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A promising method for aluminium deposition was proposed by using AlCl3/[bmim]Cl
(1-butyl-3-methylimidazolium chloride) ionic liquid as electrolyte. By using this novel
method, the volatile and flammable organic solvent systems and the high corrosive inor-
ganic molten salts with high temperature can be substituted, and the deposit microstruc-
ture can be easily adjusted by changing the current density, temperature and electrolyte
composition. The study was performed by means of galvano-static electrolysis and the
optimum operating conditions were determined based on the systematic studies of the
effects of current density, temperature, molar ratio of AlCl3 to [bmim]Cl, stirring speed
and deposition time on the quality of deposited coatings. The electrical conductivities of
electrolytes were also investigated as a function of temperature (298–358 K) and molar
ratio of AlCl3 to [bmim]Cl (from 0.1:1 to 2.0:1). Dense, bright and adherent aluminium
coatings were obtained over a wide range of temperature (298–348 K), current den-
sities (8–44 mA/cm2) and molar ratio (1.6:1–2.0:1). Results from the analysis of crystal
structure show that all of the electrodeposits exhibit a preferred (200) crystallographic
orientation. Temperature has significant influence on the crystallographic orientation
and there does not appear to be an apparent impact of current density on it. Analyses
of the chronoamperograms indicate that the deposition process of aluminium on stain-
less steel was controlled by three-dimension nucleation with diffusion-controlled growth
and there is a conversion from progressive nucleation to instantaneous nucleation.
� 2009 American Institute of Chemical Engineers AIChE J, 55: 783–796, 2009
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Introduction

It is well known that coating of aluminium (Al) is widely
used because of its excellent corrosion resistance, decorative-
ness and physicochemical properties. Nowadays, various
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technologies are available for coating of Al, such as hot dip-
ping,1,2 thermal spraying,3 sputter deposition,4,5 vapor deposi-
tion6,7 and electrodeposition.8,9 Compared with other proce-
dures, the electrodeposition method is a valuable technology
because of its advantages such as mild conditions, easy oper-
ation, uniform thickness distribution and adjustable micro-
structure of the deposited layers. However, the larger nega-
tive standard potential of Al/Al(III) couple (21.67 V vs.
NHE) makes the electrodeposition of Al impossible in aque-
ous solutions owing to a massive hydrogen evolution at the
cathode. To solve the above problems, organic aprotic sol-
vents and molten salts have been studied for Al electrodepo-
sition. Although a lot of progresses have been made, there
are still many disadvantages for developing competitive coat-
ing process of Al.

Three typical kinds of organic solvents are used for elec-
trodeposition of Al: aromatic hydrocarbons,10–12 dimethylsul-
fone13–16 and ethers.17–21 At present, only two commercial
processes on the basis of organic solvents are available for
electroplating of Al: SIGAL10,22 and REAl23,24 processes.
Although high quality Al coating can be obtained by these
processes, because of their relatively narrow electrochemical
window, low conductivity, low solubility of aluminium salts,
higher volatility and flammability, the applications of these
organic solvent systems in electrodeposition of Al are
limited.

High-temperature inorganic molten salts, such as NaCl-
KCl,25 AlCl3-NaCl,26,27 and AlCl3-NaCl-KCl28–30 have been
extensively studied and applied for the electrodeposition of
Al. However, their highly corrosive natures bring great diffi-
culties for finding container materials that can withstand
chemical attack by the melts,31 and the temperature is very
high. Therefore, it is a dream to find mild coating systems.

Over the last decades, aluminium plating in the room tem-
perature molten salts (also called ionic liquids-ILs), has
received considerable attention. In the early 1950s, it was
first reported by Hurley and Wier32 that Al can be electrode-
posited based on ethylpyridinium chloride/AlCl3 electrolytes.
Since then, the development of RTILs has provided a prom-
ising alternative method for electrodeposition of Al. They
have the merits of both aprotic organic electrolytes and high
temperature molten salts. As a replacement, the RTILs have
superior features, such as good chemical and thermal stabil-
ity, low melting points with negligible vapor pressure, high
electrical conductivity, and wide electrochemical window of
about 4.0 V, which overcome the disadvantages of traditional
process. Owing to nonvolatility, they are appropriate for elec-
trodeposition at a range of temperatures, so phenomena such
as nucleation, surface diffusion and crystallization associated
with the electrodeposition of metals can be accelerated at
enhanced temperatures. Furthermore, the process can be eas-
ily operated because ionic liquids are nonflammable and non-
volatile if kept below the thermal decomposition temperature.
Therefore, the developments of RTILs resulted in another
potential approach for Al electrodeposition.

