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Aluminum Deposition and Dissolution in [EMIm]CI-Based Ionic
Liquids—Kinetics of Charge-Transfer and the Rate-Determining
Step

Rene Béttcher,™”© Sebastian Mai, Adriana Ispas,”*® and Andreas Bund™**
Electrochemistry and Electroplating Group, Department of Electrical Engineering and Information Technology, Technische

Universitdt Ilmenau, 98693 Ilimenau, Germany

The kinetics of the dissolution and deposition of aluminum from a first generation ionic liquid consisting of
AlCl3/1-ethyl-3-methylimidazolium chloride (molar ratio 2:1) was studied. Electrochemical impedance spectroscopy shows that
the double layer capacitance and the charge—transfer resistance depend on the state of the electrode surface. The impedance spectra
are strongly influenced by mass transport. The rate—determining step of the aluminum deposition, as determined from the cathodic
Tafel slope evaluated from current step experiments, was found to be either a chemical step, releasing the complexing agent
chloride, while aluminum is in the divalent oxidation state (AlCl;~ — AICl, + C17) or an electron transfer from the divalent to the
monovalent aluminum occurring twice for the overall reaction to occur once (Al*" + ¢~ — AI"). The rate—determining step for
aluminum dissolution was found to be the transfer of an electron from elemental aluminum to the monovalent oxidation state
(AI° = A" + ). A linear slope in the low cathodic overpotential region of the Tafel plot suggests a change in the cathodic
rate—determining step. The Tafel slope indicates a chemical step, releasing the complexing agent chloride, after the last electron
transfer (AICI~ — Al° + CI7) to be the rate—determining step for overpotentials below 50 mV. Density functional theory
calculations support the proposed reduction and oxidation mechanisms.
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Electrochemical deposition is an elegant method to prepare
metallic coatings with tailored properties via the variation of the
process parameters, such as current density, potential, temperature
and electrolyte composition. The highly interesting element alu-
minum cannot be electrodeposited from protic solvents since its
standard potential is much more negative than the proton reduction
(—1.66 V vs NHE'). Aprotic electrolytes for the electrochemical
deposition of aluminum®® have been developed during the last
decades. Some of those processes are based on volatile and highly
flammable compounds which increases the costs for an industrial
process. lonic liquids (ILs) were shown to be suitable for the
deposition of a number of reactive metals.’

One of the most intensely investigated ILs for the deposition of
aluminum is the eutectic mixture of 1-ethyl-3-methylimidazolium
chloride, [EMIm]|CI, and AICl;’ with a molar excess of AICI;
(Eq. 1).7'° Due to its properties, such as high electrical conductivity,
good thermal and electrochemical stability and a broad liquidus range,
this IL is well suited for the deposition of functional coatings®'® as
well as for applications in the field of energy storage and
conversion.'"™® It is generally accepted that the deposition of
aluminum from ILs is only possible from Lewis acidic melts as they
contain the easily reducible heptachloroaluminate anion, Al,Cl; . The
tetrachloroaluminate anion, AICl, ", prevalent in the neutral melts, has
a more cathodic reduction potential than the imidazolium cation.”

4 ALCl;~ + 3¢~ — Al + 7 AICl4~ (1]

There are reports of multi—electron transfers for the deposition of
niobium (3—electron step)lg and zirconium (4—electron step),zo’21
but such systems seem to be rather rare. However, the simultaneous
transfer of three electrons, as suggested in the net reaction (Eq. 1), is
highly improbable because the activation energy for a multi—electron
step is very high (> 400 kJ mol™').>*** Therefore, the consecutive
transfer of three individual electrons with one being the rate—
determining step (RDS) has to be assumed.”**> The RDS of the
deposition and dissolution of aluminum has been identified for some

*Electrochemical Society Student Member.
**Electrochemical Society Member.
“E-mail: rene.boettcher @tu-ilmenau.de

electrolytes, includin%g molten salts,”>® electrolytes based on tetra-

hydrofuran (THF)*"° and an IL based on N-(n-butyl)pyridinium
chloride.*® To the knowledge of the authors a systematic investigation
of the charge—transfer mechanism of aluminum in ILs based on
[EMIm]CI has not been reported so far. Understanding charge transfer
mechanism in this IL allows the development of improved electrolytes
for both the deposition of functional aluminum coatings’ and
development of aluminum—based batteries with high energy and
power density.'>'6!8

