3  electrolytes melt in 19845, in pyridinium ionic liquid in 19856, and aqueous alkaline electrolytes for the same were reported as early as 19937. However, the progress has been slow, with relatively few articles published on Al/S chemistry until recently. The discovery of an ionic liquid-based Al/S battery a few years ago8 opened a new direction in this battery chemistry, and more research results have been published last few years than all the previous years combined9–18. In addition, significant recent work have focused on aluminum ion batteries19–23.   
The interest in Al/S batteries rose particularly after a new group of urea/acetamide and AlCl3 based deep eutectic solvent (DES) electrolytes were recently proposed for the Al/S battery system9,10,16. Unlike the conventional ionic liquids, like, for example, those based on the organic 1-Ethyl-3-methylimidazolium chloride (EMImCl), these “new” electrolytes made of cost-effective components are inexpensive to produce as the synthesis is straightforward. Additionally, in Al/S batteries, these DES electrolytes enable the delivery of higher capacity than EMImCl-based electrolyte10, thus raising the question of whether the reaction mechanism is altered when the DES electrolytes are used.

The operation of Al/S batteries involves the oxidation of the aluminum at the negative electrode and the reduction of the sulfur at the positive electrode during the discharge process and vice versa for the recharge process. Unfortunately, the reaction mechanisms are poorly understood, thus, limiting further progress towards the circumvention or overcome of the current Al/S battery system limitations such as low discharge potential, sluggish reaction kinetics, large voltage hysteresis (low round trip efficiency), and limited cycle life. Experimental studies on ionic liquid-based Al/S cells show single discharge and charge plateaus. This behavior is quite distinctive from the typical two-stage voltage profile in Li/S system24,25 Based on electrochemical and spectroscopic data, it has been proposed that the reaction mechanism in Al/S batteries goes through the formation of a series of polysulfides, with Al2S3 as the final discharge product, in analogy to the Li/S system14,15,24,25. However, the details of the reaction mechanisms remain unclear, and the interaction between polysulfides and sulfide with aluminum ions is expected to be much stronger and complex than with lithium ions. Furthermore, the role of the chemical composition of the electrolyte on the reaction mechanism also remains largely unexplored.

Recent ab-initio molecular dynamics simulations have demonstrated that the reactivity, speciation, and transport properties of DES electrolytes depend on a complex balance of different types of complex interactions11,26. Therefore, investigating the interaction of aluminum ions with polysulfides and ionic species in the electrolyte is paramount to understanding the reaction mechanisms in Al/S batteries’ cathodes. For example, by roughly considering the theory of electrolytic conductance27, it is highly unlikely to find triple-charge Al3+ ions not coordinated with the ionic species present in the electrolyte. A previous theoretical study of the Al/S system, also using ab-initio molecular dynamics simulations, attempted to elucidate the reaction mechanism, but unfortunately, the critical role of the coordination of aluminum ions with electrolyte species was overlooked12.

In this work, we employ ab-initio calculations to elucidate the most likely species involved in Al/S battery reactions and provide new findings on the reaction mechanisms. In our research work, we consider both EMImCl-based and DES (particularly the Urea-based system) electrolytes. We demonstrate that Al atoms prefer four-fold coordination. Consequently, the mechanism of Al/S battery reactions involves a series of steps in which Al/S bonds sequentially replace some of the Al-Cl bonds present in the initial electrolyte species (e.g., AlCl4-, Al2Cl7-). Based on the available data and the results of the calculations, we propose the most likely pathways for Al/S battery reactions.

Simulation details are provided in section 2 followed by description and stability of reaction intermediates in section 3.1. Section 3.2 contain thermodynamics analysis of reaction networks with and without the participation of IL species. In section 3.3, we review experimentally observed charge discharge curve and spectroscopic characterizations to ascertain the validity of our theoretical work towards elucidation of the reaction mechanism.

