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Abstract: Electrodeposition of aluminum and its alloys is of great interest in the aerospace, automo-

bile, microelectronics, energy, recycle, and other industrial sectors, as well as for defense and, po-

tentially, electrochemical printing applications. Here, for the first time, we report room-temperature 

electroplating of pure aluminum on copper and nickel substrates from an ionic liquid (IL) consisting 

of 1-Hexyl-3-methylimidazolium (HMIm) cation and bis(trifluoromethylsulfonyl)imide (TFSI) an-

ion, with a high concentration of 8 mol/L AlCl3 aluminum precursor. The aluminum deposits are 

shown to have a homogeneous and dense nanocrystalline structure. A quasi-reversible reaction is 

monitored, where the current is affected by both charge transfer and mass transport. The electro-

crystallization of Al on Ni is characterized by instantaneous nucleation. The deposited Al layers are 

dense, homogeneous, and of good surface coverage. They have a nanocrystalline, single-phase Al 

(FCC) structure, with a dislocation density typical of Al metal. An increase in the applied cathodic 

potential from −1.3 to −1.5 V vs. Pt resulted in more than one order of magnitude increase in the 

deposition rate (to ca. 44 μm per hour), as well as in ca. one order of magnitude finer grain size. The 

deposition rate is in accordance with typical industrial coating systems. 
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1. Introduction 

Being one of the abundant elements in the Earth crust, and with extensive uses in 

modern industry, the aluminum’s global production has risen over 50% in the last decade 

[1]. With the growth of demand [2] grows the need of finding alternative manufacturing 

processes for aluminum that will lower the carbon footprint and high environmental im-

pact [3]. Electrodeposition of aluminum and its alloys is of great interest for different ap-

plications and industries, and of higher energy efficiency compared to mostly used tech-

nologies [4]. Aluminum coatings are potential eco-friendly alternatives to cadmium coat-

ings [4]. With recent advances in 3D meniscus-confined electrodeposition (MCED) [5], 2D 

patterning, deposition, and repair of aluminum-based structures may become possible. 

This is of great interest because high-quality 3D-printed aluminum is hard to obtain via 

conventional powder or laser additive manufacturing processes, such as powder bed fu-

sion and directed energy deposition [6,7], and since the high resolution attainable by 

MCED is not achievable by most other manufacturing processes. 

Aluminum cannot be deposited from aqueous solutions (or other protic solvents) 

due to its very negative reduction potential (E0 = −1.662 V vs. SHE [8]), which falls well 

below the hydrogen evolution line in the Pourbaix diagram [8]. Consequently, the Fara-

daic efficiency for deposition of aluminum from aqueous solutions is essentially zero [9], 

and the necessary energy makes the process impractical [8]. These limitations can be over-
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come by electroplating aluminum from non-aqueous solvents, namely, eutectic formula-

tions, molten salts, or ionic liquids (ILs) [10–12]. Such non-aqueous solutions have at-

tracted much interest because they are often non-volatile, non-flammable, and environ-

mentally friendly. They also have very low vapor pressures, and exhibit high solubility, 

high stability, and a wide electrochemical window [10,13]. However, the so-obtained coat-

ings have suffered from poor quality, inhomogeneity, poor adhesion, and low throwing 

power [10]. ILs are typically aprotic; thus, hydrogen ion-related problems can be avoided 

[13]. ILs are (mainly organic) salts that melt at temperatures below 100 °C and have ex-

tremely low or negative vapor pressure [14]. ILs comprise of cations and anions [15]. 

When selecting an IL for electrodeposition, one should first consider its physical proper-

ties, such as air and water stability, deposition temperature, viscosity, electrical conduc-

tivity, potential window, solubility of metal salts, environmental hazards, etc. [16]. 

Over the years, many studies have been dedicated to electroplating of aluminum 

from ILs, with great interest in room-temperature ILs (RTILs). The ILs formed by mixing 

aluminum chloride (AlCl3) with 1-ethyl-3-methylimidazolium chloride ([EMIm]Cl) have 

been considered as promising for electroplating aluminum [4,17]. Nanocrystalline alumi-

num has been obtained from both [EMIm]Cl–AlCl3 and 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)amide [EMIm]Tf2N–AlCl3 additive-free RTILs [18]. Alumi-

num was even electrodeposited outside the glovebox from a [EMIm]Cl–AlCl3 IL using a 

non-water absorbable layer [19]. While the crystal size was reduced to the nanometer scale 

when using a [EMIm][TFSI]-based IL, the concentration of AlCl3 was also lower compared 

to that of [EMIm]Cl–AlCl3 IL. Bund et al. [20–23] also studied the electrodeposition and 

dissolution of aluminum from [EMIm]Cl-based ILs. 

Bis(trifluoromethylsulfonyl)imide (TFSI) anion-based ILs have been reported to ex-

hibit wide electrochemical window, high conductivity, low viscosity, high thermal stabil-

ity, and hydrophobicity [24–27]. The TFSI has a strong delocalized charge, making it 

harder for H-bonds to form, thus lowering the interaction with water molecules and re-

ducing ion interaction in the IL [28]. 

The 1-Hexyl-3-methylimidazolium (HMIm) cation belongs to the family of imidazo-

lium cations, which are known to have promising properties, including high solid-state 

conductivity and large electrochemical window [29]. Its relatively long hexyl side chain 

increases its overall size, which, in turn, causes the growth of non-polar domains and al-

lows higher solubility of non-polar species [15]. Compared to [EMIm] and 1-Butyl-3-me-

thylimidazolium (BMIm), [HMIm], with its larger alkyl chain length, has higher viscosity, 

lower miscibility in water, and a lower melting point [30]. The commercially available 

[HMIm][TFSI] IL used in this work is characterized by stability, low viscosity, low water 

solubility, ease of preparation and purification, and water content as low as 20 ppm (due 

to its hydrophobicity) [31]. 

