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A B S T R A C T   

Aluminum batteries with imidazolium-based electrolytes present a promising avenue toward the post-lithium-ion 
battery era. A critical bottleneck is the development of reversible aluminum metal anodes, which is hindered by 
sluggish battery charge–discharge characteristics due to the reversible/irreversible side reactions on the anodic 
and cathodic sides. The indispensable discernment of the stripping-plating mechanisms at the electro
de–electrolyte interface is not well explored due to the complexity of the various reactions occurring at the 
surface of the aluminum anode. Herein, a high-fidelity physics-based model is coupled with density functional 
theory to explain the stripping-plating mechanisms that occur on the surface of the aluminum anode at different 
current densities. Sensitivity analysis is performed on the experimentally validated physics-based model using a 
machine-learning Gaussian process regression model to identify the most significant parameters for the plating- 
stripping mechanism of aluminum. The electrodeposition of aluminum is controlled by both diffusion and ki
netics and is limited by the kinetics of the electrochemical reactions at a high current density. This work 
highlights the assurance of combining models at different scales, machine learning algorithms, and experiments 
to analyze the behavior of complex electrochemical systems.   

1. Introduction 

Rechargeable aluminum batteries (RABs) with imidazolium-based 
ionic liquid (IL) electrolytes such as 1-ethyl-3-methylimidazolium 
chloride (EMIMCl)-AlCl3 are of great interest as aluminum metal nega
tive electrode could deliver a high theoretical and volumetric capacity of 
2980 mAh g− 1 and 8046 mAh cm− 3, respectively [1–4], as well as 
enhanced safety compared to existing lithium-ion batteries (LIBs) [5]. 
The inability to effectively plate and strip aluminum metal during 
charge and discharge at practical current densities stems from the 
presence of a dense and non-conductive oxide film at the surface of the 
aluminum metal, which leads to poor electrochemical performance and 
is one of the major factors that hinders the progress to commercializa
tion of RABs [6–9]. Previous work has demonstrated that a suitable 
concentration of the electroactive Lewis acidic chloroaluminate 
anion,Al2Cl -

7 , causes slight pitting on the aluminum metal anode 

during plating, which removes the oxide film and enhances the elec
trochemical performance [10]. However, the plating-stripping mecha
nism of RABs involves the formation of other intermediate species 
(AlCl−3 , AlCl−2 and AlCl− ) [11,12] as well as the other major chlor
oaluminate anion AlCl−4 . An in-depth understanding of the effects of the 
oxide layer and the concentration of the electroactive species on the 
plating-stripping mechanism at different current densities will help 
accelerate the development of RABs. 

The most widely investigated IL for plating and stripping aluminum 
is the mixture of EMIMCl and AlCl3 with an excess amount of AlCl3 
owing to its high ionic conductivity and enhanced thermal and elec
trochemical stability [13–19]. The major electroactive species respon
sible for the plating of aluminum from ILs is the easily reducible 
heptachloroaluminate anion, Al2Cl -

7 according to reaction (1) 
[3,20,21], while the prevalent tetrachloroaluminate anion AlCl -

4 in the 
neutral melts exhibits a more cathodic reduction potential as compared 
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to the imidazolium cation, EMIM+. 

4Al2Cl−7 + 3e− ⟷charge
discharge Al+ 7AlCl−4 (1) 

However, reaction (1), proceeds with a high activation energy 
(>400 kJ mol− 1), which makes it highly unlikely to occur [11]. Thus it is 
reasonable to assume three successive one-electron transfers, one of 
them being the rate-determining step (RDS) [22]. This assumption has 
been considered in studying the deposition and dissolution of aluminum 
in various kinds of electrolytes [23–25], including (EMIMCl)-AlCl3 ILs 
[11,12]. However, during the plating and stripping of aluminum, the 
concentrations of the major electroactive species and the intermediates 
at the aluminum metal/electrolyte interface play a critical role in the 
overpotential generated in the cell, especially at high current densities 
and hence needs to be considered. 