2. [bookmark: _voxmgfog4kdy]Computational details
2.1. [bookmark: _g7fv3oqm4yik]Methods and parameters

[bookmark: _GoBack]All simulations were carried out with the Amsterdam Density Functional suite (ADF) 2017 version28. Molecular structures were optimized with a triple- double-polarized (TZ2P) basis set and B3LYP29 functional and dispersion correction by Grimme30 following simulations done for Li/S system31. Implicit solvation model COSMO32 with a dielectric constant of 15 was used following reported values for ILs33. Free energy at 400K was estimated using calculated vibrational modes considering zero‐point energy, vibrational enthalpy, and entropy contributions. IR and UV-vis spectra calculations were calculated with B3LYP functional, but Raman spectra calculations were done with RPBE due to limitations in implementation in ADF. Free energies of Solid state phases Al and Al2S3 were calibrated using known energetics34,35 as ADF is built for non-periodic systems, but the results discussed in this article do not depend on the variations on these solid phase energies. 

Reactions at the electrode-electrolyte interface of batteries are analogous to those in electro-catalysis, where the potential dependence of elementary reactions is often accessed via density functional theory-based simulations along with the “computational hydrogen electrode” concept36. The original version of the model relates the chemical potential of a proton/electron pair, at 0 V-RHE, to that of H2 gas through the reference electrode reaction. Following this, an analogous computational aluminum reference electrode can be defined via the following reaction: 

Al + 7AlCl4- = 4Al2Cl7-  + 3e-									(1)

However, in the case of Urea/AlCl3 electrolytes, the predominant electrolyte species are aluminum ions coordinated with chloride and urea ligands, such as AlCl2Urea+ and 4AlCl2Urea2+, and AlCl4- 11,37. Therefore, the following reaction is more appropriate as a reference:

Al + AlCl2(Urea)2+ + 6AlCl4-  = Al2Cl5(Urea)2+ + 3Al2Cl7- + 3e- 				(2)


We employ the reactions above to report the potentials of the different reactions against the aluminum reference electrode potential scale. 

The calculation of the potential-dependent Gibbs energies of reduction reactions is done as follows:

G = G(E=0 V) + n E									(3)

where G is the Gibbs energy of the reaction at a potential E, G(E=0 V) is the Gibbs energy of the reaction at a potential equal to zero (against the reference, see reactions (1) and (2)), and n is the number of electrons involved in the reduction reaction. 

3. [bookmark: _7xry3lrhnm5v]Results and discussion
3.1. [bookmark: _p38946gxrz7w]Reaction intermediates: structural and spectroscopic fingerprints
Sulfur is a molecular solid with weakly bound S8 clusters forming a crown structure at standard conditions. Thus, our reaction tree search starts from a crown-shaped S8 cluster following similar work done for Li/S battery38. We explored an extensive network of possible reactions, including reaction intermediates that are pure polysulfides (with various possible chain lengths, Sx2-) and those that are coordinated with aluminum ions. We also took into account that Al3+ ions are not “free” but coordinated with chlorine to form AlCl4- or Al2Cl7-. When deep eutectics are used, aluminum ions are also coordinated by the neutral deep eutectic components (e.g., Urea)9,11,26,37. Consequently, we considered that reaction intermediates can consist of ions made of Al/Cl/Sx and deep eutectic components like Urea. For the polysulfides involved in the reactions, we considered all possible polysulfide chain lengths from sulfide (S2-) to the eight-member polysulfide anion S82-, hence the possible intermediates varied as S2-x(x=1,2,3,4,5,6,7,8). 

3.1.1. [bookmark: _68623fawl5co]Reaction intermediates in conventional ionic liquids

Conventional ionic liquid electrolytes used for Al/S batteries8,10,15,24,25 are prepared by mixing an organic salt like EMImCl with AlCl3 in excess, thus producing AlCl4-  and Al2Cl7- . Under those conditions, the discharge of the battery will induce the reduction of sulfur to polysulfides:

x/8 S8 + 2e- = Sx2-										(4)

However, the formed polysulfides are unlikely to be uncoordinated. Instead, the polysulfide will coordinate aluminium ions, by replacing one or more of the chloride ligands in the AlCl4- and Al2Cl7- complexes as follows:

Sx2- + AlCl4- = AlCl3Sx2- + Cl-									(5)
AlCl3Sx2- = AlCl2Sx- + Cl-									(6)
Sx2-+  AlCl4- = AlCl2Sx- + 2Cl-									(7)
Sx2-+ Al2Cl7-= AlCl4-  + AlCl3Sx2-								(8)

Consequently, we propose that the most likely reaction intermediates are aluminum-coordinated polysulfides of the type AlCl3Sx2- and AlCl2Sx-. We elucidate the most stable structures of all these possible reaction intermediates through ab-initio calculations, and we show the results in Figure 1.

