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ARTICLE INFO ABSTRACT

Keywords: In this study, aluminum was electrodeposited from ionic liquids comprising a melt of alkyl imidazolium
Tonic liquid chlorides and aluminum chloride (AICl3). The ionic liquids utilized in this study were 1-ethyl-3-methyl-imida-
Aluminum zolium chloride (EMIC)-AICl3, 1-butyl-3-methylimidazolium chloride (BMIC)-AICl;, and 1-hexyl-3-methyl-imi-
Cyclic voltammetry dazolium chloride (HMIC)-AICI; at the AICl; mole fraction of 0.667 (molar ratio of 1:2). The electrochemical
Chronoamperometry

behavior of chloroaluminate species in the three ionic liquids was investigated by cyclic voltammetry (CV) and
chronoamperometry (CA) techniques at different temperatures. The cyclic voltammograms indicated that the
reduction of Al,Cl; species to metallic aluminum followed a diffusion-controlled phenomenon. Moreover,
even at a less negative applied potential, the higher current density was obtained for EMIC-AICI; ionic liquid.
That indicates that EMIC-AICI; favors less energy consumption during the electrodeposition. The chronoamper-
ometric analysis revealed that the onset of aluminum deposition from such ionic liquids proceeds via a three-
dimensional instantaneous nucleation process. The concentrations of Al,Cl; ions in the ionic liquids were cal-
culated based on the thermodynamic data, which were 2520, 2271, and 2035 mol m ~ 2 for EMIC-AICl5, BMIC-
AlCl3, and HMIC-AICl3, respectively. The diffusion coefficient (D) values of Al,Cl; species in such ionic liquids
were also calculated at various temperatures. The D values determined from the CA technique at 363 K are
2.16 x 10711, 1.03 x 10!, and 0.87 x 10! m? s~ ! for EMIC-AICl;, BMIC-AICl;, and HMIC-AICls, respec-
tively. In addition, the D value increased as temperature increased and decreased as the hydrocarbon group in
the ionic liquid increased. The calculated grain sizes of nucleation range from 2 to 4 pm for these ionic liquids
and are in good agreement with experimental data obtained from SEM micrographs.

Diffusion coefficient

The IL is an eco-friendly and efficient electrolyte due to its non-cor-
rosive property, the wide temperature range for the liquid phase, excel-

1. Introduction

Aluminum, which makes up about 8% of the earth’s crust, is the
third most abundant element, following oxygen and silicon [1]. Since
no metallic phase exists in nature, nearly all aluminum is produced in
the electrolyte form via electrodeposition [2]. The industrial process of
aluminum production is the Hall-Heroult process, which is a process of
aluminum extraction from a high-temperature cryolite bath. For fur-
ther purification, the Hoopes process and segregation process are used
to refine the aluminum [3]. However, such conventional methods
require high temperatures (above 1073 K) that consume lots of energy
and release unwanted greenhouse gases [3]. Therefore, the notion of
extraction and refining the aluminum from low-temperature ionic lig-
uid (IL) electrolyte is attracting immense interest since the last decade
[4]. In addition, the advantage of the electrodeposition method is that
the coating of aluminum or its alloy can be achieved to promise high
corrosion resistance and electric conductivity [5].

lent thermal stability, low vapor pressure, wide electrochemical
window, and low pollutant emission [6-8]. Therefore, the ILs have been
used as electrolytes to electrodeposit numerous pure metals or alloys,
especially those that are hard to be prepared in an aqueous solution
[5,9]. A few electrochemical studies of aluminum and its alloy in differ-
ent ILs have been studied by several researchers [6,10-13]. Several ILs
have been used to electrodeposit Al, which are formed by the combina-
tion of AlCl; with alkyl imidazolium chlorides such as 1-ethyl-3-methyl-
imidazolium chloride (EMIC)-AICl;, 1-butyl-3-methylimidazolium
chloride (BMIC)-AICl;, or 1-hexyl-3-methyl-imidazolium chloride
(HMIC)-AICI;. Although AlCl; is in a solid phase at room temperature,
the mixture of AlCl; with M(=E, B, HYMIC quickly transforms into a lig-
uid phase at room temperature. The mixture of the melt leads to the for-
mation of several chloroaluminate anions, which exits in equilibrium,
according to the following reactions (1-3) [14,15].
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The amount of AlCl; determines the Lewis acidity of the MMIC-
AICl; melt. When the molar ratio of AlCl; and MMIC is less than 1,
the melt consists of organic cation and tetra-chloroaluminate ions
(AICILy). In melts containing the excess of AlCl; (molar ratio > 1),
the excess AlCl; reacts with AlCl; anions to form Lewis acidic hepta-
chloroaluminate ions (Al,Cl;) [16].

The electrochemical kinetics of reducing such chloroaluminate
anion species to aluminum is necessary to be discussed in such ILs
before the electrodeposition or electrorefining. The process of electrol-
ysis of aluminum in AlCl3-BMIC [17] and AlCl3-EMIC [18] ILs has been
illustrated previously using the cyclic voltammetry (CV) method. The
chronoamperometry (CA) method has been used to describe the nucle-
ation process of aluminum as the instantaneous process in AlCl3-BMIC
[6,17] and AICI5-EMIC [6,18-20] ILs. In addition, based on the CA
method, the diffusion coefficient and the number of nucleation density
of Al species in those ionic liquids are calculated [6,19,20]. However,
little research is performed on the diffusion process of aluminum spe-
cies in these three ILs systematically, especially for the AlCl;-HMIC IL.
Although few literature studies discuss that the electrodeposition pro-
cess is due to the diffusion of Al,Cl; species [6,18,21], the effect of
temperature, viscosity, and hydrocarbon group on the diffusion pro-
cess is still unclear. And some of the literature investigated the diffu-
sion coefficient of Al species in such ILs based on the planar
diffusion process. However, little literature considers the effect of
cylindrical electrode, which will cause little error in the calculation
of diffusion coefficient if considering the planar diffusion.