Therefore, this paper focuses on the investigation of the kinetics
of the deposition and dissolution of aluminum in Lewis acidic
[EMIm]CI/AICI; ionic liquids. Cyclic voltammetry was used to
acquire information on the reversibility of the aluminum deposition
and dissolution. Electrochemical impedance spectroscopy and con-
trolled current step experiments were employed to study the
mechanisms as well as to determine the RDS of the deposition
and dissolution of aluminum, respectively. Depending on the height
of the amplitude of the controlled current or controlled potential
step, the resulting transients provide valuable information about the
diffusion coefficient of the electrochemically active species,®'*? the
nucleation behavior’*>® and charge—transfer reaction.* Density
functional theory (DFT) calculations were performed to assess if the
suggested mechanisms are thermodynamically reasonable.

Experimental

Anhydrous AICl; (granules, 99 %, abcr, Germany) and [EMIm]
Cl (>98 %, lolitec, Germany) were used to prepare the electrolytes.
[EMIm]CI was dried at 60 °C for two days to a moisture level below
100 ppm (determined by Karl—Fischer titration). Due to the
exothermic reaction of AlCl; and [EMIm]|CI, the AlICl; was added
in small amounts to the [EMIm]CI until a molar ratio of 2.0:1 was
reached. The temperature was kept below 80 °C to prevent thermal
decomposition of the electrolyte. After stirring for 24 h the electro-
lyte had a slightly yellowish color. In the following this electrolyte is
denoted in the text as [EMIm]AL,CIl,.

All electrochemical experiments were performed in a glove box
filled with argon (VAC Atmospheres, USA; O, and H,O levels <
0.5 ppm) using a model SP300 or VSP potentiostat/galvanostat
(BioLogic, France). Tungsten rods (1.6 mm diameter) embedded in
glass were used as working electrodes, WE, for cyclic voltammetry.
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Figure 1. Cyclic voltammograms of a tungsten electrode in [EMIm]AI,Cl,
for sweep rates of 100 mV s~ ! (black), 50 mV s~ (red), 20 mV s~ (blue)
and 10 mV s~ (green).
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Figure 2. (a) Ratio of anodic and cathodic peak current density and peak
separation of corresponding anodic and cathodic current waves A;/C; (i
with dashed line) and A,/C, (@ with straight line) and (b) peak current
density, jp, Vs scan rate, v for current waves C; (l), C> (@), A; (A) and
A, (V) and linear fit, derived from cyclic voltammograms in Fig. 1.

An aluminum wire (99.999 %, Alfa Aesar) with a diameter of 1 mm
embedded in a glass tube and sealed with epoxy resin (Epoxy 2000
Plus, Cloeren Technology, Germany) was used as WE for electro-
chemical impedance spectroscopy (EIS) and the current step
experiments. Before each experiment the aluminum WE was sanded
with SiC emery paper (4000 grit). An aluminum plate (99.0 %, Good
Fellow) of 2 mm thickness was used as a ring—shaped counter
electrode (CE). An aluminum wire (99.999 %, Alfa Aesar) was used
as the reference electrode (RE). In the following all potentials are
given with respect to this reference.

Electrochemical impedance spectroscopy (EIS) measurements
were performed using the aluminum WE in different conditions:
Sanded with SiC emery paper (4000 grit) and coated with a thin
aluminum layer of approximately 50 nm, respectively. The fre-
quency was varied from 100kHz down to 10 mHz (10 mV
amplitude around OCP, 20 points per decade). Due to its size
relative to the WE, the CE is assumed to be unpolarized and hence
not to contribute to the impedance spectra. The electrode was kept at
OCP (ca. 0 V) for 10 min before each measurement. In Fig. 3a, each
marker represents the average value and standard deviation of the
real part, Re(Z), and the imaginary part, Im(Z), of the impedance Z
for one frequency, determined from five consecutive measurements.

DFT calculations for the formation enthalpy, AHp., the solvation
enthalpy, AHg, and the reaction enthalpy, AHg, were carried out
using the M06-2X package of GAUSSIAN 20 Sep. Rev03 with the
APCseg-2*"*" and KTZVP-D base set*> which was designed for
organo—metallic thermodynamic calculations and has been shown
to achieve accurate results. The works of Marchenich et al.** and
Bernales et al.** prove the applicability of custom SMD models,
solvation model based on density, for sufficiently accurate thermo-
dynamic calculations of free solvent enthalpy values. Custom PCM-
SMD model (polarizable continuum model with solvation model
based on density) parameters, representing the [EMIm]CI/AICI; IL
based on the work of Li et al.,*> were chosen for the calculation of
solvation enthalpy values. For the surface—attached species AHg
was approximated by only accounting for 50 % of the determined
solvation enthalpy.