Much effort has been utilized to understand the plating-stripping 
mechanisms of lithium-ion batteries using electrochemical models 
[26–29]. However, the application of such a time-effective and efficient 
method is limited in RABs. Schaltin et al. [17] exploited the origin of 
reasonable current densities achieved during the electrodeposition of 
aluminum from chloroaluminate ionic liquids via finite element 
modeling. Therein, the authors extended reaction (1) to include the ki
netics of the reaction between Cl− and Al2Cl -

7 to produce AlCl -
4 

(3Cl− + 3Al2Cl−7 →6AlCl−4 ) and established an auto-solvolysis equilib
rium reaction for the three anions (Al2Cl−7 + Cl− ⟷kf kb 2AlCl−4 ). They 
observed that the calculated current densities strongly depended on the 
rate constants, kf and kb of the auto-solvolysis reaction. In addition, the 
rate-determining step of aluminum deposition has been reported to be 
either a chemical step, releasing the complexing agent chloride while 
aluminum is in the divalent oxidation state (AlCl−3 →AlCl2 + Cl− ) or a 
double occurrence of an electron transfer from the divalent to the 
monovalent aluminum (Al2+ + e− →Al+), based on cathodic Tafel slope 
evaluation from current step experiments [11]. From the above discus
sions, it is important to consider the intermediate reactions in devel
oping a continuum physics-based model as they provide insights into 
understanding the underlying electrochemical processes. However, to 
the best of our knowledge, there have been no reports on developing a 
continuum physics-based model for RABs with (EMIMCl)-AlCl3 IL elec
trolyte that considers all the intermediate reactions based on experi
ments and ab initio simulations. 

In this study, we developed a high-fidelity physics-based model, 
which considers the successive electron transfer reactions as well as the 

(de)chlorination reactions at the Al metal/IL electrolyte interface to 
explain the plating-stripping mechanisms at different current densities 
in rechargeable aluminum batteries with (EMIMCl)-AlCl3 IL electrolyte. 
The plating and stripping mechanisms considered in this model were 
obtained from density functional theory (DFT) calculations. The devel
oped model is validated by comparing the model predictions with 
experimentally measured potential profiles at different current densities 
and cycling conditions obtained from Swagelok symmetrical cells 
composed of Al metal working and counter electrode and (EMIMCl)- 
AlCl3 IL electrolyte. To identify the most sensitive parameters in the 
physics-based model, we adopted a Gaussian process regression model 
to perform a sensitivity analysis of the various input parameters on the 
cell potential and concentration during plating and stripping. 

2. Model development 

The model designed in this study is for predicting the galvanostatic 
plating and stripping of Al in a symmetrical cell composed of Al working, 
counter, and reference electrode with an EMIMCl-AlCl3 IL electrolyte 
(molar ratio of 1:1.5) assembled in a Swagelok tee fitting. A schematic 
representation of the interfacial region of the Al working electrode, the 
diffusion layer, and the reaction steps that are significant to the model 
equations during the plating and stripping process is shown in Fig. 1a 
and 1b, respectively. The diffusion layer for the electroactive species, 
AlCl -

4 and Al2Cl -
7 extends from the Al/IL electrolyte interface to the 

bulk electrolyte. It is assumed that the intermediate species, AlCl−3 , 
AlCl−2 and AlCl− , and Cl− generated at the Al/IL electrolyte interface do 
not diffuse into the bulk electrolyte. 

The three main rate-determining steps considered in modeling the 
plating-stripping mechanisms are (i) charge transfer to and from the 
intermediate species, AlCl−3 , AlCl−2 and AlCl− during plating and strip
ping, respectively (ii) transport of the electroactive species, Al2Cl−7 and 
AlCl−4 , in the diffusion layer, and (iii) (de)chlorination reaction at the Al/ 
IL electrolyte interface. The corresponding reactions are presented in 
Fig. 1. 

During the plating of Al, the Lewis acidic heptachloroaluminate 
anion, Al2Cl -

7 in the bulk electrolyte is transported to the Al/IL elec
trolyte interface where it is reduced in a single electron transfer reaction 
to adsorbed *AlCl−3 and AlCl−4 species (reaction (2)). The AlCl -

4 species 
is transported into the bulk electrolyte while the adsorbed *AlCl−3 spe
cies is further reduced in two subsequent single electron transfer 

Fig. 1. Proposed plating-stripping mechanism of Al in EMIMCl-AlCl3 IL electrolyte considered in this study. a, b Schematic diagram of the interfacial region closer to 
the Al metal working electrode surface, electrolyte diffusion layer, bulk electrolyte, and the relevant reactions during (a) plating and (b) stripping. 
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reduction-dechlorination reactions to *AlCl−2 and to ∗AlCl− (reactions 
(3) and (4)). The *AlCl− species undergoes a dechlorination reaction to 
produce *Al as shown in reaction (5). The Cl− ions produced in reactions 
(2), (3) and (4) , react with Al2Cl -

7 in an equilibrium reaction (6) at the 
Al/IL electrolyte interface to form AlCl -