In this study, the melts of AlCl; with EMIC, BMIC, and HMIC ILs are
utilized to study aluminum electrodeposition. The CV and CA experi-
ments are performed to analyze the mechanism of diffusion and depo-
sition of aluminum species from such ILs. The concentration of Al,Cl,
species is calculated based on the densities of ILs and fraction of Al spe-
cies in the ILs. In addition, the diffusion coefficients of Al,Cl; species in
such ILs are calculated by different methods, including the cylindrical-
diffusion method at various temperatures. It was found that the diffu-
sion coefficient increased as temperature increased while it decreased
as the hydrocarbon group of the IL increased. Moreover, the IL's larger
viscosity will also result in the lower diffusion coefficient of Al,Cl; spe-
cies. Besides, aluminum's nucleation process is studied using the CA
method, which is a three-dimensional instantaneous nucleation pro-
cess. Finally, the number density of nucleation and grain sizes of nucle-
ation are determined based on the instantaneous model and compared
with the experimental result performed with scanning electron micro-
scopy (SEM).

2. Experimental details
2.1. Materials

The chemicals such as AlCl; (95%), EMIC (95%, HPLC), BMIC
(98%, HPLC), and HMIC (97%, HPLC) single salts were purchased
from Sigma-Aldrich. In the present work, the MMIC to AlCl; molar
ratio of 1:2 was used to maximize the concentration of Al,Cl; anion
species in the ILs. Before the mixing process, the MMIC was placed
in a vacuum oven to dry for at least 6 h. The chemicals were then
weighed in an appropriate ratio in a glove box under dry ultra-high
purity (UHP, 99.995%) argon (Ar) gas. The MMIC was taken in a
250 mL beaker, and then AlCl; was slowly added into it at room tem-
perature. A glass rod was used to stir while adding the AlCl;. When the
IL becomes a clear solution, it is transferred to another 50 mL beaker,
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placed on a hot plate, and stirred for about 30 min for homogeneous
mixing using a magnetic stirrer at 60 rpm. The temperature of the pre-
heated hot plate was set to the experimental temperature (353 K).

2.2. Methods

The electrochemical experiments were performed with an EG&G
PARC model 273 A potentiostat/galvanostat instrument controlled
by Power Suite software. Several CV curves were obtained by varying
the scan rate from 100 to 300 mV s~ '. The CA curves were obtained by
changing the overpotentials. The CV and CA experiments were per-
formed from MMIC-AICIl; ILs using a three-electrode cell configura-
tion. And each CV and CA experiment was repeated at least two
times to ensure repeatability. Fig. 1 shows the schematic of the exper-
imental setup.

As shown in Fig. 1, the temperature was controlled by a hot plate
and was precisely monitored by the inserted thermometer. Tungsten
(W) wire (99.9%) with a diameter of 0.45 mm was used as a working
electrode, aluminum wire with 1-mm diameter was used as a counter
electrode, and the reference electrode was Pt wire (99.9%) with a
0.5 mm diameter. The W was used as a working electrode because it
is stable in Lewis acidic ionic liquid electrolytes and doesn’t undergo
any chemical or electrochemical reactions in the studied experimental
potential regime. The W has been employed as a working electrode in
previous studies involving ionic liquid electrolytes [6]. The Ar gas flow
was continuously maintained through the alumina tube during the
experiment. Thus, the whole system was under the argon gas atmo-
sphere. All the electrodes were ground with 800 grit SiC abrasive
paper, washed with acetone and deionized water, and dried by air
right before the experiment. The height of the electrode immersed into
the IL was measured after the experiment for area normalization.

3. Results and discussion
3.1. Concentration of Al,Cl, in ionic liquid

Before the CV or CA experiments, densities of ILs were calculated
and extrapolated based on the literature data [22] to calculate the vol-
ume and the concentration of the total Al species in the electrolyte,
which is listed in Table 1. Based on the distribution of Al species in
IL using the thermodynamic calculations [22,23], the mole fraction
of Al,Cl; anions is 0.7831 for the 1:2 molar ratio of MMIC to AlCls.
The mole fraction of other anions like Al3Cl;, and AICl; are about
0.1 in the ionic liquid. In addition, this thermodynamic distribution
of Al species in EMIC-AICI; has been proved with the Raman experi-
ment [24]. And the fractions between AICl; and Al,Cl; species are in
good agreement between thermodynamic and experimental results.
Whatever the species AlCl; transfers, it will combine with one MMIC
to form the complex ion. Thus, the total amount of Al species (AlCly,
AlL,ClI; or AlzClyy) is equal to the amount of MMIC species. Therefore,
the concentration of Al,Cl; anions is calculated using the following
relation (4).

Cana; = Cumic * 0.7831 @)

where Cay,cr; is the concentration of Al,Cl; (mol m~%),Cymc is the
concentration of the MMIC species (mol m™3), and 0.7831 is the frac-
tion of Al,Cl; anion among all the anion species. Based on the known
densities, the concentration of Al,Cl; anions in different ILs is also cal-
culated, as shown in Table 1.

3.2. Cyclic voltammetry method

3.2.1. Cyclic voltammetry curves
For electrochemical studies, use of Al as a reference electrode is
reported in the literature as it is stable in ionic liquid electrolytes
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Fig. 1. Schematic of an electrochemical cell for CV and CA experiments in ILs.