Here, we report room-temperature electroplating of pure nanocrystalline aluminum 

on copper and nickel substrates from an [HMIm][TFSI]–AlCl3 IL. The high solubility of 

the aluminum salt in this IL allowed the use of a high concentration of 8 mol/L AlCl3 in 

[HMIm][TFSI] IL. While the physical properties and some potential applications of 

[HMIm][TFSI] IL have been reported before [29,32–34], to the best of our knowledge, this 

is the first report of its use in the electroplating of aluminum. 
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2. Materials and Methods 

2.1. Preparation of the IL 

Before use, anhydrous aluminum chloride (>99.985%, CAS No. 7446-70-0, product 

No. 88488, Lot No. W26E011, Alfa Aesar, Lancashire, UK) and 1-hexyl-3-methylimidazo-

lium bis(trifluoromethyl sulfonyl)imide [HMIm][TFSI] (>98%, CAS No. 382150-50-7, Lot 

No. BCBZ9535, Sigma-Aldrich, Taufkirchen, Germany) were dried at 80 °C for 12 h in a 

small vacuum oven for gloveboxes (TCH-005, VST, Petach Tikva, Israel). The oven was 

installed inside a nitrogen-filled glovebox with less than one ppm oxygen/water (LabMas-

ter130, MBroun, Garching, Germany). After drying, the reagents were sealed and kept at 

room temperature inside the glovebox until use.  

While in the glovebox, the [HMIm][TFSI]–AlCl3 RTIL with 8 mol/L AlCl3 was pre-

pared by heating [HMIm][TFSI] at 80 °C in a beaker on top of a hot plate and slowly add-

ing AlCl3 while continuously stirring on a magnetic stirrer. Light white smoke was noticed 

during preparation [17], although no temperature change was monitored, and the solu-

tion changed its color from colorless to yellowish. The solution was mixed continuously 

for 2 h until the aluminum salt was completely dissolved. Subsequently, stirring was 

stopped, and the solution was separated into two phases: a top phase with a light-yellow 

color and lower viscosity, and a bottom, transparent phase. The IL was then cooled down 

to room temperature. The solution was kept in the glovebox for a week until the lower 

phase solidified. The upper phase was then ready for use for electroplating. 

2.2. Electroplating and Electrochemical Experiments 

All electrochemical experiments were carried out in a three-electrode cell containing 

5 cm3 IL at room temperature (~23.5 °C) and using a potentiostat–galvanostat (PGSTAT12, 

Metrohm Autolab B.V., Utrecht, The Netherlands). Conducting the experiments in a 

glovebox helped to avoid the use of a protection layer, such as decane [35], in order to 

avoid contamination. The working electrode (WE) was initially a Cu disk, to which good 

adhesion of the Al coating was observed. However, when Cu dissolution in the IL solution 

was noticed during cyclic voltammetry (CV) experiments, it was decided to switch to a 

pure Ni (99.99%) disk. The latter remained immune in the IL solution, the tradeoff being 

lower deposition currents and not as good adhesion of the coating to the substrate. How-

ever, the adhesion was improved following surface activation of the Ni substrate via me-

chanical grinding. The rods, which were 3 mm in diameter, were ground on SiC papers 

down to 4000 grit to obtain a uniform, fresh surface. High-purity Al foil (99.997%, Alfa 

Aesar, Ward Hill, MA, USA) served as a counter electrode (CE) to maintain a constant 

source of Al ions in the solution, while a Pt wire (99.997%, Johnson Matthey, Royston, 

England) served as a quasi/pseudo reference electrode (QRE). Both the CE and the QRE 

were chemically polished in an acidic solution that consisted of 2:1 (vol.) HCl:H2O2. Sub-

sequently, they were rinsed with deionized (DI) water and dried with kimtech tissue. The 

CE was also ground mechanically inside the glovebox before each daily set of experi-

ments, in order to remove oxide from the surface. All electrodes were stored in the glove-

box. 

The use of QREs is a common practice in electrochemical studies in ILs. These QREs 

are most often Ag or Pt wires immersed directly in the IL [36–39], although Al wires are 

also quite common [20–23]. Hereafter, all potential values will be expressed versus a Pt 

wire QRE. Preliminary measurements in a two-electrode cell comprised of a Pt wire and 

a Ni substrate showed that 20 min were required to reach a steady state (at E = −0.780  

0.001 V). Hence, in all experiments thereafter, the QRE was first submerged in the IL so-

lution for at least 30 min. 

CV measurements on a Ni substrate were conducted in order to determine the opti-

mal applied potential for electroplating, the reversibility of the electrochemical cell, and 

the species most likely to be involved. The open-circuit potential (OCP) was first estab-

lished at −0.78 V. Next, the potential was scanned in the negative direction from −0.4 V to 
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−1.5 V, and then the scan was reversed back to −0.4 V. The scan rates were between 1 and 

50 mV/s. Chronoamperometry experiments were conducted in order to evaluate the elec-

trocrystallization mechanism. The potential of the WE was stepped in the negative direc-

tion from an initial value, where no reduction in aluminum would occur, to a cathodic 

overpotential, where a current transient was observed. Electroplating of Al on Ni for mi-

crostructural characterization was conducted for either 20 or 120 min at −1.5, −1.4, and −1.3 

V. 