From the 1980s, electrodeposition of Al from AlCl3 based
ILs were intensively and systematically studied.9,33–48 These
ILs are mixtures of aluminium chloride and an organic halide
(RX) and display adjustable Lewis acidity over a wide range
of the molar ratio of AlCl3 to RX.49 Previous studies show
that electrodeposition of Al can only be performed in acidic

electrolytes, in which the electroactive Al2Cl�7 , the only re-
ducible aluminium containing species, are responsible for the
electrodeposition according to the following reaction47:

4Al2Cl�7 þ 3e� ! Al þ 7AlCl�4 (1)

Recent studies have shown that even nano-crystalline alu-
minum deposits can be obtained from AlCl3 based ionic
liquid.50,51 Although these ILs can be used to deposit Al in
high quality, a commercial process has not yet been estab-
lished. Dry air would presumably be sufficient for a technical
process. For ionic liquids with large halide concentrations the
breakdown of metal oxides on electrode surfaces is prevalent
and it is easier for ILs with chloride ions which can acted as
good ligands for the dissolving metal ions.52 This means that
an Al sacrificial counter electrode could be employed, which
ensures that aluminium concentrations in electrolyte remain
approximately steady. It also makes it smaller that the over-
potential required to drive the deposition process. However,
the electrodeposition was usually performed on limited sub-
strates such as platinum,35,44 tungsten,35,37,53 gold,43,54 cop-
per,41,55 and glass carbon.35 Electrodeposition of Al on stain-
less steel is hardly investigated and it would be very interest-
ing and important to electrodeposit Al on stainless steel.

This work focuses on the studies of Al deposition process
based on Lewis acidic AlCl3/[bmim]Cl ILs. The purpose of
present work is to electrodeposit dense, bright and adherent
Al layers on stainless steel by galvano-static technique. This
electrolyte is easy to prepare and relatively simple to handle
under dry gas condition. Because there is lack of the conduc-
tivity data of this electrolyte and the conductivity is an im-
portant factor for the electrodeposition applications, the elec-
trical conductivities of AlCl3/[bmim]Cl were investigated as
a function of electrolyte composition and temperature, and
analyzed using appropriate theoretical models. The optimum
deposition conditions for the Al electrodeposition in these
electrolytes also have been determined based on systematic
studies of the effects of deposition parameters such as current
density, temperature, molar ratio of AlCl3/[bmim]Cl, stirring
speed and deposition time. We are especially interested in
the electrodeposition of Al on stainless steel substrates due
to the practical importance. Our work aims to explore the
possibility of using AlCl3/[bmim]Cl ionic liquids as potential
electrolytes for Al-plating and provide an alternative for the
commercial processes.

Experimental

Preparation of ionic liquid-based electrolyte system

The electrolyte preparation and subsequent electrodeposit-
ing were both conducted in an electrolytic cell with a jacket
under a dry nitrogen atmosphere. Electrodeposition of Al
was studied in a Lewis acidic ionic liquid based on AlCl3
and [bmim]Cl. [bmim]Cl was synthesized in our laboratory.
Anhydrous AlCl3 (powder) obtained from Beijing Chemical
Reagents Company, without further purification, was used as
the initial source of Al. The electrolyte was carefully pre-
pared by mixing precise quantities of AlCl3 and [bmim]Cl in
the dry electrolytic cell at ambient temperature. Because the
mixing process was exothermic, AlCl3 was slowly added into
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[bmim]Cl in small quantities at a time. [bmim]Cl and anhy-
drous AlCl3 were weighted precisely to make sure the elec-
trolyte was Lewis acidic, i.e., the mol quantity of anhydrous
AlCl3 was excessive because Al could not be electrodepos-
ited in basic liquids. After carefully mixing [bmim]Cl with
AlCl3, the obtained electrolyte was stirred for several hours
and then slowly heated to the predetermined temperatures. In
addition, the electrolyte was used without further purification
so that the electrodeposition of Al could be investigated in
the conditions easily transferable to the industry.