Table 1
Densities and concentration of Al,Cl; in each IL with 1:2 molar ratio.
EMIC-AICl, BMIC-AICl3 HMIC-AICl;
Temperature (K) Density (kg m~ %) Concentration of Al,Cl; Density (kg m~?%) Concentration of Al,Cl; Density (kg m~ %) Concentration of Al,Cl;
(mol m~3) (mol m~3) (mol m~3)
353 1340 2539 1290 2289 1230 2052
363 1330 2520 1280 2271 1220 2035
373 1320 2501 1270 2253 1210 2019
383 1310 2482 1260 2236 1210 2019
[6,25]. However, in our present study, the CV curves were performed 0.0015
from three ionic liquid electrolytes with Pt as reference electrode. —EMIC
Because, Pt is also stable in the ionic liquid electrolytes, and no chem- — BMIC
ical reaction happens between Pt and Al ions. Sweeping the applied 0.0010 HMIC
potential or the temperature variance does not affect the stability of
the Pt reference electrode. The suitability of Pt as a reference electrode -
has been investigated and it is a proper reference electrode in the < 0.0005
aqueous electrochemical experiments [26]. Additionally, Pt has also g
been used as the reference for non-aqueous electrolyte such as ‘5
EMIC-AICI; ionic liquid to study the electrodeposition of Al [21]. O 0.0000 - -
Before the experiments, a CV was performed to investigate the poten- f
tial windows of these ionic liquids. The potential window regimes of
the pristine EMIC, BMIC and HMIC ionic liquid electrolytes are shown -0.0005 |
in the Fig. 2. The potential windows of these ionic liquids are slightly
different but the magnitude of potential window is in the range of
2.6-2.8 V for a given reference electrode. The reduction potential 20.0010 L L L L 1 L L L
starts at —1.78 V, —2.0 V, and —1.95 V vs. Pt for EMIC, BMIC and 25 -20 15 10 -05 00 0.5 1.0 1.5

HMIC, respectively.

To investigate the electrochemical behavior of aluminum species in
MMIC-AICI; electrolyte, the CVs were performed on a tungsten wire
electrode from three IL electrolytes at different scan rates
(100-300 mV s~ 1) at 363 K, as shown in Fig. 3. The measured area
of the tungsten wire working electrode immersed in the IL was
2.5 X 10~° m? for EMIC-AICl;, 2.7 X 10~° m? for BMIC-AICl3, and
2.3 x 107° m? for HMIC-AICl;. The reference electrode is Pt.

As shown in Fig. 3, the reduction peak potential of Al deposition is
slightly higher than the negative potential window. However, the ini-
tial electrodeposition potential of Al is in the range of the stable poten-
tial window of the pristine ionic liquid (without AlCl3). The CV curves
reveal the cathodic peak currents (A) with potential at approximately
—1.9 V for EMIC-AICl;, —2.3 V for BMIC-AICl; and —2.7 V for

Potential vs. Pt (V)

Fig. 2. Cyclic voltammetry curves recorded on W-electrode at 100 mV/s vs. Pt
RE from EMIC, BMIC and HMIC electrolytes solvents (without AlCl5).

HMIC-AICl; IL. In addition, the corresponding anodic peak current
(A’) is also noticeable during the reverse sweep. According to the liter-
ature [6,12,15], the cathodic peak and anodic peak are attributed to
the formation and dissolution of aluminum, respectively. The corre-
sponding reactions are shown below (Equations (5) & (6)).

Cathode : 4ALCL, + 3¢~ — Al + 7AICI, (5)

Anode : Al + 7AICl, — 4ALCL, + 3e” (6)
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Fig. 3. CV curves of (a) EMIC-AICl3, (b) BMIC-AICl3, (¢) HMIC-AICI; (molar ratio: 1:2) using tungsten working electrode and aluminum counter electrode at 363 K,
and (d) comparison of CV curves for three ILs. Area of working electrode is 2.5 x 10~°> m? for EMIC-AICl3, 2.7 x 10~ m? for BMIC-AICl3, and 2.3 x 10~ ° m? for

HMIC-AICL,.

The Al,Cl; anions present in the IL are diffused to the cathode and
get discharged in the form of Al deposition. The AICI; anions then
react with the formed Al deposits to produce Al,Cl; ions. According
to the reaction listed in equations (5 & 6), the number of transferred
electrons is 0.75 mole for 1 mole Al,Cl; anion diffusion.

Besides, another anodic current peak (B’) is observed before the
current peak (A’), which causes the reverse sweep to shift at different
scan rates. And the corresponding cathodic peak current is assumed to
be at around point (B). As the 3-electron oxidation of deposited Al to
AI*™* is a one-step reaction the evidence of two oxidation peaks signi-
fies the stripping of Al to produce different Al anion species (mainly,
Al;Clyp and Al,Cl7). The redox reactions corresponding to B and B’
might be related to the discharging and recharging of Al;Cly, species.
Since there is little concentration of Al3Cljy anion species in the IL
electrolyte according to the distribution of Al species [22], the possible
reactions are shown by equations (7) and (8) below [27].