Results and Discussion

Cyclic voltammetry.—A typical cyclic voltammogram of alu-
minum deposition and stripping in [EMIm]AL,Cl; on a tungsten
electrode is shown in Fig. 1. The potential was swept starting from
the OCP in cathodic direction down to —0.8 V and back to +1.0 V.
The cathodic waves C; (—90 to —300 mV) and C, (—450 to —700
mV) can be attributed to the deposition of aluminum in nanocrystal-
line and microcrystalline form, respectively.*® The anodic waves A;
(60 to 200mV) and A, (390 to 620 mV), are the corresponding
stripping waves. The Coulombic efficiency for the deposition and
dissolution of aluminum was around 98 %, calculated from 100
cycles at a sweep rate of 100 mV s™', which shows that aluminum
can be deposited and dissolved without significant side reactions in
this electrolyte. The separation of the peak potentials, Ep 4 and Ep ¢,
is larger than the theoretical value of 56.5 mV/n, (n, is the number of
transferred electrons) for a fully reversible reaction at 298 K**
(Fig. 2a) and increases with the sweep rate. This indicates kinetic
limitations of the charge—transfer.”**’ However, the ratio between
anodic and cathodic peak current density, jp 4 and jp ¢, plotted vs the
square root of the scan rate, v'/2, (Fig. 2b) shows a linear behavior in
the range of 10 to 100 mV s~ (error of the fitted slope typically
lower than 5 %), indicating diffusion control.>* Hence, the deposi-
tion and dissolution are influenced by the kinetics of the charge
transfer and the diffusion of the electro-active species. Based on the
considerations of Matsuda et al.*’ the deposition and dissolution
process of aluminum in the present electrolyte should be categorized
as quasi—reversible. Therefore, the equations of Randles and
Sevcik®**®*? are not applicable in this case, since they are only
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Figure 3. Electrochemical impedance spectra measured at an aluminum WE in a [EMIm]AIL,Cl;: (a) Averaged spectra (five cycles) measured at a freshly sanded
aluminum WE (black), a WE coated with 50 nm aluminum (red) and after resting for 12 h (blue). The inset shows the high frequency range. (b) Individual
spectra (five consecutive cycles) measured at aluminum WE directly after coating with 50 nm aluminum. The inset shows the Randles equivalent circuit used to

fit data.

valid for fully reversible and fully irreversible reactions. The peak
separation is influenced by the Ohmic drop. Based on the distance
between the WE and RE (ca. 1-2 mm), the surface area of the WE
(ca. 2mm?®) and the specific conductivity of the electrolyte (ca.
13.5mS cm ™! at 27.5 °C), the Ohmic resistance between the WE and
RE was estimated to be <1 2. Therefore, the associated shift of the
peak potentials (Fig. 1) should be less than 2 mV and hence the peak
separation due to Ohmic resistance (Fig. 2a) should be below 4 mV.

Electrochemical impedance spectroscopy (EIS).—The impe-
dance spectra of an aluminum electrode at OCP (Fig. 3) can be
described using the Randles equivalent circuit, > as displayed in
the inset in Fig. 3b. The EIS spectra in the Nyquist representation
have a depressed semicircle—like shape (Fig. 3a) with a rising
portion in the low frequency region. This behavior can be described
using a constant phase element (CPE), Q, in parallel to a resistor,
representing the charge—transfer resistance, Ry, and a Warburg
element, W, modeling the influence of diffusion (Fig. 3b). The CPE
can be described by the capacitance, Q, and a constant, «, (Eq. 2). If
« is one the CPE behaves like an ideal capacitor, while it describes
an Ohmic resistor if & is zero. The double layer capacitance, C,,, and
charge—transfer resistance, R¢7,.4, of an RC element, equivalent to
the Randles equivalent circuit can be calculated from the values of
the CPE and Rz, which were previously determined by fitting of the
EIS data (Egs. 3 and 4).>!

Zepr = Q7! (iw)™ [2]
R
Ceq = Qa- RE& [3]
R
Clieq = e [4]

N\
Z(Cos (%))
4

In passing we note that the double layer structure in ILs differs
from aqueous solutions.”**>>>3 However, a detailed discussion
about the structure of the electrode—IL interphase is beyond the
focus of this work.