Measurements of electrical conductivities

Electrical conductivity of electrolytes is one of the most
important physicochemical properties for electrodeposition
application. The conductivities of ILs were measured by a
DDS-307 conductivity meter. Electrode constant of the meter
was determined by calibration before and after each sample
measurement with 0.1 mol/L KCl solution at 298 K and was
1.021 6 0.002 cm21.

The measurements were conducted in an electrolytic cell
with a jacket under a dry nitrogen atmosphere, using continu-
ous magnetic stirring. Precise quantities of anhydrous AlCl3
were added to [bmim]Cl at different mole fraction, and then
the electrolyte was kept at the constant temperature with an
accuracy 60.1 K for about 2 h until the conductivity was
approximately unchanged. Here, the feeding was repeated.

Electrodeposition in ionic liquid

All the experiments were conducted using a three-elec-
trode cell. Al plate (Beijing Chemical Reagents Company,
�99.0%), stainless steel plate and ultra-pure Al wire (Beijing
Mountain Technical Development Center For Non-Ferrous
Metals, 99.999%) were used as counter electrode, working
electrode, and reference electrode, respectively. The distance
between the cathode and the anode was about 2.0 cm. Al
plate was dipped in NaOH, rinsed with deionized water, fol-
lowed by acetone and then dried before use; stainless steel
was immerged in boiling NaOH, dipped in 20–30% HCl (by
volume), washed with deionized water and finally dried.
Before use, the working electrodes were mechanically pol-
ished with sand paper, treated with a dilute mixture of hydro-
chloric acid (37%) and sulfuric acid (98%), rinsed with
deionized water, and finally immersed into dichloromethane
for degreasing. After completing the pretreatments, the elec-
trodes were assembled for immediate use.

Electrochemical measurements were performed using a
CHI660C Electrochemical Workstation controlled with a per-
sonal computer. The depositions were performed under a pre-
determined experimental temperature. The cell was main-
tained under an inert atmosphere by introducing nitrogen into
the cell at a constant flow rate. The electrolyte was stirred at
a constant speed. The main technique used in this study was
galvano-static electrolysis. Post-electrolysis treatment was
critical: After each deposition experiment, excess IL was re-
moved from the sample by washing in absolute alcohol; then
the sample was rinsed with deionized water and dried with
cool air.

Analysis and characterization of the aluminium coatings

Surface morphology of the films was examined with emis-
sion scanning electron microscope (SEM, JSM-6700F). The
compositional analysis of the deposits was confirmed by
energy dispersive analysis by X-ray (EDAX, Oxford
INCA300). The crystal structure was studied on an X’Pert
PRO (PANalytical) X-ray diffractometer with Cu Ka radia-
tion. The adherence of the deposited Al coatings was simply
tested by bending the samples.

Current efficiency calculation is based on the weight dif-
ference of the cathode before and after electrolysis and the
theoretical yield of Al deposits under given conditions,
shown by Eq. 2:

Current efficiency ð%Þ ¼ 33964853deposited Al ðmolÞ
I3t

3100

(2)

The nominal thickness is calculated by Eq. 3:

Nominal thickness ðlmÞ ¼ deposited AlðgÞ=qAlðg=cm3Þ
Sðarea; cm2Þ 3104

(3)

Results and Discussion

Electrical conductivities

For electrodeposition application, electrical conductivity is
one of the most important properties of electrolyte. Electro-
lytes with higher conductivities will have lower Ohmic drop
during electrolysis and thus lower cell voltage, higher energy
efficiency and higher deposition rate would be expected.
Besides, in developing ILs for practical applications, it will
be necessary to accumulate much fundamental data on the
solubility of metal compounds.

Because anionic species of AlCl3/[bmim]Cl change with
the molar ratio of AlCl3 to [bmim]Cl, chemical and electro-
chemical properties of the melts change drastically with the
composition. Therefore, we measured the conductivities of
different molar ratio of AlCl3 to [bmim]Cl (from 0.1:1 to
2.0:1) at 298 K. Figure 1 shows that the conductivity is
markedly dependent upon composition of the electrolyte.