Cathode : 2Al;Cly, + 3¢~ — Al + 5AICL, (1)

Anode : Al + 5AICI, — 2AI;Cl, + 3e~ (8)

The exact reactions and mechanisms at points B and B’ are still
unclear and more evidence is needed to confirm them. However, the
reduction reaction (point B) due to the trace amount of Al;Cl;, species
is ignored in the investigation of Al deposition's kinetics. As shown in
Fig. 3, the current densities of reduction and oxidation peaks (A and
A’) increase with increasing scan rate in these IL electrolytes. As shown
in Fig. 3(d) and Table 2, the cathode peak current density in HMIC-
AlCl; ionic liquid presents the lowest value at the same scanning rate.
In addition, the potentials corresponding to the peak currents become

more negative as the hydrocarbon group increased. To study the mech-
anism of the diffusion process of Al,Cl; anion species, several param-
eters obtained from CV curves are recorded. Table 2 lists the
parameters obtained from the CV curve of EMIC-AICl;, BMIC-AICI;,
and HMIC-AICI; at 363 K.

3.2.2. Diffusion coefficient calculated with the Randles-Sevcik equation

For the diffusion-controlled quasi-reversible process, the diffusion
coefficient of Al,Cl; ions in MMIC-AICI; IL can be calculated by the
Randles-Sevcik (R&S) equation (9) [28].

anF 0.5
I = 0.4958nFAC; (ﬁ) D505 ©)

where I,. is the cathodic peak current (A), A is the area of working
electrode (m?), R is the gas constant (8.314 J K ! mol™Y), T is the
experimental temperature (K), n is the number of exchanged electrons
(0.75), and F is the Faraday constant (96485C mol ™). C; is the bulk
concentration of Al,Cl; ions (mol m™3), D is the diffusion coefficient
(m?s™ 1), vis the potential scan rate (Vs~ 1), and o is the charge trans-
fer coefficient.

For the quasi-reversible electron transfer process, the value of the
charge transfer coefficient can be determined by the Nicholson and
Shain equation (10) [28].

|Epc — Epej2| = 1.857RT /anF (10)

where E,. is the cathodic peak potential (V), E,/» is the cathodic
half-peak potential (V), which is determined by the potential corre-
sponding to the half-peak current.



Y. Peng et al.

Table 2
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The values of cathodic peak potential (Ep.), anodic peak potential (Ep,), the separation between the cathodic peak potential, and cathodic half-peak potential
(|Epe-Epe/2]), and cathodic peak current density (jp) for EMIC-AICl;, BMIC-AICl; and HMIC-AICI; under different scan rates at 363 K.”

Scan rate (mV S_l) Epe (mV) Epa (mV) IEpc'Epal (mV) |Epc'Epc/2| (mV) ljpc‘ (A m—z)
EMIC-AICI;

100 —1874 —444 —1429 324 924
150 —1911 —410 —1501 337 1016
200 —1953 —365 —1588 374 1160
250 —1990 —381 —1609 395 1248
300 —2019 —354 —1665 411 1300
BMIC-AICl3

100 —2267 —-313 —1954 548 916
150 —2276 —-199 —2077 592 1016
200 —2311 —157 —2154 586 1137
250 —2355 -119 —2236 616 1248
300 —2411 —96 —2316 648 1348
HMIC-AICl;

100 —2596 -329 —2267 736 796
150 —2623 —219 —2404 723 861
200 —2695 —143 —2552 858 900
250 —2736 -175 —2561 786 1004
300 —2755 —46 —2709 886 1030

# Note: The area of tungsten working electrode immersed in the IL is 2.5 x 10~° m? for EMIC-AIClz, 2.7 x 10~° m? for BMIC-AICI;, and 2.3 x 10~° m? for

HMIC-AICl3. The reference electrode is Pt.

The transfer coefficient is calculated to be around 0.21, 0.13 and
0.10 in EMIC-AICl3, BMIC-AICI; and HMIC-AICI3, respectively, which
are different from the reported transfer coefficients: 0.4 in BMIC-AICl3
(1.5) [22] and 0.45 in TMPAC-AICl; (2.0) [29]. The CV experiments
were not under mass transportation controlled sufficiently by a rotat-
ing electrode. In addition, the mass transfer may contribute much to
those highly viscous ionic liquids. Therefore, the calculated transfer
coefficients are not the very exact value. However, all the calculated
transfer coefficients, including the reported data, are less than 0.5,
indicating that the forward and reverse electron transfer steps are
not symmetric in the cyclic voltammetry. And transfer coefficient will
affect the activation energy of the reaction from oxidation to reduc-
tion. For a reversible process, the Ej, should be independent of the scan
rate. However, in the present study, the E, has shifted, meaning that
the process is not reversible. For a reversible process, Ep,-E,c = 57/
n mV (n is the number of transferred electrons). For our case, it varied
from 476 to 555 mV for EMIC-AICI;, 651 to 771 mV for BMIC-AICI;,
and 755 to 903 mV for HMIC-AICL;. In addition, the passivation behav-
ior of Al in the ionic liquid has been proved [4], which also may affect
the reversible process during the CV experiment.

As different scan rates were applied in the experiments, one can
plot the graph of j,. vs. 1%®. With the known slope, the R&S equation
(9) can be modified and written as equation (11).

0.5
slope of (jpc vs.v‘“") = 0.4958nFC; (‘%’f) D°s (11)

where jj,. is the current density (A m~2). And the plot of jip. vs. V05,
as shown in Fig. 4.

As shown in Fig. 4, the plot of j, vs. 1% does not pass through the
origin point. The intercepts indicate the plot is not perfectly fitted with
the R&S equation. One reason might be a kinetic current contributes to
the cathodic peak current [18]. The other reason is due to the cylindri-
cal electrode used in the experiment, but the R&S equation is derived
based on planar diffusion.