To evaluate the relative stability of the various polysulfide intermediates, we took into account that the Cl- formed in the reactions of substitution of chloride ligand by polysulfides around the coordination sphere of aluminum ions (reactions 5-8) will likely react with Al2Cl7- to form AlCl4- as follows:

Al2Cl7-  + Cl- = 2AlCl4-										(9)

Consequently, the overall reaction of formation of AlCl3Sx2- and AlCl2Sx- intermediates can be written as: 

Sx2- + 2Al2Cl7-  = AlCl2Sx- + 3AlCl4-								(10)
Sx2- + Al2Cl7-  = AlCl3Sx2- + AlCl4-								(11)
AlCl3Sx2- + Al2Cl7-  = AlCl2Sx- + 2AlCl4-								(12)

With the knowledge of the energies of all the possible reaction intermediates obtained from the DFT calculations, we obtained a quantitative estimation of the relative stability of all the possible intermediates, which we define as the Gibbs energies of reactions 10,11, and 12. The results are summarized in Table 1.

The Gibbs energies of reactions 10 and 11 are all negative, regardless of the polysulfide chain length, thus confirming the initial hypothesis that polysulfides will not be present as uncoordinated species in Al/S batteries. This is because the strength of the bond between polysulfides and aluminum cations is stronger than between chloride anions and aluminum cations. Hence, the ligand exchange reactions in which polysulfides displace chloride anions coordinating aluminum are thermodynamically favorable. 
On the other hand, the fact that the energies of reaction 12 are also negative, regardless of the polysulfide chain length, demonstrate that polysulfides are more prone to bind as bidentate ligands rather than monodentate ligands.
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Figure 1: Optimized geometries of the various reaction intermediates in Al/S batteries in conventional (e.g. EMImCl-based) electrolytes, drawn in ball/stick form, for (a)S8  (b)Al2Cl7- (c) AlCl4- (d-k) AlCl3Sx2- and (l-s) AlCl2Sx- for x=1 to 8. Grey, yellow and green balls represent Al, S and Cl atoms, respectively.


Table 1: Gibbs free energy change of reactions 10 and 11 as predictors of the thermodynamic stability of intermediate compounds in Al/S batteries reactions (consisting of aluminum coordinated by chloride and polysulfide anions, AlCl3Sx2- and AlCl2Sx-) with respect to uncoordinated polysulfides (Sx2- ), as a function of the number of sulfur atoms in the polysulfide chain length. The Gibbs energy of reaction 12, involving the transformation of polysulfide ligands from monodentate to bidentate to aluminum ions, is also included. All calculations are carried out at 400 K.


	Polysulfide chain length (i.e. x in Sx2-)
	8
	7
	6
	5
	4
	3
	2
	1

	Thermodynamic stability of AlCl3Sx2- w.r.t Sx2-  (eV)  via reaction 10
	-3.70
	-1.26
	-1.16
	-1.13
	-1.15
	-1.42
	-1.58
	-2.81

	Thermodynamic stability of AlCl2Sx- w.r.t Sx2- (eV) via reaction 11
	-5.28
	-2.62
	-2.89
	-2.83
	-2.79
	-2.66
	-2.89
	-3.51

	Thermodynamic stability of AlCl2Sx- w.r.t AlCl3Sx2- (eV) via reaction 12
	-1.58
	-1.36
	-1.73
	-1.70
	-1.63
	-1.24
	-1.31
	-0.70