As shown in Figure 2a, the electrical conductivities
increase with the temperature (298–358 K) as expected,
because the viscosity of the electrolytes decreases and hence
the mobility of the ions increases with the temperature. To
further understand the temperature-dependent behavior of the
conductivities, the logarithm of the conductivity (j) as a
function of the inverse of absolute temperature (1/T), ln j vs.
1/T as seen in Figure 2b, was plotted on the basis of the
Arrhenius equation56:

j ¼ A exp
�Ea

RT

� �
(4)

In Eq. 4, j is the electrical conductivity, A is a frequency
factor based on the number of charge carriers, Ea is the acti-
vation energy, R is the gas constant and T is the absolute
temperature.
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If the conductivity data would follow the Arrhenius behav-
ior given by Eq. 2, the plot of ln j vs. 1/T should be linear.
Results in Figure 2b indicate that the temperature-dependent
behavior of the conductivity can be correlated by the Arrhe-
nius equation. The fit to the Arrhenius equation gave values
of the parameter A and Ea. The activation energy for the con-
ductivities was calculated to be 15.78 kJ/mol.

Effect of current density

Current density usually has a significant influence on the
deposit brightness, thickness distribution, current efficiency
and microstructure of the electrodeposits. Herein the effect
of current density was investigated from 8 to 26 mA/cm2 in
2.0:1 AlCl3/[bmim]Cl at 318 K for 0.5 h in galvanostatic
mode. The results suggested that the deposits are dense, ad-
herent and homogeneous. In fact, the deposits formed at 14–
24 mA/cm2 are quite smooth and bright, and thus the opti-
mum current densities were determined to be in this range.
The current efficiency slightly decreases with increase in the
current density in the range of 78.0–90.0%. The current effi-
ciency decreases to be about 78.0% at 26 mA/cm2. As the
current density increases the total charge passed though the
cell increases, hence the theoretical amount deposited also
increases. However, the actual weight deposited does not fol-
low a similar trend as that of current density due to the cur-
rent loss (polarization effects) involved in electrolysis pro-
cess. Therefore, lower current efficiencies can be attributed
to the above phenomena.

It should be noted that higher current densities ([26 mA/
cm2) resulted in darker grey deposits with dendritic growth
and poor adherence. Figure 3 shows the SEM micrographs of
the deposits obtained in 2.0:1 AlCl3/[bmim]Cl at 318 K for
0.5 h as a function of the current density (from 14 to 26 mA/
cm2). The deposits obtained at 14, 18, and 26 mA/cm2 dis-
play similar microstructure (Figures 3a–d). Relatively rough
surface with larger clusters of particles is observed on the
deposits obtained at 26 mA/cm2 (Figure 3d). The deposit

obtained at 22 mA/cm2 is denser, compacter and smoother,
with smaller crystallites on the order of smaller than 10 lm
(Figure 3c). From the analysis of the deposit microstructure
at 318 K, it appears that the morphology of deposits was rel-
atively independent of current density.

However, deposit microstructure obtained at higher tem-
perature (348 K) of the electrolyte revealed interesting fea-
tures as a function of current density. Figure 4 shows the
SEM micrographs of Al coatings with a current density of
14–44 mA/cm2 at 348 K. The deposits obtained at 14 and 22
mA/cm2 display similar spiculate microstructure (Figures 4a,
b), except that the former (Figure 4a) is much denser and
more homogeneous and the growth of particles is observed
for the latter (Figure 4b). At higher current densities a com-
pact layer of deposit microstructure with spherical particles
was observed as seen in Figures 4c, d. With the highest cur-
rent density, particles in Figure 4d are a little smaller and
more homogeneous than those in Figure 4c. It can be seen
from the above microstructures that at 348 K, the type of

Figure 1. Electrical conductivities (j) of the AlCl3/
[bmim]Cl electrolytes at 298 K as a function
of molar ratio.