3.3. Diffusion coefficient and nucleation density using chronoamperometry
method

3.3.1. Diffusion coefficient of Al,CL,

The CA experiments are performed to evaluate the mechanism of Al
deposition in the ILs, including nucleation and growth mechanism.
The chronoamperometric current-time transients for three different

1400

= EMIC-AICI;: j,,=1712.4v°%+376.7
+ BMIC-AICI;: j,.=1894.3v**+300.2
4 HMIC-AIC,;: j,=1057.3v*%+453.5

1300

1200

1100

oo (A M)

1000

900 -

800

0.30 0.35 0.40 0.45 0.50 0.55

VO.5 (V S—'I )0.5

Fig. 4. The cathodic peak current density (j,.) obtained in Table 1 as a
function of the square root of scan rate (v*/?) in E(B, HYMIC-AICI; IL at 363 K.

ILs at different applied potentials at 363 K are shown in Fig. 5. The
tungsten working electrode area immersed in the IL is 2.90 x 107>
m? for EMIC-AICl;, 2.43 x 10°° m? for BMIC-AICl;, and
3.96 x 10~° m? for HMIC-AICls, respectively. The reference electrode
was Pt.

As shown in Fig. 5, the applied overpotentials are sufficient to ini-
tiate the nucleation and growth of aluminum as the maximum current
(I,) and corresponding time (t,) were observed. A similar phe-
nomenon was also found in the lead [30], zinc [31], and aluminum
as reported by other researchers [4,6,18]. In Fig. 5 (b), the current
increased initially at a specific maximum value and then dropped.
However, in Fig. 5(a) and (c), the current initially declined due to
the double layer charging between the tungsten electrodes and then
increased to the current peak [6]. After time t,, the current decreased
with time slowly. One explanation illustrates that it is due to the diffu-
sion-limited steady-state process, where aluminum nuclei formed
hemispherical diffusion zones. When the zones overlap, the linear
mass-transfer process is dominated [32,33]. Another explanation is
that the overlapped nucleation reduced the activity of the atom
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Fig. 5. The chronoamperometric current-time transients for Al deposition in (a) EMIC-AICl;, (b) BMIC-AICl;, and (c) HMIC-AICI; ILs with different
overpotentials at 363 K (Area of working electrode = 2.90 x 10~° m? for EMIC-AICl3, 2.43 x 10~° m? for BMIC-AICl3, and 3.96 x 10~° m? for HMIC-AICI5).

incorporation to the crystal lattice [30]. Moreover, when the applied
overpotential is more negative, the value of the maximum current is
increased while the corresponding time is decreased. As the cathodic
potential increased, the nucleation rate and density of aluminum are
increased [34].

The nucleation process of aluminum adatoms on the foreign sub-
strate is related to some kind of three-dimensional nucleation process.
The dimensionless experimental current-time transients is compared
with the dimensionless theoretically instantaneous and progressive
nucleation model, which is described by Scharifker and Hills [32].
The detailed expression is listed in equations (12-13), which present
the relationship between dimensionless current density (j/j,) to the
dimensionless time (t/t,).

Instantaneous : (jyq, /)

= 1.9542(tnge/tm) {1 — exp[—1.2564(tinse /)] } (12)

Progressive . (jyog/jm)”

- 1.2254(tp,0g/tm)*1{1 - exp[72.3367(tpmg/t,,,)2} }2 (13)

where j is the current density (A cm™?) at any experimental time t,
Jjm is the maximum current density, and t,, time (s) is its corresponding
time. The correction of the delay time, t,, is calculated according to the
estimated linear plot of (I/I)? vs. time [35]. And the estimated value
of t, is much lower than that of t,. Thus, the correction value is
ignored during this comparison and t, has an insignificant influence
on the experimental plot. The dimensionless current-time transients
for different potentials in three ILs at 363 K along with theoretical
nucleation processes are compared, as shown in Fig. 6.

As shown in Fig. 6, the experimental results are closely relatable to
the instantaneous nucleation process, especially when the time is
before t,,. However, for the longer time, the experimental currents
are larger than the theoretical values from the instantaneous nucle-
ation model, reportedly due to partial kinetic control of the growth
process or some minor reactions [30,34]. The sharp rise and drop of
current is usually ascribed to a transition from spherical diffusion into
a slower planar diffusion, as the diffusion radii from multiple growing
particles eventually overlap. Although it is not convincing to say but
based on our study, the model fits well and do not interfere because
the curve before the current maximum t,, matches with the instanta-
neous nucleation model. In addition, the nucleation processes at other
temperatures also follow the instantaneous nucleation process. A sim-
ilar nucleation process is reported by several other researchers
[4,6,18].

Since the Al electrodeposition follows the three-dimensions nucle-
ation and diffusion process, the diffusion coefficient of Al,Cl; anion
can be estimated by considering the instantaneous model illustrated
by Scharifker and Hills (S&H) [32], according to equation (14).

J2tn = 0.1629(nFC;)°D (14)

where the values of j,, and t,, are obtained in Fig. 5, n is transferred
electrons (0.75 mole for 1 mole Al,Cl; diffusion), F is Faraday constant
(96485C mol ™ 1), C, is the concentration of Al,Cl; and D is diffusion
coefficient (m? s~ 1). The diffusion coefficients of Al,Cl; anion in three
ILs at different temperatures are calculated using the S&H method by
taking the average value at different potentials. The calculated diffu-
sion coefficients at 363 K are 8.94, 4.61, and 4.44 x 10 m 257!
in EMIC-AICl3;, BMIC-AICl;, and HMIC-AICI5, respectively.
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Fig. 6. Comparison between experimental current-time transients at different potentials, different ILs ((a) EMIC-AICI5, (b) BMIC-AICl3, and (¢) HMIC-AICI3) and

theoretical instantaneous and progressive nucleation at 363 K.