2.3. Analytical Characterization 

Liquid-state nuclear magnetic resonance (NMR) [40] spectra were acquired in order 

to verify the identity and purity of the [HMIm][TFSI] reagents purchased from Sigma-

Aldrich. To this aim, a Bruker NEO 400 spectrometer with a 9.4-T narrow-bore supercon-

ducting magnet was used (1H at 400.13 MHz). All samples were prepared by dissolving a 

0.1-mL sample in 0.6 mL of chloroform (CDCl3) solvent and sealed in a 5-mm standard 

NMR tube in an argon-filled glovebox. All NMR experiments were conducted at ambient 

temperature. The 1H NMR chemical shift was calibrated to the reference of 1 M tetrame-

thylsilane. 

Liquid chromatography mass spectrometry (LC–MS) was used to characterize the 

anionic and cationic species in the as-received [HMIm][TFSI] reagent, fresh RTIL, and 

used RTIL. Preliminary tests were run with different ionization techniques: atmospheric 

solids analysis probe (ASAP), atmospheric pressure chemical ionization (APCI), and at-

mospheric pressure photoionization (APPI) [41]. Then, electrospray ionization (ESI) high-

resolution MS (HRMS) [42] was used. All ESI spectra were acquired using Xevo G2-XS 

QTof mass spectrometer coupled with ACQUITY I-class UPLC (Waters Corp., Milford, 

MA, USA). Here, QTof stands for quadrupole time-of-flight, and UPLC stands for ultra-

performance LC. The sample was prepared by dilution of a 1-μL RTIL solution with 5 μL 

of oacetonitrile under nitrogen atmosphere, and was immediately analyzed by ESI in both 

positive (ES+) and negative (ES−) ion modes. The ES+ mode is useful to detect species with 

basic sites that can be protonated at a low pH. In contrast, the ES mode is useful to detect 

species with acidic sites that can be deprotonated. Then, 0.1% formic acid was injected to 

the analyte solution during the ESI run to enhance protonation and increase sensitivity. 

Data were analyzed using MassLynx software (Waters Corp., Milford, MA, USA). 

The chemistry and oxidation states at the surface of the Al coating were determined 

by X-ray photoelectron spectroscopy (XPS). These measurements were performed in ul-

trahigh vacuum (UHV, 2.5 × 10–10 Torr base pressure) using a 5600 Multi-Technique Sys-

tem (Physical Electronics, Inc. (PHI), Chanhassen, MN, USA). The sample was irradiated 

with an Al Kα monochromated source (1486.6 eV), and the outcome electrons were ana-

lyzed by a Spherical Capacitor Analyzer using a slit aperture of 0.8 mm. The sample was 

analyzed after 6 min sputter cleaning with a 4-kV Ar+ ion gun. The first sample was ana-

lyzed at the surface and used to set the sputtering time. Sputtering was set to 5.7 min at 4 

× 4 mm calibrated to 47.6 nm/min for SiO2/Si. The charge was neutralized. The C 1s ad-

ventitious carbon peak with a binding energy (BE) of 284.8 eV was used to correct the BE 

scale and account for a possible charging effect. First, survey spectra were acquired within 

a wide energy window (0–1400 eV) in order to identify the elements present on the sam-

ple’s surface. Next, utility multiplex spectra were taken for different peaks of all the ele-

ments considered for atomic concentration in a low-energy window at an intermediate 

resolution. Finally, high-resolution multiplex spectra were acquired for different peaks in 

a pass energy of 11.75 eV at steps of 0.05 eV. These measurements allow precise energy 

position and peak shape determination, which are necessary for chemical bonding analy-

sis. 

The surface morphology and elemental composition of the coating were character-

ized by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 

(EDS). For surface morphology characterization, a Gemini 300 microscope (ZEISS, Ober-
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kochen, Germany) was used, whereas chemical analysis was conducted in a field-emis-

sion SEM (model JSM-6700, JEOL, Tokyo, Japan). Transmission electron microscopy 

(TEM) analysis was performed in a JEOL JEM-2100 microscope (Tokyo, Japan) operating 

at 200 kV and equipped with a NORAN EDS spectrometer. TEM samples were prepared 

using Helios Nanolab 460F1Lite dual-beam-focused ion beam (FIB)-SEM (Thermo Fisher 

Scientific, Waltham, MA, USA). Crystallographic characterization of the coating was per-

formed with selected area electron diffraction (SAED) patterns acquired in the TEM as 

well as by X-ray diffraction (XRD, D8 ADVANCE diffractometer with a Cu anode, Bruker 

AXS, Madison, WI, USA). 

3. Results 

3.1. Ionic Species in [HMIm][TFSI]–AlCl3 IL 

Figure 1 shows the NMR 1H spectrum of the as-received [HMIm][TFSI] reagent dis-

solved in CDCl3. The spectrum matches that of CAS No. 382150-50-7, with no signal of 

water impurity in CDCl3, as that reported elsewhere [43,44]. Since the TFSI molecule does 

not contain any protons, only peaks of HMIm are evident in the 1H spectrum. 

 

Figure 1. 1H NMR spectrum of the as-received [HMIm][TFSI] dissolved in CDCl3. The molecular 

structures of TFSI (top) and HMIm (bottom) are shown in the top left corner. The a-to-h indexing 

of the peaks in the spectrum correspond to the markings on the molecular structure of HMIm. 