Figure 2. (a) Electrical conductivities (j) of the AlCl3/
[bmim]Cl electrolytes (2.0:1 molar ratio) as a
function of temperature. (b) ln j vs. 1/T, dis-
plays the linear Arrhenius behavior.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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deposit microstructure changed rapidly as a function of cur-
rent density. Unlike the case of low temperature (318 K)
where the deposit microstructure is relatively independent of
current density, at 348 K, the influence of current density is
clearly seen on the deposit microstructure. The combined
influence of increased temperature and current density seems
to have led to a nucleation-controlled microstructure. The
color of gained Al coatings in 2.0:1 AlCl3/[bmim]Cl at 348
K for 0.5 h were darker than ones obtained at 318 K in gen-
eral. At 348 K, with the increase of the current density, the
color gradually changed to darker grey. The current efficien-
cies decrease with increase in the current density in the range
of 71.8–83.3%. Compared with the one gained at 318 K, the
relationship between the current efficiency and current den-
sity at 348 K seems to be the same as that of 318 K.

Effect of temperature

As shown in section electrical conductivitivities, tempera-
ture has a significant effect on the conductivities of the
AlCl3/[bmim]Cl electrolytes. To determine the optimum
operating temperatures, the effect of electrolyte temperature
was investigated in 2.0:1 AlCl3/[bmim]Cl at 22 mA/cm2. It
was found that almost silver gray or black deposits were
formed at temperatures higher than 348 K. However, shining

and homogeneous deposits were obtained at 298–348 K. The
optimum temperatures were found to be in the range from
308 to 328 K, where smoother, denser and brighter deposits
were obtained. With the increase of the temperature, the cur-
rent efficiency increases first and then decreases to about
78.0%, including the maximum 82.3% got at 318 K. The
supreme current density is remarkably enhanced by the
increase of temperature, with 26 mA/cm2 for 298 K and 46
mA/cm2 for 348 K, respectively.

Figure 5 shows the SEM images of the deposits obtained
in 2.0:1 AlCl3/[bmim]Cl for 0.5 h at various temperatures
with a current density of 22 mA/cm2. The deposits obtained
at 298 K, 308 K, and 318 K display similar microstructure
with spherical particles (Figures 5a–c). With a temperature
increase from 298 K to 318 K, the deposit is much denser
and smoother, with the smallest crystallite on the order of
smaller than 5 lm (Figure 5c). Relatively rough surface with
larger clusters of particles is observed on the deposits
obtained at 298 K and 308 K (Figures 5a, b). However, de-
posit microstructures obtained at higher temperature (from
328 K to 348 K) are quite different from those at lower tem-
perature (from 298 K to 318 K). The deposits obtained at
328 K, 338 K, and 348 K display similar spiculate micro-
structure (Figures 5c–e), except that at lower temperatures
the deposit microstructures are much denser and more homo-

Figure 3. SEM micrographs of the aluminum coatings obtained from 2.0:1 AlCl3/[bmim]Cl at 318 K for 0.5 h under
stirring condition by magnetic stirrer (300 rpm) with different current densities (mA/cm2).

(a) 14; (b) 18; (c) 22; (d) 26. Their nominal thicknesses are 7.83, 10.00, 11.25, and 12.60 lm, respectively.
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geneous and the growth of particles is observed at higher
temperatures. From the analysis of the deposit microstructure
at different temperatures, it appears that the type of deposit
microstructure changed rapidly as a function of temperature
and the morphology of deposits was greatly dependent of
temperature. The influence of increased temperature seems to
have resulted in a nucleation-controlled microstructure.

Effect of molar ratio of AlCl3/[bmim]Cl

The molar ratio of AlCl3/[bmim]Cl is an important param-
eter that influences the reactions taking place at the electro-
des. The effect of the molar ratio of AlCl3/[bmim]Cl was
investigated from 1.2:1 to 2.0:1 at 318 K for 0.5 h with a
current density of 12 mA/cm2 in the present study. Shining,
dense and adherent deposits were formed with the molar ra-
tio of AlCl3/[bmim]Cl from 1.6:1 to 2.0:1. The current effi-
ciency for the 1.4:1 AlCl3/[bmim]Cl electrolyte was found to
be 89.3% at 318 K and 12 mA/cm2. For all other electrolytes
with molar ratio from 1.6:1 to 2.0:1, the current efficiency
was calculated to be about 90.0 6 1% under the given condi-
tions, indicating that the molar ratio of AlCl3/[bmim]Cl has
no significant influence on the current efficiency. Similar
results were obtained for the nominal thickness. High molar
ratio of AlCl3/[bmim]Cl yielded high current densities. This