As discussed earlier, during CV experiments, the electrodeposition
of Al is a diffusion-controlled process; then the Cottrell equation can
also be applied to estimate the diffusion coefficient of Al,Cl; using
equation (15) [28].

I = nFAD®5Cy (nt)*® (15)

where I is current (A), A is an area of the working electrode (m3), n,
F, Co, D have been mentioned in equation (14), and t is the time (s).

Although this method cannot be directly applied in the electrode-
position process, estimating the diffusion coefficient of Al,Cl; is still
available [6]. In addition, at 363 K, the current obtained in the
decreasing portion (Fig. 5) follows a linear relationship with the recip-
rocal square root of time (t~°®), as shown in Fig. 7. The Cottrell plot is
more like a linear relationship at a longer-time domain (lower value of
t~%5). Therefore, more accurate slopes obtained at a longer-time
domain are considered in the calculation of the diffusion coefficient
of Al,Cl; anion species. The average value is regarded as the final cal-
culated result of the diffusion coefficient. And the results at 363 K are
3.71, 2.37, and 0.38 x 10! m? s~ ! in EMIC-AICl;, BMIC-AICls, and
HMIC-AICl3, respectively.

However, equations (14 & 15) are derived based on the planar dif-
fusion, but experiments were performed with a cylindrical electrode
(tungsten wire). In addition, because of the partial kinetic control of
the growth process or some minor reactions at a longer-time domain,
the experimental data does not fit the theoretical instantaneous nucle-
ation model well. The value calculated by the Cottrell method (equa-

tion (15)) in this portion may not be very accurate. The intercepts
shown in Fig. 6abc also indicate that the relationship between current
and t~%° does not follow Cottrell’s equation well because the linear
relationship does not pass through the origin.

Therefore, there is another revised method to calculate the diffu-
sion coefficient based on the cylindrical electrode. For the cylindrical
electrode, the chronoamperometry experiment's current and time is
more likely follows the equation (16) [36].

nFADC,
Iﬁaln(lJr\/;rﬁ/a) (16)
where I, A, n, F, Co, D, and t have been mentioned in equation (14 &
15), and a is the radius of the working electrode, which is 2.25 x 107*
m.

However, it is complicated to obtain the D value directly from
equation (16). The numerical solution was obtained using MATLAB
at every point of current versus time under each applied potential.
As the process at the initial time (before t,,) fits very well with the the-
oretical instantaneous nucleation process, the average diffusion coeffi-
cient was calculated by considering the data point at that portion.
Thus, the mean value of the diffusion coefficients calculated at differ-
ent applied potentials was taken as the final value for a given temper-
ature. The results are shown in Fig. 8.

As shown in Fig. 8, the diffusion coefficient of Al,Cl; increased as
temperature increased. In addition, the diffusion coefficient of Al,Cl,
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Fig. 7. Variation of current (I) with time (¢~ °°) at different applied potentials at 363 K for three ILs ((a) EMIC-AICl3, (b) BMIC-AICl;, and (c) HMIC-AICI;).
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Fig. 8. Comparison of the diffusion coefficient of Al,Cl; ions in different ionic
liquids at various temperatures.

anion in the HMIC-AICI; is the lowest, followed by BMIC-AICl; and
EMIC-AICL,.

Based on the Stokes-Einstein relation, a larger molecular size or vis-
cosity of liquid causes a lowering the diffusion coefficient value
according to equation (17) [37].

ksT
D-n= B

crnoy

(17)

where D is the diffusion coefficient (m?s™1), 5 is viscosity (Pa s), kg
is Boltzmann constant, T is the absolute temperature (K), ¢ is numeri-
cal constant, and oy is the hydrodynamic diameter.

As it is known, HMIC has a larger molecular weight and hydrocar-
bon groups than EMIC or BMIC. Thus, the molecular size in HMIC-
AICI; IL is larger. In addition, HMIC-AICI; has a relatively strong inter-
action force because of which the viscosity of HMIC-AICl; is higher
than the other two ILs [22,38]. These two reasons cause the diffusion
coefficient of Al,Cl; ion lower in the HMIC-AICI; IL. In addition, it has
been illustrated that the same cation with a smaller anion will result in
higher diffusivity of cation and anion [39]. Therefore, the same anion
with smaller cations will have a similar result.

The calculated diffusion coefficient of Al,Cl; species in the pre-
sent study is also compared with literature data, which are listed in
Table 3. The little difference might due to the different concentra-
tions of Al,Cl; species in the ionic liquid or different types of the
ionic liquid. And the result calculated in the present study is reason-
able as it is calculated based on the cylindrical electrode instead of
the planar electrode.