3.1.2. [bookmark: _oo7a9cadnklw]Reaction intermediates in deep eutectic electrolytes
Deep eutectic electrolytes prepared by mixing AlCl3 and Urea contain a complex mixture of species made of aluminum ions coordinated with chloride anions and Urea like AlCl2(Urea)2+, in addition to the AlCl4- anions11,37. Thus, reaction intermediates in the reduction pathway of S8 to Al2S3 will contain aluminum ions coordinated to a mixture of ligands, including chlorine, Urea, and polysulfides. As mentioned above, the reduction of sulfur produces polysulfides (reaction 1), which will be eager to induce ligand exchange reactions to coordinate aluminum ions:

Sx2-  + AlCl2(Urea)2+ = AlCl2Sx- + 2Urea  							(13)
Sx2-  + AlCl2(Urea)2+ = AlCl2(Urea)Sx- + Urea							(14)	
Sx2-  + AlCl2(Urea)2+ = AlCl(Urea)Sx + Urea + Cl-						(15)
Sx2- + AlCl4- = AlCl3Sx2- + Cl-									(16)
(Reaction 16 is identical to reaction 5, but it is included here for completeness)

And some of the products of the above reactions (Cl- and Urea) will then react further as follow:		

2 Urea + Al2Cl7-  + Al2Cl5(Urea)2+ = 2 AlCl4- + 2 AlCl2(Urea)2+				(17)
Cl- + Al2Cl5(Urea)+ = AlCl2(Urea)2+ + AlCl4-							(18)

Combining the reactions 13-16 with reactions 17-18 give the following overall reactions of coordination of polysulfides with aluminum ions via reactions that involve the predominant species39 present in the urea-based eutectic electrolytes:
						
Sx2-  + Al2Cl5(Urea)2+  + Al2Cl7- = AlCl2Sx- + AlCl2(Urea)2+ + 2AlCl4-				(19)	
Sx2- + ½ Al2Cl5(Urea)2+  + ½ Al2Cl7-  = AlCl2(Urea)Sx- + AlCl4-					(20)	
Sx-- + ½ Al2Cl5(Urea)2+  + 3/2 Al2Cl7- = AlCl(Urea)Sx + 3AlCl4-				(21)	
Sx-- + Al2Cl5(Urea)2+  = AlCl3Sx2- + AlCl2(Urea)2+ 						(22)

By computing the Gibbs energy of the reactions 19 to 22, we quantitatively evaluate the possibility of the polysulfide species formed in urea-based eutectic electrolytes to remain uncoordinated or bond with aluminum ions. The optimized structures of the possible reaction intermediates are shown in Figure 2, and the results of the computation of the Gibbs energy of the reactions are disclosed in Table 2. In all cases, the values of the Gibbs energies of the reactions are negative, thus confirming that uncoordinated polysulfides are not stable in the eutectic electrolyte, as similarly reported in the case of “conventional” (i.e., EMImCl-based) electrolyte.
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Figure 2: As in Figure 1 but for the intermediates in Al/S batteries with urea-based deep eutectic electrolytes, for (a-h) AlCl2(Urea)Sx- and (i-p) AlCl(Urea)Sx  for x=1 to 8. Grey, yellow, green, red, blue, black and white balls represent Al, S, Cl, O, N, C, and H atoms, respectively.



Table 2: Gibbs free energy change of reactions 19 to 22 as predictors of the thermodynamic stability of intermediate compounds in Al/S batteries reactions (consisting of aluminum coordinated by chloride, urea and polysulfide anions, such as AlCl2Sx-, AlCl2(Urea)Sx-, AlCl(Urea)Sx and AlCl3Sx2-) with respect to uncoordinated polysulfides (Sx2-), as a function of the number of sulfur atoms in the polysulfide chain length. All calculations are carried out at 400 K. 