Figure 2 shows the ESI HRMS spectra in both negative (a–c) and positive (d) ion 

modes. These spectra were obtained from a freshly prepared RTIL. The same spectra (not 

shown herein) were obtained from a used RTIL, namely after several electrodeposition 

experiments and storage for several months in the glovebox. This indicates that no species 

was fully consumed during electrodeposition, and that neither new complex formation 

over time or other solution aging reactions occurred. Figure 2a shows the experimental ES 

spectrum (bottom, blue line) in comparison to the isotope models of AlCl4 (top, red line), 

FeCl3 (purple line), and FeCl4 (green line). [AlCl4]– is evident at m/z  168.9 [45]. This anion 

is very reactive and is either formed in small quantities or reacts easily. This anion is most 

likely in equilibrium with the cation [HMIm]+ that stabilizes it. Peaks at m/z  160.8 and 

m/z  197.8 correspond to [FeCl3]− and [FeCl4]−, respectively [46,47]. The more stable spe-



Coatings 2021, 11, 1414 6 of 24 
 

 

cies [FeCl4]− could convert to [FeCl3]− via elimination of a chlorine radical [47]. This con-

version is boosted by the application of a higher collision energy, as shown by MS/MS; at 

CE = 14 V, most of the [FeCl4]− was fragmented, whereas above ~20 V, it was completely 

fragmented. As Fe has d-orbitals that can stabilize a radical, it is possible that a radical 

intermediate exists in the studied system. The origin of Fe (or FeCl3) in the system could 

be either the handling of the reagents with tools made of stainless steel (and the reactivity 

of AlCl3 brought in contact with them) or impurities in the as-received AlCl3. Indeed, the 

certificate of analysis (CoA) of the lot used in this work reports 5-ppm Fe based on induc-

tively coupled plasma (ICP) chemical analysis. The ES spectrum in Figure 2b reveals the 

[TFSI]¯ anion (m/z  279.9) in large quantities in the IL, while the ES spectrum in Figure 2c 

reveals its dimer with Na [[TFSI]2Na]− (m/z  582.8), which probably formed during ioni-

zation, and not in the reaction. Based on the CoA of the AlCl3 lot used in this work, it 

contains 5 ppm Na impurity. Na could have originated also from glassware, plastic con-

tainers, water, and impurity residues in the mass spectrometer. Recommendations to ef-

fectively minimize the intensity of Na+ adducts in the spectra are provided elsewhere 

[42,48]. Figure 2d shows the ES+ spectrum, revealing the [HMIm]+ cation (m/z  167.2) as 

the main peak. There was no evidence in the ESI spectra for chlorination of the hexyl chain 

of the cation. Moreover, no organic compounds other than the IL exist in the solution. 

Finally, no indication of nickel ions in solution could be found. Such cations could, in 

theory, originate from oxidation of the metal substrate. 

 



Coatings 2021, 11, 1414 7 of 24 
 

 



Coatings 2021, 11, 1414 8 of 24 
 

 



Coatings 2021, 11, 1414 9 of 24 
 

 

 

Figure 2. ESI HRMS spectra of a freshly prepared 8 M [HMIm][TFSI]–AlCl3 solution diluted with acetonitrile. (a–c) nega-

tive ions mode, (d) positive ions mode. 

3.2. Determination of the Deposition Potential and Reversibility 

Figure 3a shows CVs at four different scan rates. Figure S1 (Supplementary Materi-

als) shows the CVs for the full set of seven scan rates. Electrodeposition (reduction) of 

aluminum starts at ca. −1.1 V vs. QRE (C2), reaching its peak at C1 [17]. During the reverse 

scan, Al stripping starts at −1.1 V. The anodic peak A1 (between −0.66 and −0.68 V vs. Pt, 

depending on the scan rate) can be related to the oxidation potential of aluminum in the 

studied cell conditions. The broad range of anodic stripping may indicate that different 

aluminum complexes form (A2 at slow scan rate), leading to a change in the ratio of the 

different aluminum species as the potential is scanned in the positive direction. It should 

be noted that the anodic dissolution of Al in ILs might be quite a complexed process, as 

reported for [EMIm]Cl-based ILs, where different mechanisms were observed at different 

overpotentials [22,49,50]. When the cathodic potential reached −1.6 V, a dull black deposit 

was evident on the substrate’s surface. Based on EDS analysis, it contained elements, such 

as carbon, sulfur, and fluorine, in addition to a low amount of aluminum. These elements 

originated from the IL, as a result of its decomposition. This deposit masked mass 

transport phenomena, limiting the current of the main reaction. Neither a nucleation loop 

[51,52], sometimes termed crossover, or a trace crossing due to an autocatalytic process 

[53,54], is apparent in the CVs at scan rates of 5, 10, and 25 mV/s, implying, among other 
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things, that the deposition of Al on the Ni substrate does not require overpotential to ini-

tiate the nucleation and growth of deposits. However, it should be noted that such a nu-

cleation loop trace crossing exists both in the CV at 50 mV/s on the Ni substrate and in the 

CVs on the Cu substrate (not shown herein). 
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Figure 3. (a) Cyclic voltammograms for a Ni WE in [HMIm][TFSI]–(8 M)AlCl3 at room temperature 

and at different scan rates. (b) The dependence of the anodic and cathodic peak current densities 

(ip) on the square root of the scan rate (ν1/2). 
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The reaction kinetics were evaluated based on the effect of the potential scan rate ν 

(in V/s), on the A1 anodic peak and C1 cathodic peak current densities (ip). Figure 3b 

shows the peak current densities dependence on ν1/2. The anodic plot seems to have two 

slopes: one within the range of ν = 1 to 20 mV/s, and the other within the range of ν = 20 

to 50 mV/s. Indeed, while the coefficient of determination R2 of the linear fit of the entire 

range of scan rate was 0.91831, it increased to 0.99214 for the range of 1 to 20 mV/s (in both 

cases, the pre-fix intercept was not forced to equal zero). The corresponding R2 values for 

the cathodic plot were 0.9385 and 0.98352, respectively. In addition, the ratio between the 

anodic peak current and the cathodic peak current (namely, C1, i.e., the lowest potential 

in the CV) decreased from 1.44 to 1.06 as the scan rate increased from 1 to 50 mV/s. The 

separation of the peak potentials (Ep = Ep,a − Ep,c) increased with the sweep rate, from 

815.7 to 837.1 mV at ν = 1 and 50 mV/s. These values are significantly higher than the 

theoretical value of 56.5 mV/n for a fully reversible reaction at T = 298 K [55]. 