Independent of the state of the electrode surface (i. e. sanding or
electrochemical coating with aluminum), the impedance spectra
intercept the x—axis at (345 + 25) 2 on average. This represents the
Ohmic resistance of the electrolyte, Rg. Slight variations of the

values are due to the relative positioning of the electrodes in the
electrochemical cell.

Fit results of the EIS data using the Randles equivalent circuit are
given in Table 1. The value @ of the CPE is typically very close to
one (Table I). Deviations from the ideal capacitive behavior are
probably caused by surface roughness effects (see Fig. 4 and
discussion below). The capacitance (value of Q and C,,, respec-
tively) is smallest for the freshly sanded electrode and increases if
aluminum is deposited on the electrode. The change in capacitance is
caused by a change in the surface morphology (Fig. 4). Since the
morphology does not or only slightly change during the resting
period of 12 h at the OCP after coating, the capacity remains almost
constant (Table I).

The charge—transfer resistance decreased after aluminum was
deposited when compared to the sanded electrode surface. After
the deposition the EIS spectrum changes over time (Fig. 3b). The
capacitance remains constant while the charge—transfer resistance
increases. The EIS spectra before the deposition of aluminum on the
electrode and after 12 h of resting after deposition, are very similar
(Fig. 3a). The change in charge transfer resistance indicates a time
dependent interaction of the electrode with the IL. The chloroalu-
minate species or chloride anions (Eq. 13) might form an adsorbed
layer or react with the freshly deposited aluminum. This layer might
cause the described increase of the charge—transfer resistance.
However, it is not clear from the presented results if the interaction
of the IL with the deposit is caused by the [EMIm]" or the
chloroaluminate species. On the other hand, the grown crystals
might cause a larger surface area which results in the decrease of the
apparent charge—transfer resistance. This micro roughness might be
reduced by corrosion processes during the resting period, resulting in
an increase of the charge—transfer resistance.

Overpotential measurements.— Theoretical considerations.—If
a constant current is applied to an electrode, its overpotential, 7, is
the sum various contributions (Fig. 5 and Eq. 5).>*

N ="+ Ner + Nc + My + 7 (5]

In Eq. 5, 5 is the Ohmic drop, 7¢p is the charge—transfer
overpotential, 7. is the concentration overpotential, 7y is the
nucleation overpotential and 7 is the overpotential due to depletion
of the electrolyte as a special case of the concentration overpotential.

The Ohmic resistance of the electrolyte, Rq, causes an instanta-
neous increase (1)) at the moment the current density, j, is applied to
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Table 1. Data from fitting of the electrochemical impedance spectra displayed in Fig. 3a using the Randles equivalent circuit (inset of Fig. 3b).

Condition RE/Q Q/pFs“@V a Rer/kQ s/Qs 12
Sanded 327 +4 1.37 £ 0.02 0.94 480 + 20 114 £ 4
Coated 327 x4 2.03 = 0.04 0.94 347 x 41 27 £ 22
Coated + resting 12 h 326 £ 6 2.01 = 0.02 0.94 5729 81 +£2
Condition Ceo/ uF Rer,eq/kS2 TpL/ps
Sanded 1.33 £0.01 437 + 31 762 = 13
Coated 1.99 £ 0.21 320 = 19 651 =77
Coated + resting 12 h 2.01 £0.01 526 £5 655 = 15
the electrode with the surface area, A, according to Ohm’s law
(Eq. 6). . ¢
. Nep(® =Jj - A - Rereq - |1 — expl —— [7]
Ng=j- A" Rg [6] “‘ oL
The Ohmic resistance of the experimental setup was measured via oL = Rp - Cuy (8]

electrochemical impedance spectroscopy (see section Electrochemical
Impedance Spectroscopy) before each step experiment and was
(345 £ 25) © on average. The overpotential increases by the value
of Ny (t) within the time constant, 7p,, due to double layer charging
(Egs. 7 and 8).%

Boettcher 10.0kV 6.4mm x10.0k SE(U)

Figure 4. SEM micrograph of the surface of the aluminum electrode:
(a) Sanded (4000 grit) and (b) after Al plating at —300 mV from
[EMIm]AI,CI; for a passed electrical charge of 2 mC (corresponds to layer
thickness of about 50 nm).