is due to the increase in the number of ions of the electro-
lyte.55

Figure 6 shows the SEM images of the deposits obtained
in different molar ratio of AlCl3/[bmim]Cl at 318 K for 0.5 h
with a current density of 12 mA/cm2. In Figure 6a, with the
molar ratio of 1.4:1, a deposit of spherical particles in a close
size range of 10–20 lm can be observed where some amount
of agglomeration of particles appears to have taken place. In
Figure 6b, with molar ratio of 1.6:1, the deposit morphology
reveals a dense and compact layer containing nonspherical
particles formed as small clusters with an average size of 1–
2 lm. As the molar ratio of the electrolyte increases further
to 1.8:1, the deposit obtained was similar to that obtained at
the molar ratio of 1.4 but with fine particles (average size of
1–3 lm). At the highest molar ratio (2.0:1) of the electrolyte
the deposit depicted a dense spherical microstructure with an
average particle size of 5–10 lm. It can be seen that the
aluminium deposit microstructure has some dependence on
the electrolyte composition. A nucleation-controlled deposit
growth is evident from the analysis of deposit microstructure.

Effect of deposition time

The nominal thickness of the deposits is significantly related
to the deposition time. To understand the relationship between
electrodeposition time and the nominal thickness, the electro-

Figure 4. SEM micrographs of the aluminum coatings obtained from 2.0:1 AlCl3/[bmim]Cl at 348 K for 0.5 h under
stirring condition by magnetic stirrer (300 rpm) with different current densities (mA/cm2).

(a) 14; (b) 22; (c) 34; (d) 44. Their nominal thicknesses are 7.25, 10.69, 15.56, and 19.63 lm, respectively.
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deposition time was investigated from 10 to 60 min under the
same conditions (2.0:1 AlCl3/[bmim]Cl at 318 K and 12 mA/
cm2 under stirring speed 300 rpm). As shown in Figure 7a, the
nominal thicknesses increase with the deposition time as
expected. Results in Figure 7b indicate that the plot of nominal
thickness vs. t1/2 is linear. The grain size increases from about
2 to 10 lm and the current efficiency falls from about 91.0 to
the 78.0% along with the time extending. Appropriate deposi-
tion time should be determined on the basis of the all-around

considerations, such as the nominal thickness, the current den-
sity, the grain size and so on.

Effect of stirring speed

It has been reported that surface morphology of aluminum
alloys obtained in the Lewis acidic chloroaluminate melts is
improved by stirring.57,58 Therefore, to obtain the optimum
stirring speed, electrolysis was conducted in 2.0:1 AlCl3/

Figure 5. Surface morphologies of the aluminum deposits obtained from 2.0:1 AlCl3/[bmim]Cl at 22 mA/cm2 for
0.5 h under stirring condition by magnetic stirrer (300 rpm).

(a) 298 K; (b) 308 K; (c) 318 K; (d) 328 K; (e) 338 K; (f) 348 K. Their nominal thicknesses are 9.58, 10.27, 11.25, 11.12, 10.38, and
10.69 lm, respectively.
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[bmim]Cl for 0.5 h at 318 K with a current density of 22
mA/cm2, stirring at the speed from 100 to 500 rpm. As
shown in Figure 8, it appears that the surface morphology of
deposits was relatively independent of stirring speed except
that at higher stirring speeds ([300 rpm) the particle size is
slightly increasing. However, the supreme current density is
significantly enhanced by the increase of stirring speed. In
addition, Lower stirring speed (\200 rpm) leads to smaller
current density and higher stirring speed ([500 rpm) results
in poor adherence to the substrate. Thus the optimum stirring
speeds were determined to be in the range of 300–500 rpm.
The nominal thickness and the current efficient increase with
the advancement of the stirring speed from 9.40 to 12.29 lm
and from 68.8 to 89.9%, respectively. This may result from
that the faster of the stirring speed, the mass transfer is
quicker and the deposited quantity is more.

Composition analysis and crystal structure of the
electrodeposition film

The compositions of the samples electrodeposited under
different conditions were determined by EDAX. Figure 9
show the EDAX analyses of the deposits obtained on the
working electrodes after 0.5 h in 2.0:1 AlCl3/[bmim]Cl at 318
K and 18 mA/cm2, and at 348 K and 34 mA/cm2, respectively.