3.3. Nucleation and Growth 

Chronoamperometry [8] yields current transients. Based on this, Scharifker et al. 

[56,57] derived equations that describe the 3D nucleation mechanisms with crystal growth 

controlled by localized hemispherical diffusion [58]. Two extreme cases of nucleation ki-

netics were represented: instantaneous nucleation and progressive nucleation. Instanta-

neous nucleation corresponds to a slow growth of nuclei on a small number of active sites, 

all activated at the same time. On the other hand, progressive nucleation corresponds to 

a fast growth of nuclei on many active sites, all activated during the progression of elec-

trodeposition. The following equations were derived: 

instantaneous

22
m

2
mm

1.9542 1 exp 1.2564
ti t

t ti

  
     

   
 (1)

m

progressive

2
2 2

m
2 2
m

1.2254 1 exp 2.3367
ti t

ti t

  
    

  
  

 (2)

where im and tm are the current density and time coordinates of the chronoamperometric 

peak, respectively. These equations are sometimes drawn using dimensional times t’ and 

m't , replacing t and tm, respectively. In this case, t’ = t − t0 and 
m m 0' = t t t , where t0 is the 

time at im. Equations (1) and (2) were employed successfully in the study of electrodepo-

sition [59–61], including of Al from ILs [34,62,63]. 

Figure 4a presents the experimental chronoamperometric transients at various ap-

plied potentials, while Figure 4b presents the normalized curves for two different applied 

potentials and their comparison to Scharifker’s model (Equations (1) and (2)). From Figure 

4b, it is evident that the electrodeposition of Al on Ni is characterized by instantaneous 

nucleation, similarly to previous work on electrodeposition of Al on glassy carbon [34,63], 

W [62–64], Cu [65], and Al [64]. Compared to the instantaneous nucleation model, the 

higher experimental normalized currents may result from parasitic current as well as from 

the inhibition effect associated with free Cl− ions in the processes of reduction and the 

change in species and complexes in solution [66]. 
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predicted by Scharifker’s models for instantaneous nucleation (Equation (1), dashed green line) and 

progressive nucleation (Equation (2), dotted blue line). 
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3.4. The Surface Chemistry of the Coating 

The EDS chemical composition (in wt.%) of coatings deposited on Ni at different po-

tentials are listed in Table 1. It is evident that all coatings are rich in Al (pure Al in the case 

of samples E46 and E50). The Cl in sample E40 probably originated from AlCl3 crystals on 

the surface, while the O in samples E52 and E40 is most likely a result of spontaneous 

oxidation of the reactive aluminum metal during handling of the coated samples before 

they were characterized by SEM-EDS. In the case of sample E46, Ni from the substrate 

was also evident (not shown herein), indicating that the coating was thinner than that on 

sample E50, where no Ni from the substrate was evident. 

Table 1. EDS chemical composition (wt.%) of coatings deposited at different potentials. 

Sample ID Potential (V) Time (min) Al O Cl 

E52 −1.3 120 97.4 2.6 - 

E50 −1.4 20 100.0 - - 

E46 −1.45 20 100.0 - - 

E40 −1.5 20 93.5 3.0 3.5 

XPS was used to further characterize the surface chemistry of the coatings. Before 

sputtering, the surface of sample E52 contained (in at.%) 39.28 C, 34.41 O, 13.71 Al, 7.18 

Si, 2.19 Cl, 1.56 F, 0.84 N, and 0.83 S. In contrast, after sputtering, the composition changed 

to 81.76 Al, 15.55 O, 2.12 N, and 0.57 F. While N may originate from both the [HMIm] 

cation and the [TFSI] anion, F could be derived from the [TFSI] anion only. It has been 

reported that elements associated with IL anions in general, including F in the specific 

case of [TFSI], may be present in the XPS spectra in significant quantities [67]. Sputtering 

was determined to be sufficient when the at.% of Al and O plateaued (after 5.7 min). A 

layer of Al2O3 on Al, which was evident in the high-resolution spectrum (at 75.6 eV [65]), 

was slowly removed by sputtering. The presence of oxygen was, thus, evident, both from 

EDS and from XPS data. One explanation of the XPS data could be that mixing during the 

sputtering process pushed some of the oxygen ions at the surface back into the metallic 

coating. It could also be that some Al2O3 formed by a parasitic reaction in parallel to me-

tallic Al deposition. The high-resolution Al 2p peak after sputter cleaning clearly revealed 

the presence of metallic Al. The survey and high-resolution Al 2p spectra acquired after 

Ar sputtering from sample E46 are shown in Figure 5a,b, respectively. This sample con-

tained (in at.%) 94.84 Al and 5.16 O at its surface after sputter cleaning. 
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Figure 5. (a) XPS survey spectrum acquired from sample E46 after 5.7 min sputtering. (b) High-

resolution Al 2p peak after sputtering. 