4 which are transported into the 
bulk electrolyte. The reactions for the plating mechanism are thermo
dynamically verified by DFT calculations and are given as 

Al2Cl−7 + e− →
kplat,1

∗AlCl−3 + AlCl−4 (2)  

∗AlCl−3 + e− →
kplat,2

∗AlCl−2 +Cl - (3)  

∗AlCl−2 + e− →
kplat,3

∗AlCl− +Cl - (4)  

∗AlCl− →
kdech

∗Al + Cl− (5)  

Al2Cl−7 +Cl− ⟷kf ,1
kb,1 2AlCl−4 (6)  

where kplat,1, kplat,2 and kplat,3 represent the rate constant for the elec
trochemical reduction-dechlorination reactions, and kf ,1 and kb,1 repre
sent the rate constant for the equilibrium reaction occurring at the Al/IL 
interface. The equilibrium reaction (6), is the EMIMCl-AlCl3 solvent 
equivalent reaction of the autoionization of water but with Al2Cl -

7 and 
Cl− as the Lewis acidic and basic species, respectively [30], as used in 
previous models [17,31]. The equilibrium constant for the reaction is 
given as 

Keq =

(
cAlCl−4

)2

(
cAl2Cl−7

)
(cCl− )

=
kf ,1

kb,1
(7) 

During the stripping of Al, the tetrachloroaluminate anion electro
active species, AlCl -

4 in the bulk electrolyte is transported to the Al/IL 
electrolyte interface, where it dissociates to form Al2Cl -

7 and Cl− ions in 
equilibrium reaction (6). The Al2Cl -

7 ion is transported to the bulk 
electrolyte while the Cl− ion undergoes a single electron transfer 
oxidation-chlorination reaction to form adsorbed ∗AlCl(reaction (7)). 
The ∗AlCl undergoes two subsequent oxidation-chlorination reactions to 
form ∗AlCl2 and ∗AlCl3 in reactions (8) and (9), respectively. The ∗AlCl3 

species reacts with the tetrachloroaluminate anions (AlCl -
4 ) at the Al/IL 

electrolyte interface to form the heptachloroaluminate anions (Al2Cl -
7 ) 

as shown in reaction (10), which are transported into the bulk electro
lyte. Similar to the reaction steps for plating, the reaction route for 
stripping has been thermodynamically confirmed via DFT calculation 
and are given as 

∗Al+Cl− →
kstrip,1

∗AlCl+ e− (8)  

∗AlCl+Cl− →
kstrip,2

∗AlCl2 + e− (9)  

∗AlCl2 +Cl− →
kstrip,3

∗AlCl3 + e− (10)  

∗AlCl3 + AlCl−4 →
kf ,2 Al2Cl−7 (11)  

where kstrip,1, kstrip,2 and kstrip,3 represent the rate constant for the elec
trochemical oxidation-chlorination reactions, and kf ,2 represents the 
rate constant for reaction (11) at the Al/IL electrolyte interface. In re
actions (2)–(4) and reactions (8)–(10), the elementary steps are 
described as concerted chloride-electron transfer reactions to reduce the 
complexity in the physics-based model development. 

In summary, the physics-based model was developed based on the 
dilute solution theory, and the model equations are related to material 
balance on the electroactive and intermediate species in the IL electro
lyte. Ohm’s law was used to describe the transfer of charges in the solid 

and liquid phases. The Butler-Volmer equation was used to describe the 
rate of the electrochemical-(de)-chlorination reaction at the electrode/ 
IL electrolyte interface. The Butler-Volmer equation was modified such 
that the rate constants were based on the transition-state theory and 
allowed the inclusion of the activation energy for each of the electro
chemical reactions. Finally, we derived a mathematical expression to 
describe the electrolyte concentration overpotential by integrating the 
solution phase current density. A detailed description of the physics- 
based model governing equations and parameters is presented in the 
Supplementary Material. 

3. Experiments 

3.1. Materials and electrode preparation 

Al disc working and counter electrodes used in the Swagelok cells 
had a diameter of 6 mm (99.999 % purity, Advent Research Materials) 
embedded in a 10.4 mm diameter PTFE shroud. The disc electrodes were 
polished to a mirror finish with SiC grinding paper (Struers, mesh size 
#1200, #2400, and #4000) followed by polishing with 3 µm diamond 
suspension (Struers), cleaned with soap and rinsed with distilled water. 
The Al electrodes were then sonicated in an ultrasonic bath (Emag 
Germany emmi-4®) with ethanol (ROTH ethanol 96%) for half a min
ute, followed by a rinse with deionized water and drying in an oven for 
48 h at 60 ◦C before transferring them into the glovebox. The quasi- 
reference electrode was an Al wire with 1 mm diameter (99.999% pu
rity, Advent Research Materials). The ionic liquid 1.5:1 mixture of AlCl3 
and 1-ethyl-3-methylimidazolium chloride (≥95%) was purchased from 
Sigma-Aldrich. 