	Polysulfide chain length (i.e. x in Sx2-)
	8
	7
	6
	5
	4
	3
	2
	1

	Thermodynamic stability of AlCl2Sx- w.r.t Sx2-  (eV) via reaction 19
	-5.36
	-2.70
	-2.97
	-2.91
	-2.87
	-2.74
	-2.97
	-3.60

	Stability of AlCl2(Urea)Sx-  w.r.t Sx2- (eV) via reaction 20
	-4.31
	-2.14
	-1.92
	-1.65
	-1.39
	-1.72
	-2.11
	-3.19

	Stability of AlCl(Urea)Sx  w.r.t Sx2-(eV) via reaction 21
	-5.81
	-3.50
	-3.24
	-3.39
	-3.38
	-3.30
	-3.52
	-4.66

	Stability of AlCl3Sx2-  w.r.t Sx2- (eV) via reaction 22
	-4.80
	-2.36
	-2.26
	-2.23
	-2.26
	-2.52
	-2.69
	-3.91




We estimate that double coordination to the polysulphide chain is energetically preferred over coordination to additional Cl atoms (Table 2). The trend remains similar for intermediates where Al does not have any Urea coordination (Table 1). For both AlCl2Sx- and AlCl(Urea)Sx, the Al atom is doubly coordinated with the polysulfide chain.
We would also like to point out that the AlCl3Sx2- and AlCl2Sx-  intermediates are more likely to be formed from the IL cations’ reaction for DES electrolytes. However, AlCl2Sx- are the most likely intermediates irrespective of the type of electrolyte. AlCl(Urea)Sx  are also likely intermediates for Urea/AlCl3 based IL. 

3.2. [bookmark: _gu281oy99yyt]Reaction paths: participation of electrolyte species

The analysis carried out in the previous section provides free energy correlations between possible intermediates that significantly reduce the reaction network region, which need to be explored to find the correct pathway toward the Al2S3 formation. Firstly, we can consider AlCl2Sx- as the primary reaction intermediate, and then the reaction pathway in the deep eutectic solvent electrolytes is studied by incorporating the presence of AlCl(Urea)Sx  species. The polysulfide redox reactions are consider to consist of two-electron ractions that produce the cleavage of a sulfur-sulfur bond in the polysulfide sulfur chain. The reaction steps that are most likely to be part of the actual reaction network are highlighted in bold in the following sections. 
3.2.1. [bookmark: _wqdekxv8xj87]Reaction network without IL participation

In absence of complex cations like AlCl2(Urea)Sx- and AlCl(Urea)Sx, the Al electrode redox reactions involves AlCl4-  and Al2Cl7-  species, which we use as the reference electrode reaction, see reaction (1).  In the following, values of potentials of the different reactions, given against that reference, are denoted with the label (A), and the most likely (i.e. most favorable) steps involved in the discharge reaction of the sulfur electrode are highlighted in bold. The sulfur electrode reactions start with the opening of the S8 molecule chain via a two-electron reduction reaction:

S8 + 2Al2Cl7-  + 2e- = AlCl2S8- + 3AlCl4-         1.28 V vs. (A)						(23)

The reaction is downhill in energy by 2.56 eV in this reference electrode scale. Following reaction steps where AlCl2S8-  polysulfide chain further breaks can lead to both symmetrical breaking to AlCl2S4- or production of asymmetrical species generated by the combination of AlCl2S7- + AlCl2S- , AlCl2S6- + AlCl2S2- , AlCl2S5- + AlCl2S3-. Our calculations show that symmetrical breaking is preferred over asymmetrical chain breaking. The S-S bond-breaking is easier to happen in an S-S bond that is further off from the Al-S bond. 

AlCl2S8- + 2Al2Cl7-  + 2e- = AlCl2S7- + AlCl2S- + 3AlCl4-          0.95 V vs. (A)				(24)
AlCl2S8- + 2Al2Cl7-  + 2e- = AlCl2S6- + AlCl2S2- + 3AlCl4-         1.21 V vs. (A)				(25)
AlCl2S8- + 2Al2Cl7-  + 2e- = AlCl2S5- + AlCl2S3- + 3AlCl4-         1.31 V vs. (A)				(26)
AlCl2S8- + 2Al2Cl7-  + 2e- = 2AlCl2S4- + 3AlCl4-                    1.43 V vs. (A)				(27)

The AlCl2S4- formed is further oxidised into AlCl2S2-  or AlCl2S3- + AlCl2S-  with transfer of two additional electrons. 