3.5. The Crystal Structure of the Al Coating 

Figure 6 presents the XRD patterns of aluminum coatings on nickel substrates (sam-

ples E40, E46 and E52). All reflections match those of pure, cubic (FCC) metallic Al (card 

No. 04-012-7848) with a lattice parameter of a = 4.05 Å. The average crystal size, based on 

the full width at half maximum (FWHM) of the most intense peak and the Scherrer’s equa-

tion, is 60 nm. 
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Figure 6. XRD patterns of Al coatings deposited under different potentials on Ni substrates. See 

Table 1 for sample identification. 

Several TEM samples were examined in order to assess the quality of the as-grown 

Al layers. First, the composition of the layers was checked by EDS analysis which pointed 

on pure Al. Figure 7 shows typical images and a SAED pattern taken from these samples. 

The deposited layer is polycrystalline, originating a ring electron diffraction pattern (see 

Figure 7c). Since all reflections appearing in the SAED pattern could be indexed according 

to the Al structure, it was concluded that no additional phases were present. Furthermore, 

the only structural defects, which were observed, are dislocations appearing with typical 

density for Al metal (approaching 108 dislocations/cm2 [68]). In addition, stress that was 

evident in the Ni substrate did not seem to affect the Al layer. Finally, the value of the 

lattice parameter determined based on TEM characterization matches well the one deter-

mined by XRD. 

 

Figure 7. (a,b) Bright-field TEM images of samples E52 and E46, respectively, with different thickness of the as-grown Al 

layer. The Ni substrate is marked. Dark dots in the Al layer are originated from Ga irradiation during sample preparation 

in the FIB. (c) A typical SAED pattern taken from the Al layer on sample E52. This polycrystalline pattern is indexed 

according to the Al structure ( 3Fm m, a = 4.04 Å). 

a b c 
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The substrate–layer interface was smooth, without a heteroepitaxial relationship 

(based on SAED). It can be seen that the substrate consists of 0.2–1-μm grains, which tend 

to be close to equiaxed (see Figure 7b), while the Al layer consists of mostly columnar 

grains (single crystals), varying in size as a function of distance from the substrate. Close 

to the substrate, the Al layer consists of nano-sized cubical grains, 20–100 nm in width, 

while further away, the width reaches 0.5 μm. The existence of small crystals at the inter-

face most probably helped to reduce the strains in the Al coating, as similarly reported for 

other systems, such as GaN [69]. The thickness of the Al layer was found to change as a 

function of deposition conditions; it was larger than 2 μm and 470–570 nm for E52 and 

E46 samples, respectively. 

3.6. Surface Morphology of the Al Coating 

Figure 8 shows the macroscopic appearance of Al coatings on Ni and Cu substrates. 

A grayish, dense, and uniform coating with good surface coverage is evident in both cases. 

Figure 9 shows both the top view (a–c) and the cross-section view (d) of Al coatings de-

posited under different potentials. Fairly dense and uniform crystalline coatings are evi-

dent. A similar surface morphology was reported before for Al electrodeposition from ILs 

containing light aromatic naphta [10]. It should be considered that the surface morphol-

ogy of electrodeposits typically vary with the passed charge (C/cm2) during the electro-

deposition process. Therefore, these values are provided in the caption of Figure 9. The 

grain size ranges from several hundred nanometers at −1.3 V down to several dozen na-

nometers at −1.5 V. Image analysis of SEM cross-section images gave deposition rates of 

11.0 ± 3.8, 36.0 ± 5.8, and 734.0 ± 0.1 nm/min for coatings deposited at −1.3, −1.4, and −1.5 

V, respectively. The same deposition rate was measured after a 20- and 120-min deposi-

tion period, indicating a constant rate which likely reflects a faradaic behavior. 

 

Figure 8. CCD images of Al electrodeposits (bottom parts) on Ni and Cu substrates. Deposition 

potential: −1.3 V. 
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Figure 9. Top view (a–c) and cross-section view (d) of Al coatings deposited under different poten-

tials: (a) sample E52 (−1.3 V, 12.6 C/cm2), (b) sample E46 −1.45 V, 2.2 C/cm2), (c) sample E40 (−1.5 V, 

3.0 C/cm2), and (d) sample E34 (−1.3 V, 120 min, 13.9 C/cm2). See Table 1 for further information. 

4. Discussion 

In this paper, we report room-temperature electroplating of pure nanocrystalline alu-

minum on copper and nickel substrates from an [HMIm][TFSI]–AlCl3 room-temperature 

ionic liquid (RTIL). For the first time, this RTIL is used for electroplating of Al. 

Knowledge on the ionic species in the IL is important for fundamental understanding 

of the electrochemical reactions. Liquid-state 1H NMR analysis of the as-received 

[HMIm][TFSI] reagent revealed the [HMIm] cation, but no water impurity, which is quite 

common in ILs due to their hygroscopic nature [70,71]. ESI HRMS revealed [HMIm]+, 

[TFSI]−, [[TFSI]2Na]−, [AlCl4]−, [FeCl4]− , and [FeCl3]−, but no nickel ions, other complexes, 

organic compounds, or chlorination of the hexyl chain of [HMIm]+. 