3.2. Electrochemical characterization 

Battery cells made from PFA Swagelok tee fittings (1/2 in. diameter) 
were used in three-electrode configuration for galvanostatic cycling 
experiments. The Swagelok cells equipped with working and counter 
electrodes were filled in the glovebox with the IL electrolyte through the 
opening for the reference electrode, fitted with the reference electrode, 
closed tightly, and connected to a Basytec CTS LAB XL (Basytec GmbH, 
Asselfingen, Germany) for galvanostatic cycling outside the glovebox. 
The open circuit potential of each cell was monitored during soaking for 
54 h, before 10 cycles at each current density i of 0.217, 0.726, 1.000, 
and 1.453 mA cm− 2 and a charge density of 1 mAh cm− 2 per half-cycle 
were measured. The initial half-cycle of the working electrode was 
charging, and after each half-cycle the cell rested at OCP for 1 min. In the 
continuous system, three different cells were cycled continuously at 
different current densities (Fig. S1), while in the batch system four 
different cells were cycled each at a different current density (Fig. S2). 

3.3. Density function theory calculations 

We model the reactions with density functional theory (DFT). Cal
culations were performed with the BEEF-vdW exchange–correlation 
functional [32] using the GPAW code [33] version 21.6.0. We employ a 
continuum solvent model (CSM) [34] to take into account the adsor
bate’s interaction with the ionic liquid molecules. 

The CSM model implemented in GPAW has a few parameters that 
need to be determined for the IL (EMIMCl)-AlCl3. Firstly, the static 
dielectric constant we use a value of 15 [16]. Secondly, the CSM model 
maintains a cavity around a solute (in this case an adsorbate), this cavity 
is created with a repulsive potential with one free parameter (u0), which 
is the value of the potential at the van der Waals radius. We determine 
u0 to 175 meV, using a procedure equal to the one described in detail for 
BMIM in [34]. The procedure entails, in short: Relax positive (EMIM+) 
and negative (AlCl4− ) parts of the IL, calculating cavity volume using the 
GPAW implementation, comparing the sum of the two volumes with the 
molar volume of the EMIMCl-AlCl3 1:1.5 mixture, given the density 
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1.304 g/mL, vary u0 until the volumes match. In this procedure, we 
assume that the volume of an IL can be given as the sum of the cation and 
anion volumes [35]. For the compressibility, we use a value of 3.3e10 
Pa− 1 found for the closely related IL [EMIM][BF4] [35], which has an 
almost negligible effect on the determination of u0. The last parameter is 
the surface tension of the cavity; however, since we are only interested 
in energy differences of very similar structures with similar cavity sur
face areas, the effect of the surface tension parameter is negligible. A few 
tests confirming this statement is available at [36]. 

To ensure that we obtain energies of the adsorbate species from their 
most favorable configurations, we employ a form of constrained minima 
hopping [37], where the molecular identity of the adsorbate is main
tained during the algorithm that entails molecular dynamics and local 
relaxation. Energy barriers between molecular states (e.g., *AlCl + *Cl 
-> *AlCl2) were determined using the climbing image Nudged Elastic 
Band (NEB) [38] method. The constrained minima hopping and NEB 
algorithms are implemented in the Atomic Simulation Environment 
(ASE) [39], which was also used to setup and analyze the results of the 
calculations. 

An aluminum surface was modeled using a 4-layer Al fcc slab (lattice 
constant 4.05 Å) exposing the (111) surface. To ensure negligible 
interaction between the adsorbate periodic images, the unit cell con
tained 5x5 atoms in each direction in the surface as well as 20 Å of 
vacuum between slabs. Thus, the computational slab totals 100 atoms. 

The unit cells are fixed during atomic relaxation, and so are the bottom 
two layers of the slab to emulate the interaction with a bulk region. 