3.3.2. Number density of nucleation and grain size of nuclei

As the electrodeposition of Al in three ILs follows three-dimension
instantaneous nucleation and diffusion-control process, the number
density of nucleation at different overpotentials can be calculated
based on the model developed by Gunawardena et al. [33][40]. The
relation is given by equations (18) and (19).
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Table 3
Comparison of the diffusion coefficient of Al,Cl; in the ionic liquids with literature data.
Ionic liquids(molar ratios) [AL,Cl; J(mol m~3) TK) Method D(m?s™ 1) Reference
BupyCl-AlCl; (1:2) 1.17 x 10® 370 CV (R&S Eqn.) 21.4 x 107! [44]
BupyCl-AICl; (1:2) 1.17 x 10° 303 CV (R&S Eqn.) 470 x 1071 [44]
BMIC-AICI; (1:1.5) - 298 CV (R&S Eqn.) 1.13 x 1071 [22]
TMPAC-AICI; (1:2) - 298 CV (R&S Eqn.) 217 x 1071 [29]
EMIC-AICI; (1:1.5) 1.8185 x 10° 363 CA (S&H. Eqn.) 5.20-6.89 x 10~ [61
BMIC-AICI; (1:1.5) 1.8185 x 10° 363 CA (S&H. Eqn.) 220 x 1071 [6]
BMIC-AICI; (1:1.5) - 298 CA (S&H. Eqn.) 3.90 x 107! [22]
EMIC-AICl; (1:1.1) - 348 CA (S&H. Eqn.) 6.80 x 107! [45]
EMIC-AICI; (1:1.5) 1.8185 x 10° 363 CA (Cot. Eqn.) 1.30 x 10~ [6]
BMIC-AICI; (1:1.5) 1.8185 x 10° 363 CA (Cot. Eqn.) 1.50 x 101! [61
TMPAC-AICI; (1:2) - 298 CA (Cot. Eqn.) 2.03-4.12 x 107! [29]
EMIC-AICI; (1:2) 2.58 x 10° 363 CA (Rev. Eqn.) 2.16 x 107! Present
BMIC-AICl; (1:2) 2.32 x 10° 363 CA (Rev. Eqn.) 1.03 x 10~ Present
HMIC-AICI; (1:2) 2.09 x 10° 363 CA (Rev. Eqn.) 0.87 x 107! Present
Table 4
The calculated number of nucleation density (N) and the grain size (r) of the deposition of Al in three ILs using Pt reference electrode at 363 K.
Potential vs. Pt (V) EMIC-AICl;3 BMIC-AICl3 HMIC-AICl3
N x 10" (m™3) r X 107° (m) N x 10" (m™3) r x 10 (m) N x 10"(m~2) r x 107° (m)
-1.60 0.64 2.22 - - - -
-1.65 1.01 1.78 - - - -
-1.70 1.52 1.45 0.92 1.86 - -
-1.75 1.87 1.30 1.33 1.55 - -
—-1.80 - - 1.99 1.27 - -
-1.85 - - 2.84 1.06 - -
—-1.90 - - 3.74 0.92 0.88 1.90
-1.95 - - - - 1.19 1.64
—-2.00 - - - - 1.59 1.42
—-2.05 - - - - 2.20 1.20
jm = 0.6382nFCD(kN)°® (18)  r=(1/zN)*® (20)
05 where r is the average radius of the grains (m), and N is the number
k = (82CM/p) (19) density of nucleation (m~2). The grain shape is assumed to be spher-

where j,, is peak current density (A m~2), n is the number of

exchanged electrons (0.75), F is the Faraday constant (96485C
mol™ 1Y), C is the concentration of Al,Cl; ions, D is the diffusion coeffi-
cient (m? s~ 1), k is a numerical constant, M is the atomic weight of alu-
minum (26.98 g mol ™ 1), and p is the density of metallic aluminum
(2700 kg m~3). Thus the grain size can be calculated based on the
number density of nucleation [41] using equation (20).

ical. The calculated number density of nucleation and grain size in
three ILs at different overpotentials is listed in Table 4.

As shown in Table 4, as the applied overpotential increases, the
average radius of grains decreases, while the number density
increases. This trend is in good agreement with the nucleation of other
elements in the ionic liquid, such as Zn and Pb [30,42]. In addition, the
calculated number density of nucleation from this study is in good

Table 5

Comparison of calculated number density of Al and other elements in different ionic liquids.
Conditions N x 10''(m~? Reference
Al in EMIC-AICI; (2.0), —1.75 V vs. Pt on W (WE), 363 K 1.87 Present
Al in BMIC-AICI3 (2.0), —1.75 V vs. Pt on W (WE), 363 K 1.33 Present
Al in HMIC-AICI; (2.0), —1.95 V vs. Pt on W (WE), 363 K 1.19 Present
Al in EMIC-AICI; (1.5), —0.60 V vs. Al on Cu (WE), 363 K 9.00 [6]
Al in BMIC-AICI; (1.5), —0.60 V vs. Al on Cu (WE), 363 K 1.50 [6]
Al in TMPAC-AICI; (2.0), —0.15 V vs. Al on W (WE), 333 K 36.9 [4]
Al in TMPAC-AICI; (2.0), —0.15 V vs. Al on Al (WE), 333 K 2.31 [4]
Al in EMIC-AICI; (1.1), 0.15 vs. Al on W (WE), 333 K 1.47 [45]
Al in EMIC-AICI; (1.1), 0.25 vs. Al on GC (WE), 348 K 0.42 [45]
Al in EMIC-AICI; (1.1), 0.50 vs. Al on taC:N (WE), 348 K 0.37 [45]
Zn in Urea-BMIC, —1.30 V vs. Ag on W (WE), 373 K 0.41 [42]
Pb in Urea-BMIC, —0.35 V vs. Ag on Cu (WE), 373 K 1.03 [30]
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Fig. 9. SEM micrographs of Al deposit on W wire obtained in three ILs at 363 K with different potentials vs. Pt for 30 s ((a) —1.65 V in EMIC-AICl3, (b) —1.70 V in
EMIC-AICl,, (¢) —1.75 V in EMIC-AIC,, (d) —1.70 V in BMIC-AICI, (¢) —1.75 V in BMIC-AIC,, (f) —1.80 V in BMIC-AICIs, (g) —1.90 V in HMIC-AICl,, (h)

—1.95 V in HMIC-AICLs, (i) —2.00 V in HMIC-AICL).

agreement with the data reported in the literature, as shown in
Table 5.