AlCl2S4- + 2Al2Cl7-  + 2e- = AlCl2S3- + AlCl2S- + 3AlCl4-          0.88 V vs. (A)				(28)
AlCl2S4- + 2Al2Cl7-  + 2e- = 2AlCl2S2- + 3AlCl4-                                0.83 V vs. (A)				(29)

The formation of AlCl2S3- is thermodynamically favored, and AlCl2S2- is also expected to be produced. Further splitting of S-S bonds in these intermediates leads to the smallest species in the AlCl2Sx- series. This thermodynamically degenerated step reaction for the smaller polysulfides helps create a 1:1 ratio of AlCl2S2-: AlCl2S- species needed for Al2S3 formation.

AlCl2S3- + 2Al2Cl7-  + 2e- = AlCl2S2- + AlCl2S- + 3AlCl4-          0.94 V vs. (A)				(30)
AlCl2S2- + 2Al2Cl7-  + 2e- = 2AlCl2S- + 3AlCl4-                                  0.99 V vs. (A)				(31)

Finally, Al2S3 is formed:

AlCl2S2- + AlCl2S- +4Al2Cl7-  + 2e- = Al2S3 + 8AlCl4-                    0.96 V vs. (A)				(32)

The discharge potentials of the reactions identified as the most likely steps of the overall discharge reaction mechanism (23, 27, 28/29, 30/31, 32) are 1.28, 1.43, 0.83/0.88, 0.94/0.99, 0.96 V respectively, given against the Al electrode reference scale. As the observable potential is limited by the smallest discharge potential leading to it, we foresee the main discharge plateau at 0.83 V at a low discharge rate (i.e., in the absence of kinetic overpotentials). On the other hand, the charging plateau is controlled by the largest step. Thus the main charging plateau is expected at 1.43 V. 

3.2.2. [bookmark: _pt5fdovdz1p8]Reaction network when IL participates

In the presence of complex cations like AlCl2(Urea)Sx- and AlCl(Urea)Sx, the Al electrode redox reactions proceed via reaction (2). In the following, values of potentials of different reactions given against this reference are denoted with the label (B), and the most likely (i.e. most favorable) steps are highlighted in bold. The sulfur electrode reactions start with the opening of the S8 chain:

S8 + Al2Cl5(Urea)2+  + Al2Cl7-  + 2e- = AlCl2S8- + AlCl2(Urea)2+ + 2AlCl4-    
1.29 V vs. (B)		(33)

Similar to the reaction mechanism in the IL, symmetrical breaking to AlCl(Urea)S4 is more favorable than asymmetrical products. Given the linear correlation between the scales from two standard electrodes and the same set of AlCl2Sx-  intermediates, the steps for conversion to shorter polysulfides are expected to be the same.

AlCl2S8- + 2Al2Cl5(Urea)2+ + 2e- = AlCl(Urea)S7 + AlCl(Urea)S + AlCl2(Urea)2+ + 2AlCl4-    
1.47 V vs. (B)		(34)
AlCl2S8- + 3/2Al2Cl5(Urea)2+  + ½ Al2Cl7- + 2e- = AlCl2S6- + AlCl(Urea)S2 + AlCl2(Urea)2+ + 2AlCl4- 
1.29 V vs. (B)		(35)

AlCl2S8- + Al2Cl5(Urea)2+  + Al2Cl7- + 2e- = AlCl2S6- + AlCl2S2- + AlCl2(Urea)2+ + 2AlCl4- 
1.23 V vs. (B)		(36)

AlCl2S8- + 3/2Al2Cl5(Urea)2+  + ½ Al2Cl7- + 2e- = AlCl2S5- + AlCl(Urea)S3 + AlCl2(Urea)2+ + 2AlCl4- 
1.38 V vs. (B)		(37)

AlCl2S8- + 2Al2Cl5(Urea)2+ + 2e- = AlCl(Urea)S5 + AlCl(Urea)S3 + AlCl2(Urea)2+ + 2AlCl4- 
1.41 V vs. (B)		(38)