4. Results and discussion 

4.1. Density functional theory calculations 

The Al stripping was modeled through free Cl and Al on the Al(111) 
surface. First, the most stable adsorption sites of all species were 
determined; Al adsorbs on the slab (denoted by *Al) in a 3-fold coor
dinated hcp site, *Cl adsorbs on an on top site. As Cl connects to the 
undercoordinated Al on the slab, the most favorable adsorbate position 
switches to less coordinated sites, i.e., *AlCl prefers hcp site, *AlCl2 sits 
in bridge site whereas *AlCl3 takes up an on top site (see also the inset 
atomic illustrations in Fig. 2). The first two chlorination steps have small 
energy barriers associated with the rearrangement of the adsorbate 
species; the final barrier is more significant, i.e., *Al + *Cl -> *AlCl 
(Fig. 2a and 2b) and *AlCl + *Cl -> *AlCl2 (Fig. 2a and 2c) has a barrier 
of 5.5 and 1.9 kJ/mol respectively and *AlCl2 + *Cl -> *AlCl3 (Fig. 2a 
and 2d) has a barrier of 16 kJ/mol as determined with NEB calculations. 
This, however, only accounts for the barrier when the two adsorbed 
species sit right next to each other on the slab, a migration of one (or 
both) of the species has to take place for that to happen. The *Cl 
migration between on top sites (see inset in Fig. 2a) has an associated 29 

Fig. 2. (a) DFT calculation of energy barriers for (de) 
chlorination reaction at the (111) surface of Al metal. 
The thick horizontal lines are the energy levels at 
each reaction step as described in the text. The insets 
above each energy level show the atomic structure 
with the adsorbate species at the most stable site. The 
blue lines between energy levels show the energy 
barrier for the corresponding reaction; the barriers’ 
heights are noted below the energy levels. The black 
lines between energy levels show the energy barrier 
of a Cl atom moving between two sites on the surface; 
this is also depicted in the inset in the top right 
corner. The atoms coloring is for all images: Grey: Al, 
green: Cl. (b) The NEB path in 5 images of the *Al +
*Cl -> *AlCl reaction. The leftmost and rightmost 
images are the initial and final configurations, 
respectively. The middle image is the transition state 
giving rise to the barrier. (c) NEB path of the *AlCl +
*Cl -> *AlCl2 reaction. d: NEB path of the *AlCl2 +

*Cl -> *AlCl3 reaction. (For interpretation of the ref
erences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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kJ/mol barrier; thus, this is used as the effective barrier for each step in 
the energy diagram, Fig. 2. The first chlorination step forming *AlCl is 
the most favorable reaction, gaining 31 kJ/mol. The final two steps gain 
15 kJ/mol and 13 kJ/mol, respectively. The energy gains can be read off 
the graph as the energy distance between the thick horizontal blue lines. 

4.2. Physics-based model validation 

The fidelity of the physics-based model was validated by comparing 
the model predictions at current densities of 0.22, 0.73, 1.0, and 1.45 
mA cm− 2 to experimental data obtained from a Swagelok cell composed 
of an EMIMCl-AlCl3 IL electrolyte and Al working, counter, and refer
ence electrode. We first fitted the model predictions to the potential 
profile at the continuous system’s low current density of 0.22 mA cm-2, 
where the rate performance was conducted on a single cell (Fig. S1). 
Three cells were used for this experiment to ensure precision, but there 
was no significant difference between the cell potential at a given cur
rent density and cycle number; hence we selected the third cycle at each 
current density during plating and stripping for the model validation 
and present the results in Fig. 3a and 3b, respectively. The model pre
dictions were made with the nominal parameters in Table S1. The 
validated model was then used to predict and fit the experimental data 
at higher current densities and the batch system, where each cell was 
cycled at a different current rate (Fig. 3c and 3d) while treating the 
diffusion coefficients, area factor, and the standard equilibrium poten
tial as fitting parameters. There was good agreement between the model 

predictions and the experimental data suggesting that the developed 
model can replicate the plating-stripping mechanism of RABs with 
imidazolium-based IL electrolytes. 