It is well known that several aluminum–chlorine complexes may coexist in equilib-

rium in solution, namely [AlCl4]−, [Al2Cl7]−, [Al3Cl10]−, and [Al4Cl13]− [22,72,73]. Some ther-

modynamic equilibrium parameters are provided elsewhere [73]. For AlCl3–[EMIm]AlCl4 

(1:5), it was shown that only [AlCl4]− and [Al2Cl7]− coexist at 30 C (80 and 20 mol%, re-

spectively). It was argued that, while [AlCl4]− cannot be reduced to Al, [Al2Cl7]− is the elec-

troactive species for Al deposition, according to the reaction: 

2 7 44 Al Cl 3 Al 7 AlCle
         

 
(3)

The so-generated [AlCl4]− then migrates to the anode [73,74]. Since the molar ratio of 

AlCl3/[HMIm]Cl in our system is higher than 1 (i.e., Lewis acid), [AlCl4]− tends to further 

complex with AlCl3, thus forming [Al2Cl7]−. The following chemical equilibrium reaction 

can also be drawn: 
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4 2 72 AlCl Al Cl  Cl
         

 
(4)

It has been commonly argued that Al cannot be electrodeposited from basic electro-

lytes since the organic cations are reduced at less negative potentials than the dominant 

[AlCl4]− anions [17]. 

Careful selection of the anion–cation system in this study made the electrodeposition 

of Al preferential, whereas lower solution polarization enhanced the solubility of the AlCl3 

precursor [59], thus increasing the acidity of the solution [4]. Consequently, the concen-

tration of the electroactive species [Al2Cl7]– should have been increased, enhancing the 

electrodeposition process. Surprisingly, no peaks appear in any of the ESI ES spectra at 

m/z = 275.5 or 302.1, which could have been the footprint of [Al2Cl7]−. One could argue that 

all [Al2Cl7]− was consumed during electrodeposition; however, the same spectra were ob-

tained from both used and freshly prepared RTIL. Another argument could be that the 

reactive [Al2Cl7]− decomposed during the ionization process in the mass spectrometer. In 

this line, it has been reported that [Al2Cl7]− anions are not observed in the MS-negative 

mode spectra of neutral ligand-based ILs [75], while related positive clusters (e.g., [AlCl2]+ 

at m/z  97) appear in the ES+ spectra [75,76]. Optimization of the MS instrumental condi-

tions helped getting good agreement between mass spectral, potentiometric, and 27Al 

NMR data [76]. It has also been argued that asymmetric cleavage of AlCl3 (instead of direct 

coupling with [AlCl4]− to form [Al2Cl7]–) generates [AlCl2]+ and [AlCl4]−, and that the for-

mer is coordinated by a ligand [77]. Electrodeposition from Al-containing cations could 

be beneficial for electrodeposition of Al, compared to conventional ILs [77]. Before con-

cluding the discussion of ionic species, it should also be noted that, in addition to alumi-

num-chlorine complexes, some other species may exist in the chloro-[bis(trifloro-

methanesulfunayl)imid]-aluminum system [78]. 

A biphasic appearance characterized the as-prepared IL in this study. A similar bi-

phasic behavior has been observed in [cation][(CF3SO2)2N]–AlCl3 liquid mixtures [78] 

within a certain AlCl3 concentration range. The lower phase in that case was colorless, 

more viscous, with no cation signals. The upper phase, on the other hand, contained the 

organic cation and a mixture of chloro-[bis(trifluoromethanesulfonyl)imide]-aluminate 

ions. 

The reaction kinetics were evaluated based on the effect of the potential scan rate on 

the C1 cathodic peak current density and the A1 anodic peak current density (Figure 3a,b). 

Similar analyses of both cathodic (forward scan) and anodic (backward scan) peaks have 

been used for aluminum deposition and dissolution in ILs [17,22,79,80]. Several reaction 

types are discussed extensively in the literature, including the following [8,60,81–84]. 

(a) A reversible (fast) reaction, implying that charge transfer is easy and occurs fre-

quently whenever an analyte molecule approaches the electrode. In this case, the peak 

current density is proportional to ν1/2 according to the Randles-Ševćik: 

1/2
p = 0.4463

1/2


 
 
 

nFD
i nFAC

RT
 (5)

where n is the number of electrons transferred in the redox reaction, A is the electrode 

surface area (cm2), C is the bulk molar concentration of the electroactive species (mol/cm3), 

D is the diffusion coefficient of the electroactive species (cm2/s), T is the thermodynamic 

temperature (K), F is Faraday’s constant (C/mol), and R is the molar gas constant 

(J/K/mol). 

(b) An irreversible (slow) electron exchange, including chemical transformations of 

charge transfer products. In this case too, the peak current density is proportional to ν1/2, 

according to: 

 1/25 1/2 1/2
p = 2.99×10  i n ACD  (6)
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where α is the transfer coefficient. 

(c) A quasi-reversible (slow) reaction, in which the current is controlled by both 

charge transfer and mass transport. 

(d) A capacitive (non-faradaic) current due to charging of the electric double layer. 

In this case, the current is proportional to ν, according to: 

nF dl= i AC  (7)

Hence, based on cyclic voltammetry measurements, the current seems to be con-

trolled by both charge transfer and mass transport (diffusion) of the electroactive species 

(see Figure 3b). This coupled effect reflects a quasi-reversible reaction [84]. The fact that 

the line in Figure 3b does not intercept with the origin, as expected for a simple diffusion 

controlled process, indicates a contribution of a side reaction in the non-purified IL. Sim-

ilar conclusions were drawn in previous studies of electrodeposition of Al from ILs 

[79,80,85]. Finally, the value of separation of peak potentials (which is affected by Ohmic 

drop, i.e., by resistance polarization) is significantly higher than the theoretical value and 

increases with the sweep rate. This, per se, indicates kinetic limitations of charge transfer. 

Chronoamperometry measurements showed that the electrocrystallization of Al on 

Ni is characterized by instantaneous nucleation (Figure 4b). Higher experimental normal-

ized currents, compared to the instantaneous nucleation model, may result from parasitic 

current as well as from the inhibition effect associated with free Cl− ions in the processes 

of reduction and the change in species and complexes in solution [66]. 