AlCl2S8- + 2Al2Cl5(Urea)2+ + 2e- = 2AlCl(Urea)S4 + AlCl2(Urea)2+ + 2AlCl4- 
1.52 V vs. (B)		(39)

AlCl2S8- + 3/2Al2Cl5(Urea)2+  + ½ Al2Cl7- + 2e- = AlCl2S4- + AlCl(Urea)S4 + AlCl2(Urea)2+ + 2AlCl4- 
1.48 V vs. (B)		(40)

AlCl2S8- + Al2Cl5(Urea)2+  + Al2Cl7- + 2e- = 2AlCl2S4- + AlCl2(Urea)2+ + 2AlCl4- 
1.44 V vs. (B)		(41)


Preferentially formed AlCl(Urea)S4 can be further oxidized with the transfer of two more electrons.



AlCl(Urea)S4 + Al2Cl5(Urea)2+ + Al2Cl7- + 2e- = AlCl(Urea)S3 + AlCl(Urea)S + 1/2AlCl2(Urea)2+ + 5/2AlCl4- 	
										1.22 V vs. (B)		(42)

AlCl(Urea)S4 + Al2Cl5(Urea)2+ + Al2Cl7- + 2e- = AlCl2S3- + AlCl(Urea)S + AlCl2(Urea)2+ + 2AlCl4- 	
										1.17 V vs. (B)		(43)

AlCl(Urea)S4 + Al2Cl5(Urea)2+ + Al2Cl7- + 2e- = 2AlCl(Urea)S2 + 1/2AlCl2(Urea)2+ + 5/2AlCl4- 	
										0.90 V vs. (B)		(44)

AlCl(Urea)S4 + Al2Cl5(Urea)2+ + Al2Cl7- + 2e- = 2AlCl2S2- + 3/2AlCl2(Urea)2++ 3/2AlCl4-
										0.82 V vs. (B)		(45)



Further splitting of the S-S bond leads to the smallest polysulfide species

AlCl(Urea)S3 + Al2Cl5(Urea)2+ + Al2Cl7- + 2e- = AlCl(Urea)S2 + AlCl(Urea)S + 1/2AlCl2(Urea)2+ + 5/2AlCl4- 	
										1.24 V vs. (B)		(46)

AlCl(Urea)S3 + Al2Cl5(Urea)2+ + Al2Cl7- + 2e- = AlCl2S2- + AlCl(Urea)S + AlCl2(Urea)2+ + 2AlCl4- 	
										1.20 V vs. (B)		(47)


Finally, Al2S3 is formed by a reaction step that is identical to that followed in EMImCl ILs.

AlCl(Urea)S2 + AlCl(Urea)S + Al2Cl5(Urea)2+ + 3 Al2Cl7- + 2e- = Al2S3+ 2 AlCl2(Urea)2+ + 6 AlCl4- 	
										0.63 V vs. (B)		(48)

Following the same type of analysis described in the previous section, the discharge potentials for these reaction steps (reaction no. 33, 39, 42, 46, 48) are 1.29, 1.52, 1.22, 1.24, 0.63 V, respectively. We predict the observable main discharge plateau at 0.63 V at a discharge current rate low enough (i.e., in the absence of kinetic overpotentials), and the charging plateau at 1.52 V. In short, both the charge and discharge plateaus are lowered (compared to the reaction network with IL participation), but the total charge-discharge hysteresis loss remains the same at around 0.9 V.