4.3. Parametric analysis of physics-based model 

To have an extensive insight into the plating-stripping mechanisms 
concerning the relevant limitations, we conducted a detailed analysis of 
the variation in the fitting parameters and presented them in Fig. 4. The 
values of these parameters were obtained by fitting the model-predicted 
working electrode potential at the various current densities and cycling 
conditions to those of the experimental data using a Nelder-Mead least- 
square technique. This method of identifying input parameters in elec
trochemical models has been adopted in previous studies and has proven 
reliable and effective [40–42]. During plating, the diffusion coefficient 
of AlCl -

4 , Al2Cl -
7 and EMIM+ increased exponentially as the current 

density was increased from 0.22 mA cm− 2 to 0.73 mA cm− 2 and 
remained fairly constant at the higher current densities of 1 mA cm− 2 

and 1.45 mA cm− 2 for both the continuous and the batch system. For 
stripping, the diffusion coefficient remained constant at all current 
densities for EMIM+ and Al2Cl -

7 species but decreased with increasing 
current density for AlCl -

4 . The area factor is a correction factor that 
accounts for variations in the locations of the dividing surfaces that 
defines a successful reaction. It varied with the current density for both 
batch and continuous systems during plating and striping. Still, the 

Fig. 3. Physics-based model validation with experimental data. Model best fit to experimental data: Working electrode potential in a single Al-Al symmetrical cell 
continuously cycled at different current densities (continuous system) during (a) plating and (b) stripping. c, d Working electrode potential in different Al-Al 
symmetrical cells cycled at a given current density (batch system) during (c) plating and (d) stripping. 
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standard equilibrium potential for a given electrochemical reaction 
showed only little or no significant changes with variation in the current 
density. The major difference in the continuous and batch system is the 
rate at which the area factor increased with increasing current density 
during plating, which was two times higher for the former than the 
latter. This indicates that the electrochemical reaction rate at the Al/IL 
electrolyte interface was faster for the continuous system than the batch 
system due to the more extensive removal of the oxide film on the Al 
metal anode at higher concentrations of Al2Cl -

7 species with prolonged 
cycling [10]. The area factor increased with increasing current density 
but decreased at a current density of 1.45 mA cm− 2 during striping for 
both the continuous and batch system in Fig. 4c and 4d, respectively. 
The decrease in the area factor at high current density during stripping is 
attributed to the low concentration of the reacting species, AlCl -

4 at the 
electrode/IL electrolyte interface. (Fig. S4b and S5b) Variations in the 

transport kinetic parameters (diffusion coefficients and area factor) in 
Fig. 4 suggest that the rate performance of RABs with imidazolium- 
based IL electrolytes is limited mainly by kinetics and slightly by 
diffusion. 

4.4. Physics-based model predictions 

Using Eq. S 17, we simulated the concentration overpotential for the 
electroactive species in the IL electrolyte for both the continuous and 
batch system and presented the results in Fig. 5 and Fig. S3, respectively. 
The changes in concentration of AlCl -

4 species with capacity decreased 
with an increase in the current density from 0.73 mA cm− 2 to 1.45 mA 
cm− 2 at the working electrode, while those of Al2Cl -

7 species increased 
with increasing current density during plating (Fig. S4a and S4c). This 
resulted in an increase in the magnitude of the electrolyte concentration 

Fig. 4. Parametric insight into the plating-stripping mechanism of Al in (EMIMCl)-AlCl3 IL electrolyte as a function of current density. a, b Variations in diffusion 
coefficient (Dk) for (a) continuous and (b) batch systems. c, d Changes in area factor (A) for (c) continuous and (d) batch systems. e, f Variations in standard 
equilibrium potential (U0

j ) (e) continuous and (f) batch systems. The values of the fitting parameters were evaluated by fitting the model predictions to the 
experimental potential profiles using the Nelder-Mead least-square fitting technique. 
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overpotential with an increase in the current density from 0.22 mA cm− 2 

to 1.45 mA cm− 2 for both species (Fig. 5a and 5c). As expected, the 
concentration of the AlCl -

4 species reduced while that of Al2Cl -
7 spe

cies increased during stripping, with the rate being faster at higher 
current densities (Fig. S4b and S4d). Consequently, the magnitude of the 
electrolyte concentration overpotentials increased with the current 
density for both species during stripping (Fig. 5b and 5d). A similar trend 
was observed for the batch system, with the magnitude of the electrolyte 
concentration overpotentials (Fig. S3) being higher than those of the 
continuous system due to higher concentration gradients (Fig. S5). Ac
cording to Eq. S17, ηconc,k depends on the concentration, ck, temperature, 
T, and the thickness of the diffusion layer, LDL. However, the variations 
in ηconc,k depend only on the ck as the other parameters are constant. 
Thus, the increase in the magnitude of ηconc,k as a function of the current 
densities is because of increasing concentration gradients in ck at higher 
current densities. 