The time constant of the electrochemical double layer, 7p;, was
calculated from the double layer capacitance and the electrolyte
resistance evaluated via impedance spectroscopy (see section
Electrochemical Impedance Spectroscopy) and its value was below
800 ws (Table I). In a more refined approach one would have to
consider that the value for the charge—transfer resistance decreases
with increasing overpotential.** However, for the following discus-
sion this estimation seems to be sufficient.

A concentration gradient evolves due to the electrochemical
reaction in front of the electrode causing a time dependent
concentration overpotential, n-(¢) (Eq. 9).*% The time 7 which
is needed to cause a decrease of the surface concentration by 10 %
can be calculated by Eq. 11.%

RT
ne) = ln(%) (9]
. 1/2
() = ¢t — :—; : (WLD) [10]
T T
=
& | ; i
= |
(0] 1
2 i
g |1
O 7 1
> ]
2 |

0 Time t
Figure 5. Schematic potential—time transient for a constant—current step
based on Eq. 5. The inset shows the time range of the transient in the grey box.
The transient consists of contributions from (dark red to light red) Ohmic
resistance (Eq. 6), charge—transfer (Egs. 7 and 8), concentration overpotential
(Egs. 9 and 11), nucleation and depletion (Eq. 12). Quantitative axis labeling
was omitted due to the schematic character of the displayed transient.
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Figure 6. Tafel plot of overpotential data (dots) and Tafel fit for || > 50 mV
(red and blue straight lines).

(0.1 ZFe®2Dr

i [11]

Uel

In Egs. 9 to 11, R is the ideal gas constant, T is the temperature, z
is the number of transferred electrons, F is the Faraday constant, ¢(t)
is the time dependent concentration at the electrode surface, ¢* is the
bulk concentration of the heptachloroaluminate anions in the
electrolyte, (3.41 + 0.01) mol L™!, j is the current density and D
is the diffusion coefficient of the heptachloroaluminate anions, (7.11
+0.31) x 107" m? s™' (determined from potential and current step
experiments according to Sand®' and Cottrell,>* data not shown).
From these values 7 was estimated to be longer than 0.3 s in this
system.

Furthermore, if the applied current density is high, the mass
transport towards the electrode surface is too slow to maintain the
current and the concentration at the electrode surface decreases to
zero after the transition time 75 (Eq. 12).3

*2
= (zFc™)*Dm [12]
45

As a consequence of this depletion the overpotential increases
(ng) to a value that is high enough to drive an electrochemical
process that is able to maintain the applied current density. For
[EMIm]ALCl; this is the electrochemical decomposition of
[EMIm]". Equation 12 is a special case of Eq. 10 and leads to the
Sand equation.?! 7 is 100 times longer than 7¢.

There is a further contribution to the total overpotential which
arises from the nucleation of the deposited material on the electrode
surface (17y). There are several models describing transients influ-
enced by nucleation based on constant potential steps**=>>¢ but
only few based on constant current steps.”’° However, analytical
expressions of the nucleation overpotential arising from a current
step are not trivial to derive’’ and depend on various parameters,
which are difficult to assess.””®® The nucleation peak displayed in
Fig. 5 is a schematic representation of nucleation peaks observed in
the experiments and is in agreement with the work of Milchev
et al.>’ The nucleation peak in the potential-time transients has a
typical duration of 0.1 to 0.5 s for the investigated system. A detailed
discussion of galvanostatic nucleation transients is beyond the scope
of this work and we take a phenomenological approach to consider
the contribution 7y to the overall overvoltage.

Since nucleation peak and double layer charging overlap the
potential response caused by the charge—transfer during the first
several hundreds of us, a straight forward evaluation of our data
following the approach of Lorenz*® would be strongly prone to
systematic errors. Therefore, the overpotential due to charge—
transfer was evaluated by a tangent of the rising part of the
potential—time transient right after the nucleation peak ends and
the double layer is fully charged (inset of Fig. 5 upper blue line). The
potential value of this tangent at t = 0 gives an approximation for
the sum of the overpotential caused by the charge—transfer and the
Ohmic resistance (inset of Fig. 5 lower blue line). The charge—
transfer overpotential can then be estimated by subtracting the
Ohmic drop (Eq. 6). The latter was measured via electrochemical
impedance spectroscopy prior to every current step experiment. With
thus estimated values of 1. the kinetics of the charge transfer will
now be further discussed.