SEM micrographs indicate that the grain sizes are slightly
decreased with at higher applied potential, which are comparable to
the calculated result. The grain sizes for EMIC-AICI; at three potentials
are around 2-pm in diameter, which is in the same range as calculated.
In addition, the grain sizes for BMIC-AICl; and HMIC-AICI; are in the
range of 3-6 pm and 2—4 pm, respectively. These are comparable to the
calculated grain values at a given potential. The reason for the little
difference might be the heterogeneous nucleation during the elec-
trodeposition process. In the literature [6], the grain sizes obtained
from SEM are in the range of 0.5-2 ym at 363 K for EMIC-AICI; system
after 15 s electrodeposition. Moreover, the grain size of Al after depo-
sition at — 0.2 V vs. Al for TMPAC-AICI; at 333 K is around 10 pum f].
This suggest that the grain sizes of nucleation estimated experimen-
tally are in good agreement with the literature data. Besides, the shape
of nucleation is spherical but grows oval, especially at more negative
potentials. One reason might be that there is no space for them to grow
in the horizontal direction. Another reason could be the concentration
gradient and surface energy. The first nucleation on the substrate will
form a peak part, which has a steeper concentration gradient than in
the electrolyte near the flat part [43]. To minimize the surface energy
at the peak part, the further deposit prefers to nucleate at the peak
parts, as shown in Fig. 9(i). Thus, the peak parts grow more and more,
thereby resulting in an oval shaped-morphology. However, when sur-
face diffusion of deposits is not significant, the further nuclei will grow

10

in other directions forming the dendrites [43]. As shown in Fig. 9(b),
(e), and (f), several grains are growing on top of initial oval-shaped
grain. If the growth time is sufficiently high, then the vertical growth
of grains may turn into other directions forming dendrites. An interest-
ing point in the mechanism of grain growth is that internal stress
increases as the grains merge into each other. And the internal stress
may cause the formation of crevices on the deposited material, as
shown in Fig. 9(c).

3.4. Structural analysis of Al deposits

The surface morphology and elemental composition of the Al elec-
trodeposit obtained from EMIC-AICl;, BMIC-AICl; and HMIC-AICl;
electrolytes at — 1.7 V (vs. Pt) at 363 K on a Cu substrate is shown
in Fig. 10. The SEM micrograph indicates dendrite formation on the
Cu substrate, which is significantly higher for the EMIC-AICI; ionic lig-
uid. Higher dendrites formation might be due to the higher overpoten-
tial during the electrodeposition process. In addition, the peaks in the
EDS spectrum are mainly attributed to electrodeposited Al and the Cu
substrate. No oxygen peak was detected, indicating that the deposition
obtained is of pure metallic Al. The XRD analysis of the Al deposits are
also performed. For this purpose, the deposits were scratched from the
sample obtained using EMIC-AICl; and is shown in Fig. 11. The peaks
in the XRD data match well with that of standard Al diffraction pattern
(ICDD #01-071-3760). No impurity peaks or phases are detected from
XRD as well as SEM-EDS analysis.
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Fig. 10. The SEM images and corresponding EDS of Al deposited obtained on Cu substrate for 1 h at —1.7 V vs. Pt from three ionic liquid ((a) EMIC-AICI; (b)
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Fig. 11. Representative XRD of Al deposit (Al deposited obtained on Cu
substrate for 1 h at —1.7 V vs. Pt from EMIC-AICl5).

4. Conclusions

The electrochemical behaviors of Al,Cl; species in EMIC-AICl3,
BMIC-AICl; and HMIC-AICI; (1:2) ionic liquids were investigated at
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different temperatures (363 to 383 K). The cyclic voltammograms
illustrated that reduction of Al,Cl; to metallic Al was a quasi-reversi-
ble process. The cathodic peak current density in EMIC-AICl; was
higher, and the applied potential was less negative. The chronoamper-
ometric analysis indicated that the nucleation of Al on the tungsten
working electrode was an instantaneous nucleation process. The diffu-
sion coefficients of Al,Cl; species were calculated in three ionic lig-
uids at different temperatures using different methods. However, the
Scharifker and Hills equation and the Cottrell equation are used for
the planar diffusion process. For the cylindrical electrode, the diffusion
coefficient values calculated using the revised method at 363 K are
2.16 x 1071, 1.03 x 107", and 0.87 x 10~'' m® s~ ! for EMIC-
AlCl3, BMIC-AICl;, and HMIC-AICI;, respectively, which are compara-
ble to the literature data. The diffusion coefficient was the largest in
EMIC-AICl; and followed by BMIC-AICl; and then HMIC-AICl;. The
reasons are 1) the viscosity of HMIC-AICI; is the largest, and 2) the
molecular size of the cation in HMIC-AICI; is the largest. The current
work presents significant progress in the study of the diffusion coeffi-
cient of Al,Cl; species in such ILs that includes 1) calculation of the
concentration of Al,Cl; species based on thermodynamic data; 2)
use and comparison of different methods to precisely determine the
diffusion coefficient values; especially for the cylindrical electrode,
3) establishing the relationship between several factors and the diffu-
sion coefficient (the diffusion coefficient of Al,Cl; increased with tem-
perature, while decreased as hydrocarbon group or viscosity of the IL
is increased). Besides, the calculated number density of nucleation is
comparable to the literature result. And the calculated grain sizes in
the present work are not only in good agreement with the experimen-
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tal result but also in a similar range as the literature data. The little dif-
ference might due to the heterogeneous nucleation in the deposition
process. The oval-shaped grains of deposits are detected in three ILs,
and the mechanism of the grain growth is simply discussed in the pre-
sent work. The SEM-EDS and XRD analyses suggested that electrode-
posits consisted of pure metallic Al phase without any impurities or

oxygen.
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