To understand the effect of the current densities and the cycling 
conditions on the dynamics of the plating and stripping mechanism, we 
simulated the transformation of the relative concentration of deposited 
and stripped Al as a function of the square root of time, sqrt(t) and 
presented the results in Fig. 6. Define as the rate of change of the square 
root of time with concentration (dt1/2/dcAl), peaks in the dt1/2/dcAl vs. 
t1/2 curves caused by plateaus in the concentration profile corresponds 
to changes in the collective particle growth dynamics similar to the 
description given by Altimari et al. [43]. During the initial stages of 
plating (up to 16 s) AlCl -

3 (Fig. S6a and 6b) is the intermediate anion 

that is predominantly produced through reaction (2) at the surface of the 
Al metal working electrode. As the plating process proceeds further, the 
cell potential decreases, and the reactions (3) and (4), whose standard 
equilibrium potentials are significantly lower, become predominant, 
generating AlCl -

2 (Fig. S6c and 6d) and AlCl - (Fig. S6e and 6f). The 
intermediate anions, AlCl - , undergo a kinetically controlled dechlori
nation reaction to deposit Al on the surface of the Al metal. Owing to the 
time interval required for the cell potential to decrease for all the plating 
reactions to occur, there were no significant changes in the relative 
concentration of the deposited Al during the initial stages of plating for 
both continuous and batch systems, as observed in Fig. S7a and S7b 
respectively. The time at which the deposition of Al or nucleation started 
decreased with an increase in the current density and was lower for the 
batch system than the continuous system. 

After nucleation in Fig. 6a and 6b, there was a sharp increase in the 
dt1/2/dcAl curve with the square root of time until it peaked at a time of 
ca. 440 s and 360 s for the continuous and batch system, respectively. 
This demonstrates the independent growth of Al particles at the begin
ning of the electrodeposition during plating through a diffusion- 
controlled process. As electrodeposition proceeds, there is an accumu
lation of the intermediate species at the Al metal/IL electrolyte interface, 
which increased the electrolyte concentration overpotential (Fig. S8), 
accelerating the diffusion of the electroactive species and rate of the 
electrochemical reactions (2), (3) and (4). However, the electrodeposi
tion is controlled by the dechlorination reaction (5), which is only 
dependent on diffusion in the early stages of the electrodeposition as the 

Fig. 5. Effects of current density on concentration overpotential in (EMIMCl)-AlCl3 IL electrolyte. a, b Concentration overpotential for AlCl -
4 species, (ηconc,AlCl -

4
) 

during (a) plating and (b) stripping. c, d Concentration overpotential for Al2Cl -
7 species, (ηconc,Al2Cl -

7
) during (c) plating and (d) stripping. 
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electroactive species needs to be transported to the Al metal/IL elec
trolyte interface for all the intermediate species to be produced. This 
leads to an increase in the deposition rate of Al, and the dt1/2/dcAl curve 
drops to zero with a faster drop rate at higher current densities, indi
cating a kinetically controlled process [43]. Thus, most of the electro
deposition is controlled by kinetics as confirmed by the cyclic 
voltammogram results in Fig. S11 (supplementary material). 

The stripping mechanism is governed by the electrochemical and 
chemical reactions (8), (9), (10), and (11). Unlike the plating mecha
nism, the stripping of Al begins at the first electrochemical reaction thus, 
the relative concentration of Al at the surface of the working electrode 
decreased instantly as the time increased and at a faster rate at higher 
current densities. The rate at which the relative concentration decreased 
at a given current density was similar for both the continuous (Fig. 6c) 
and the batch (Fig. 6d) systems. Thus, the limiting step for the stripping 
mechanism is the first electrochemical oxidation-chlorination reaction 
(8). The rate-determining step for the stripping mechanism, as 
confirmed by DFT calculations, is similar to that reported by Böttcher 
et al. [11]. 

4.5. Sensitivity analysis 

To accurately match our model predictions to the experimental data, 
some of the model input parameters were expressed as a function of the 
current density using a non-linear least square regression technique, as 
presented in Fig. 4. These parameters were arbitrarily selected based on 
prior knowledge of the plating/stripping mechanism of similar electro
chemical systems [44–46]. However, the choice of whether the model 
parameters should be a function of the current density is a tradeoff be
tween the model’s accuracy and efficiency. Such a dilemma, which is 

implicitly based on the assumption that all the input parameters are 
equally relevant to a given model output, is likely superfluous as 
different outputs may be more sensitive to variations of some parame
ters than others. This issue can be addressed by quantifying the relative 
importance of the input parameters via a sensitivity analysis [47,48]. 
Input parameters which require much effort to estimate owing to the 
relevance of the impact of their uncertainties on the output parameters, 
are also revealed through sensitivity analysis. In this regard, we con
ducted a global and local sensitivity analysis of all the input parameters 
(Table S1) using a differentiable surrogate Gaussian process (GP) 
regression model [48] on the two output parameters, and a detailed 
description of the sensitivity analysis method is described in the sup
plementary materials. Fig. 7a and 7b show the outcome of the sensitivity 
analysis of the physics-based model input parameters on the electrode 
potential and concentration of deposited Al, respectively. 