The overall reduction of aluminum as given in Eq. 1 can be
divided into the electrochemical reaction involving the transfer of
three of electrons while releasing one mole of AICl,~ and three
moles CI™ (Eq. 13) and the chemical reaction of the released Cl1™
with three moles ALL,Cl;~ forming six moles AICl,~ (Eq. 14).5!
Hence the reduction mechanism consists of electrochemical and
chemical steps. The net reaction (Eq. 15) is then in agreement with
Eq. 1.

ALCl;~ 4+ 3e — Al + AICI,~ + 3 CI- [13]
3 ALCl;~ + 3 CI- — 6 AIC1,~ [14]
4 ALCl™ + 3e~ — Al + 7 AICl4~ [15]

Determination of the rate—determining step (RDS).—The loga-
rithm of the current density vs the charge—transfer overpotential is
plotted in Fig. 6. In order to find the most probable rate—
determining step (RDS) of the anodic and cathodic reaction, the
Tafel slopes were compared with the theoretical values based on the
assumption that the net reaction is a sequence of three individual one
—electron transfer processes.>* The theoretical anodic and cathodic
reciprocal Tafel slopes b, and b,. are calculated according to Eqs. 16
and 17.757%92

by = RT [16]

F(ﬁ + - ﬁa)r)
14

b. = __RT [17]

‘ F(% + ﬁcr)

with the number of transferred electrons before, during and after the
RDS, v, r and -y, the stoichiometric number v describing how often
the RDS needs to occur for the overall reaction to occur once and the
anodic and cathodic symmetry factor (3, and (. (here assumed to be
0.5).

For absolute overpotentials beyond 50 mV the experimental data
give reciprocal Tafel slopes of (120 + 2) mV dec!and (61 +4) mV
dec™" for the anodic and cathodic reaction, respectively (Fig. 6). The
simplest and hence most probable RDS for the anodic reaction is the
oxidation of metallic aluminum to monovalent aluminum (AI° —
Al" + e, theoretical value 120 mV dec™}).

The overall calculated anodic charge—transfer coefficient, oy, is
0.17 = 0.01 and the resulting symmetry factor, (3,, is then 0.62 *
0.01, based on the theoretical considerations for the most probable
RDS. An exchange current density, jo, of (0.88 + 0.02) mA cm >
was calculated from the anodic Tafel slope. The dissolution
mechanism of aluminum in a 2.0:1 electrolyte can be proposed as
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Figure 7. Change in enthalpy for the reduction of aluminum according to
the reduction sequence in Scheme 2 (left) calculated using KTZVP-D base
set: Formation enthalpy (Ill), solvation enthalpy (@), reaction enthalpy (A),
corrected solvation enthalpy (O) and corrected reaction enthalpy (/\). The
difference in the results of the calculations using APCseg-2 base set and
KTZVP-D base set lies within the markers.
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Scheme 1. Flow chart for aluminum dissolution. The suggested RDS is
colored in blue.

shown in Scheme 1, considering three separate one—electron
transfers and chemical steps releasing chloride ions which is in
agreement with Eq. 15.

There are different possible RDS reactions for the cathodic
reaction based on the experimental Tafel slope. On one hand the
RDS might be a chemical step while aluminum is in the oxidation
state two (theoretical value 60 mV dec™ '), releasing the complexing
agent chlorine, according to Eq. 18.

AICl; ™ (4q) — AlClyq) + CI- [18]

Considering a sequence of single electron transfers and chemical
steps releasing chlorine ions, the deposition mechanism in Scheme 2
(left) can be proposed.

On the other hand, the RDS might be the reduction of divalent to
monovalent aluminum with » = 2 (theoretical value 60 mV dec™!),

ALCL; AlCl;
e {» AlCl, ¢ j}» AlCl,
AlCl,,  ALCL AlCl,,  ALCL
i\> o —2Alc, £\> a —2Alc,
AlCl,, ACl,, <
e ﬂl e ﬂl }
AlCL,,  ALCL AlCl, ., i
Do zacy |
AlCl,, 2 AlCL, i
e \l AlCL,, + 2cI
ALCL, Al 2 ALCL,
S, 4 AIC,

Scheme 2. Flow chart for aluminum deposition (left: chemical RDS; right:
electrochemical RDS). The suggested low overpotential RDS ( < 50 mV)
is colored in green, the suggested high overpotential RDS ( > 50 mV) is
colored in red.

according to Eq. 19. The subsequent reduction might then occur
according to Eq. 20.