3.3. [bookmark: _curp7cwz3szh]Comparison to experiments
In this section, we compare the predictions of the ab-initio calculations of the electrochemical behavior of Al-S cells and the spectroscopic signatures of polysulfide reaction intermediates with previously reported experimental data, when available. 
3.3.1. Charge/discharge behavior of Al-S cells
For Al/S batteries with EMImCl-based electrolytes, discharge plateaus of 0.5 V15, 0.65 V24, 0.75 V14, 0.95 V25, 1.2 V8 have been reported. When Urea-based IL is used (or acetamide-based IL with very similar chemistry), the discharge potential falls to 0.4 V10 (0.55 V9 and 0.4 V10 for acetamide-based IL). Our evaluation of discharge potential follows the same trend of decreasing from 0.83 V for traditional ILs (where cations are not electrochemically active) to 0.63 V for Urea-based IL (where the cations facilitate the formation of reaction intermediates). The charging plateau for EMImCl and similar electrolytes has been measured at 1.5 V10,14 1.4 V24 1.25 V15. Our charging potential is estimated to be 1.43 V and is in agreement with these published experimental results for EMImCl or similar ILs. The charging plateau evaluated by us for Urea-based IL at 1.52 V is also close to a value of 1.65 V recently reported10.
3.3.2. [bookmark: _kkrvupquij6u]Spectroscopy of reaction intermediates

Our reaction mechanism analysis leads to reaction intermediates that might be characterized with spectroscopy, e.g., AlCl2S8-, AlCl2S4-, AlCl(Urea)S8 and AlCl(Urea)S4. Here we report UV-vis, IR, and Raman spectra of these species and compare them to published experimental results. We should remark that, in general, the accuracy of computational prediction of UV-vis signatures is limited.
Cohn et al. reported UV-vis spectroscopy measurements of the EMImCl-based electrolyte before and after the discharge of Al/S cells, showing that the pure electrolyte had absorption peaks close to 250 nm, 300 nm and 360 nm, and after discharge, the peak at higher wavenumbers disappeared while the peak at around 300 nm rose in intensity.8  Similar UV-vis spectra, with very broad peaks, have been reported for discharged sulfur electrodes from Al-S cells in EMImCl-based electrolyte14,25. Our calculaitons of polysulfide species indeed predict a large number of UV vis bands with low intensity, with the intensity decreasing with increasing wavenumbers, in agreement with the previously reported experimental results. The calculation of the UV-vis spectra of different polysulfide species also show that it would be difficult to identify the nature of polysulfide species with only UV-vis data.The calculated IR and Raman spectra show bigger differences between the polysulfide species, and therefore, seem a more promising method of the identification of Al-S battery reaction intermediates. 
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Figure 3: Computed (a)IR (b) Raman and (c) UV-vis apectra for AlCl2S8-  , AlCl(Urea)S8 , AlCl2S4-  and AlCl(Urea)S4. Intensities and oscillator strength have arbitrary units.
4. [bookmark: _a4gf3mrr0gho]Conclusion

Using computational methods, we have studied the electrochemical reaction pathway of the discharge and charge reaction Al/S batteries with two types of IL electrolytes: the conventional EMImCl-based IL and DES electrolytes like urea/AlCl3. The most likely reaction pathway has been identified by computing the Gibbs free energies of the different possible reaction steps, and the potential values referred to the aluminium electrode potential scale, which then give the voltage values of the Al/S batteries.  
We demonstrate that an accurate prediction of the discharge and charge behavior of Al/S batteries requires to take into account the strong interaction of polysulfide species with aluminium ions. In particular, we show that the most stable polysulfide species are of the form of complexes such as AlCl2Sx-  and AlCl(Urea)Sx, while isolated Sx2- polysulfides do the exist in an Al/S battery environment. 
We find that the discharge reaction of the sulfur electrode initiates with the ring opening of the S8 molecule, which breaks into smaller polysulfide fragments that are coordinated to aluminium ions that, in turn, are coordinated to choride and, for the deep eutectic solvent, urea ligands. To further characterize the reaction intermediates and mechanisms presented here, we have calculated IR, Raman, and UV-vis spectra of four important reaction intermediates: AlCl2Sx-  and AlCl(Urea)Sx (x=8,4). In addition, the predictions of the  discharge and charge voltages of Al/S cells (0.83 / 1.43 V and 0.63 / 1.52 V for traditional and Urea-based IL, respectively) matches satisfactorily to the range of measured potentials reported in the literature.
We believe that the detailed molecular understanding obtained in this work will be very useful for further developments of Al/S batteries, and we also hope that this work will inspire further experimental work to investigate the spectroscopic signatures of the proposed reaction intermediates here reported. 
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