One of the goals of this section is to quantify and compare the 
sensitivity of each input parameter on electrode potential at a capacity 
of 1 mA cm− 2 during plating using Eq. SA-2 and the surrogate GP 
regression model on the validation data set in Fig. S9. The global 
sensitivity of all 17 input parameters for the log of the cell potential is 
shown in Fig. 7a. Out of the 17 parameters, the four parameters with 
global sensitivity of more than 0.05 are defined as sensitive parameters 
for the cell potential. All the four sensitive parameters, pre-exponential 
factor, activation barrier for plating, and standard equilibrium potential 
for reactions (2) and (3), are related to the kinetic properties. Surpris
ingly, the parameters related to transport properties in the electrolyte 
(diffusion coefficients of the electroactive species) were not sensitive to 
the cell potential at a capacity of 1 mA cm− 2. This is because, according 
to Fig. 4a and 4b, the diffusion coefficient only changes at low current 
densities where there is no significant difference between the electrode 

Fig. 6. Transformations of concentration of deposited and stripped Al as a function of the square root of time at different current densities. a, b Simulated dt1/2/dcAl 
during plating for (a) continuous and (b) batch system. c, d Simulated relative concentration of Al during stripping for (c) continuous and (d) batch systems. 
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potential at the end of the plating process at 0.22 mA cm− 2 and 0.73 mA 
cm− 2 (Fig. 3a). We also conducted a global sensitivity analysis of the 17 
input parameters on the log of the deposited Al concentration at the Al 
metal’s surface. We presented the results in Fig. 7b. Four input param
eters, the activation barrier for plating and the standard equilibrium 
potential for reactions (2), (3), and (4), were identified as the most 
sensitive parameters. In addition, the diffusion layer thickness also 
exhibited a significant sensitivity, indicating that the diffusion length of 
the electroactive species (transport properties) plays an important role 
in the plating mechanism. The results in Fig. 7 demonstrate that much 
effort should be made in estimating the relevant input parameters, such 
as the activation barriers and the standard equilibrium potential for the 
electrochemical reactions. In contrast, the other parameters can be 
estimated roughly since their uncertainties have no significant impact 
on the output results. 

5. Conclusion 

We have elucidated the plating-stripping mechanism of aluminum 

ion batteries with (EMIMCl)-AlCl3 IL electrolyte via an experimentally 
validated physics-based model augmented with DFT calculations and 
machine learning models at different current densities and cycling 
conditions. Based on our estimated barrier for creating the species 
involved in the proposed reactions for Al stripping and plating with DFT 
calculations, we found out that the largest barrier comes from the 
migration of single Cl atoms on the Al surface. This migration needs to 
take place even if the actual reaction mechanism for Al stripping/plating 
is different, thus, the 29 kJ/mol barrier will always be a lower bound on 
the actual barrier. Evidenced by extensive parametric analysis, we found 
a faster electrochemical reaction at the Al/IL electrolyte interface for the 
continuous system, in which the native oxide on the surface of the Al 
electrode is assumed to be completely removed, and the performance of 
the cells was kinetically limited at high current densities. Owing to the 
accumulation of intermediate and electroactive species at the surface of 
the Al metal due to transport limitations, high electrolyte concentration 
and ohmic overpotentials were observed at low current densities during 
the plating of Al. Our analysis of the concentration of the deposited Al 
revealed that the electrodeposition mechanism is governed mainly by 
kinetics with diffusion-control at the early stages, and the most sensitive 
parameters to this mechanism are the activation barrier and the stan
dard equilibrium potential for the (de) chlorination-electrochemical 
reactions (2) and (10) for plating and stripping respectively. The 
developed physics-based model can be applied to design and optimize 
other (EMIMCl)-AlCl3 IL electrolyte-based aluminum battery systems 
with slight modification at the cathode. This work highlights the 
assurance of combining models at different scales, machine learning 
algorithms, and experiments for understanding and developing sophis
ticated electrochemical systems such as rechargeable aluminum batte
ries with imidazolium-based IL electrolytes. 
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