AP 4+ e — Al* [19]

2 AlY — Al + AP [20]

The deposition mechanism can be proposed as shown in
Scheme 2 (right). The symmetry factor, 8., was calculated to be
0.25 + 0.05.

The overall cathodic charge—transfer coefficient, o, and the
exchange current density, j,, were found to be 0.33 + 0.03 and (0.85
+ 0.12) mA cm™ 2, respectively. The anodic and cathodic exchange
current density evaluated from the respective Tafel slopes are in
good agreement with each other and give an average value of (0.87 +
0.07) mA cm >,

While the logarithm of the current density decreases with
decreasing overpotential in a non—linear fashion in the anodic
range, an additional linear region with a reciprocal Tafel slope of
(17 £ 2) mV dec™! can be found in the cathodic range between 30
and 50 mV (Fig. 6, linear fit not shown). This suggests a change of
the RDS between low and high overpotentials. Since the Tafel
approximation loses accuracy for absolute overpotentials below
50 mV, it is not trivial to estimate the Tafel slope. The deviation
from the Tafel approximation increases with decreasing overpoten-
tial. Based on the kinetic values for charge transfer coefficients and
exchange current density, as discussed above, the deviation is below
20 % for overpotentials beyond 30 mV. The Tafel slope of (17 + 2)
mV dec™" is close to the theoretical value of a RDS consisting of a
chemical ste}i) after aluminum was fully discharged (theoretical value
20 mV dec™ '), according to Eq. 21.

Ali et al.*® reported a similar behavior of the deposition of aluminum
from a Lewis acidic mixture of AICl; and N-(n-butyl)pyridinium
chloride in a comparable low cathodic overpotential range. This step
is in agreement with the deposition mechanism proposed in
Scheme 2 (left).

The change in the Tafel slope occurs at approximately —60 mV
(Fig. 6). The crystallization mode of aluminum changes in the range
of —40 and —80 mV for steady state conditions (extrapolated
cathodic peak potentials from Fig. 1), suggesting a relation between
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the RDS, the crystallization in a nanocrystalline and microcrystalline
structure.

All proposed dissolution and deposition mechanism for alu-
minum from a 2.0:1 electrolyte (Schemes 1 and 2) are consistent
with the overall reaction according to Eq. 1.

Thermodynamic considerations using density functional theory
(DFT).—For the theoretical anodic RDS describing a chemical
reaction prior to the oxidation from metallic to monovalent, v, and
r equal zero (Eq. 16). For the theoretical cathodic RDS describing a
chemical reaction prior to the reduction from trivalent to divalent
aluminum, -, and r equal zero (Eq. 17). Therefore, mathematically
there are no solutions for these cases, according to Egs. 16 and 17
(devision by zero). On this basis a reaction sequence for the
oxidation of metallic aluminum to form Al,Cl;” as well as for the
reduction of Al,Cl;~ to metallic aluminum is suggested (Schemes 1
and 2).

The proposed anodic reaction sequence (Scheme 1) consists of
the oxidation of the metallic aluminum to an adsorbed monovalent
aluminum (Al+(ad)). By forming the heptachloroaluminate from two
tetrachloroaluminate anions a chloride ion is available for the
speciation of AlCl,q). The overall enthalpy of the transfer of a
chloride ion from tetrachloroaluminate anions to the adsorbed
aluminum ion is negative and therefore thermodynamically reason-
able. The AlCl,g, is then further oxidized to AICI" 4, representing
the divalent state of aluminum. Binding another chloride (AlCl,,q))
represents the RDS in the anodic reaction sequence (Scheme 1).
After the third electron transfer forming trivalent aluminum
(A1C12+(ad)) and binding a third chloride the oxidation sequence is
complete and has consumed seven moles of AICl;~ to produce four
moles of Al, Cl;~ while transferring three electrons (Eq. 15).

The oxidation of aluminum (neglecting the bound chloride)
and the subsequent chemical reactions can then be generally
expressed as

Al — Al 4 e [22]

AICI,* + CI” — AICL,, [23]

with n = 0...2.