SEM–EDS analysis showed that all coatings were rich in Al, and, in some cases, were 

made of pure Al (Table 1). O and Cl impurities were detected in some deposits. TEM–EDS 

analysis of FIB-made samples revealed only Al. Therefore, it may be that the O and Cl 

detected by SEM–EDS were concentrated at the surface of the sample and were related to 

impurities and handling. XPS indeed revealed Cl before sputtering, but none after sput-

tering (Figure 5a). However, N that could originate from both the [HMIm] cation and the 

[TFSI] anion, as well as F that could originate from the [TFSI] anion only, were also de-

tected by XPS, also after sputtering. This could be an indication of a side reaction, as also 

indicated by cyclic voltammetry and chronoamperometry. Despite the aforementioned 

impurities, XPS clearly showed that the coating consisted of Al in its metallic form, and 

not in an oxidized form (see Figure 5b). 

Macroscopic inspection (Figure 8), SEM (Figure 9), and TEM (Figure 7) showed that 

the deposited Al layers were dense, homogeneous, and of good surface coverage. Their 

microstructure was further characterized by both XRD (Figure 6) and TEM (Figure 7). The 

substrate–layer interface was smooth, without heteroepitaxial relationship. Stress that 

was evident in the Ni substrate did not seem to affect the Al layer, probably thanks to the 

formation of small crystals at the interface. Both XRD and TEM proved that the deposited 

layers consisted of a single phase of metallic FCC Al with a polycrystalline structure (see 

Figures 6 and 7c). A good match was obtained between the value of the lattice parameter, 

as determined by XRD and TEM. It should be considered that electrodeposition, by defi-

nition, is a non-equilibrium process that takes place under a cathodic overpotential. Con-

sequently, electrodeposits often contain metastable phases, phases that are either deficient 

or oversaturated in the content of a component, or phases with unexpected crystal struc-

ture [86–89].  

The size of the columnar grains ranged from several hundred nanometers at −1.3 V 

down to several dozen nanometers at −1.5 V. Regarding defects, only dislocations were 

observed by TEM, with dislocations density typical of Al metal. Because the stacking fault 

energy of Al is very high, the growth of twins in Al is unlikely. Yet, Rafailović et al. [90] 

recently reported a high density of genuine growth twins in Al electrodeposited gal-

vanostatically at 20 mA/cm2 and 85 C for 30 min from [EMIm]Cl IL. 

An increase in the applied cathodic potential from −1.3 to −1.5 V vs. Pt resulted in 

more than one order of magnitude increase in the deposition rate, from 0.66 to 44.04 μm/h. 

The upper value falls within the typical range of deposition rates in industrial applications 
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of other coating systems. Because the same deposition rate was measured after the 20- and 

120-min deposition periods, one can argue that the deposition follows a faradaic behavior. 

Finally, an increase in the applied cathodic potential from −1.3 to −1.5 V vs. Pt also resulted 

in ca. one order of magnitude finer grain size. This trend is in line with some other reports 

of deposition of Al from ILs, whereas the cathodic overpotential was increased and the 

average radius of grains decreased [91]. 

The main advantages of the electrodeposition process used herein are that it is simple 

and economic compared to some other industrial processes, provides easy control of the 

process, is conducted at room temperature, can coat non-line-of-site areas and geometri-

cally complex structures, and yields good surface coverage as well as a pure and dense 

aluminum layer with controllable thickness. Its main limitations, however, are that one 

has to avoid the humidity and oxygen in air, for example by carrying out the deposition 

inside a glovebox. Further work is required to optimize the process and characterize film 

properties, such as electrical conductivity and adhesion to the substrate. 

The coating developed in this work may be used in a variety of applications, such as 

electrochemical 3D printing, solar and display panels, circuit boards, radar array compo-

nents, connectors, targeting mirrors, micro-electro-mechanical systems (MEMS), fasten-

ers, car body parts, fittings, thermal actuators, etc. 

5. Conclusions 

In this paper, we reported electroplating of pure aluminum from a room-temperature 

ionic liquid (RTIL) on copper and nickel substrates. The RTIL, used here for the first time 

for electroplating of Al, was composed of 1-Hexyl-3-methylimidazolium (HMIm) cation, 

bis(trifluoromethylsulfonyl)imide (TFSI) anion, and a high concentration of 8 mol/L of 

AlCl3 aluminum precursor. Cyclic voltammetry measurements indicated that the electron 

exchange reaction was quasi-reversible, with the current being affected by both charge 

transfer and mass transport (i.e., diffusion of the electroactive species in the solution). 

Chronoamperometry measurements showed that the electrocrystallization of Al on Ni is 

characterized by instantaneous nucleation. Cyclic voltammetry, chronoamperometry, and 

XPS indicated possible effects of a side reaction. The deposited Al layers were dense, ho-

mogeneous, and of good surface coverage. They had a nanocrystalline, single-phase Al 

(FCC) structure, with a dislocation density typical of Al metal. An increase in the applied 

cathodic potential from −1.3 to −1.5 V vs. Pt resulted in more than one order of magnitude 

increase in the deposition rate (to ca. 44 μm per hour), as well as in ca. one order of mag-

nitude finer grain size.  

Supplementary Materials: The following are available online at www.mdpi.com/arti-

cle/10.3390/coatings11111414/s1, Figure S1: Cyclic voltammograms for a Ni substrate in 

[HMIm][TFSI]–(8 M)AlCl3 at room temperature and the full set of sweep rates. 
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