Since the proposed cathodic reaction presented in Scheme 2 (left)
includes the RDS for high cathodic overpotentials as well as for low
overpotentials, the following discussion focuses on this sequence.
This sequence is initiated with the reduction of trivalent aluminum
from Al,Cl;™ to adsorbed AICl; ™ 4, releasing AICl; . The adsorbed
species decomposes to AlCl,,q) releasing chloride which reacts with
Al,Cl;™ to two AICl, . The following reduction step to monovalent
aluminum AICl, ™ (,q represents the RDS of the cathodic sequence
(Scheme 2, left). After decomposing to AlCl,q), releasing another
chloride, the reduction to AICI™ (,q) occurs, followed by a last
chemical step releasing chloride and forming metallic aluminum at
the electrode surface.

The reduction of aluminum (neglecting bound chloride) and the
subsequent chemical reactions can be generally expressed as

Al' + e — Al [24]

AIC1,~ + CI- — AICI, | + CI™ [25]

withn = 3...1.

DFT calculations were carried out to clarify whether the
reduction and oxidation sequences presented above are thermody-
namically reasonable. The contribution of the adsorption of the
reactants was assumed to be approximately constant and therefore
neglected. Figure 7 presents the change in enthalpy for the formation
of the reactants, AHp, solvation, AH,, and their sum, the reaction
enthalpy, AHy (Eq. 26).

AHg = AHp + AHg [26]

While the formation enthalpy over the reaction coordinate
increases, the solvation enthalpy, representing the interaction of
the IL with the formed products, decreases. The contribution of the
solvation enthalpy is bigger than that of the formation enthalpy,
presumably because of the high space charge density of the reduced
intermediates. The reaction enthalpy is negative, suggesting that the
overall reaction is spontaneous from a thermodynamic perspective.
Since this is not the case in the experiment one must assume that the
kinetic barrier between any of the discussed reaction steps in either
direction must be high enough to keep a reaction from occurring at
even elevated temperatures used in the experiment. The enthalpy
data result from the respective reaction without taking into account
the influence of the electrode surface which the reactants are
adsorbed on. Modeling metal—metal interactions using DFT to
simulate the electrode surface is not trivial and requires a high
computational effort. Therefore, a simple geometrical approach was
chosen. The adsorbed reactants interact with the electrode surface at
one side. This reduces the available surface area to interact with the
electrolyte. Therefore, the resulting solvation enthalpy of these
adsorbed reactants, AHg 44, is reduced by a factor of two, while
the solvation enthalpy of the solvated reactants, AHg g, remains as
before (Eq. 27).

A[-IR,mrr = A}IF + 0.5 A[-IS,ad + AI_IS,.ml [27]

The corrected values are displayed in Fig. 7 and show that the
previously described tendency did not change significantly as the
main part of AHy is due to the solvation of Cl~ species.

Conclusions

Cyclic voltammetry measurements show the quasi—reversible
character of the aluminum deposition and dissolution in
[EMIm]AIL,Cl; with a Coulombic efficiency close to 100%.

Electrochemical impedance spectroscopy suggests that the fresh
electrodeposited aluminum film interacts with the electrolyte. This
might be either the formation of a passive film on the surface (e.g.
adsorbing chloroaluminate complexes) or corrosion of the deposit in
the electrolyte leading to a reduced micro roughness. Superposition
of both processes might be possible, too.

The potential—time transients were interpreted and discussed
considering different contributions to the overall overpotential.
Based on these considerations a method was described to estimate
values for the sum of Ohmic drop and charge transfer overpotential.
The Ohmic drop was calculated based on EIS results regarding the
Ohmic resistance of the electrolyte. The transfer coefficients and the
exchange current density for aluminum deposition and dissolution
were evaluated from the plot of current density vs charge transfer
overpotential. From the values of the reciprocal Tafel slopes the
RDS for aluminum deposition and dissolution were suggested. The
RDS for the oxidation of aluminum is probably the electron transfer
from elemental aluminum to the monovalent oxidation state. A
linear range in the low cathodic overpotential region (<50 mV) and
another one in the high cathodic overpotential region (>50 mV)
suggest a change in the RDS. For the low overpotential range, the
RDS is probably a chemical step after the last electron transfer. For
the high overpotential range, the RDS is either a chemical step while
aluminum is in the divalent oxidation state or an electron step from
divalent to monovalent aluminum, which need to occur twice for the
overall reaction to occur once. DFT calculations show that the
proposed sequences for the deposition and dissolution of aluminum,
given in Schemes 1 and 2, are thermodynamically reasonable, since
solvation enthalpy, primarily delivered by chloride ions, makes
aluminum deposition in [EMIm]AI,Cl; a thermodynamically favor-
able process.
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