As expected, the deposits display a strong peak for aluminum,
and relatively weak peaks of iron and oxygen. The Fe detected
in the Al deposits may come from the substrate and the
detected O may result from the oxidation of Al or Fe. Tables
1 and 2 show the components of the deposits clearly.

XRD pattern of the obtained samples shows only patterns
of aluminum metal (Figure 10). Similar results are observed
for other samples. The only difference from the JCPDS card
is the ratio of peak intensities which will be discussed in the
following.

Many experiments have been performed to study the influ-
ence of bath conditions, such as bath composition, current den-
sity, temperature, presence of impurities and brightening agents
on the preferred orientation of almost every metal that can be
electrodeposited. A general review was given by Pangarov.59

The orientation of the obtained samples was studied by analyz-
ing the results of XRD.41,58 The normalized integrated inten-
sity, Phkl, for the (111), (200), (220), (311), and (222) reflec-
tions were calculated by using the following expression:

Phkl ¼
Ihkl=

P
Ihkl

Irhkl=
P

Irhkl

(5)

where Ihkl is the Peak intensity of the (hkl) reflection for the
obtained samples;

P
Ihkl is the sum of peak intensities for the

Figure 6. Surface morphologies of the aluminum deposits obtained from various ratios of AlCl3/[bmim]Cl at 318 K
and 12 mA/cm2 for 0.5 h under stirring condition by magnetic stirrer (300 rpm).

(a) 1.4:1; (b) 1.6:1; (c) 1.8:1; (d) 2.0:1. Their nominal thicknesses are 6.67, 6.80, 6.77, and 6.74 lm, respectively.
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obtained samples; Irhkl is the peak intensity of the (hkl) reflec-
tion for the JCPDS card no. 01-089-2769 and

P
Irhkl is the sum

of peak intensities for the JCPDS card no. 01-089-2769.
The calculated results are plotted in Figures 11 and 12. It

is shown in Figure 11 that all of the electrodeposits exhibited
a preferred (200) crystallographic orientation except at 308 K
and the strongest orientation of (200) is observed at 318 K,
which shows that temperature has significant influence on the
crystallographic orientation. Crystallographic orientations of
electrodeposits obtained at 318 and 348 K with different cur-
rent densities in Figure 12 show that there does not appear to
be an apparent impact of current density on the crystallo-
graphic orientation. At 318 K, the (200) intensity was stron-
ger than that of a randomly referenced oriented sample and
the (111), (220), (311), and (222) reflections were relatively
weak, though a slight increase in the (200) and decrease in
the (111) intensities with increased current density were
observed. On the other hand, at 348 K, the (111) intensity
was essentially equal to that of a randomly referenced

oriented sample. The (220), (311), and (222) reflections were
relatively weak, though one does observe an increase in the
(220) reflection at 34 mA/cm2.

Nucleation and growth process for the
electrodeposition of Al

The nucleation/growth process of aluminum in the AlCl3/
[bmim]Cl was investigated by means of chronoamperometry,
which is an excellent choice for the study of the electrocrys-
tallization mechanism because appropriate models can be
used for the analysis of nucleation process.

In the chronoamperometric measurements, all experiments
were conducted by stepping the potential of the working
electrode from a value (usually the open-circuit potential)
where no reduction of Al(III) would occur to those potentials
sufficiently negative to initiate the nucleation/growth process.
Shown in Figure 13 are a family of experimental current-
time transients resulting from different step potentials for the
electrodeposition process of Al on stainless steel electrodes
in 2.0:1 AlCl3/ [bmim]Cl at 298 K. As it could be seen, all
of the current transients were of the same shape with well-
defined current maxima. These transients show typical shape
for a nucleation process. The current increased because of
the nucleation and growth of the new phase and/or the
increasing number of nuclei after the decay of double layer
charging. After current maxima all the current transients
decayed slowly reaching a constant value after about 150 s.
The current is thought to reach maximum values, im, when
the diffusion zones of the growing nuclei began to overlap.

The models describing the three-dimensional nucleation/
growth processes during the bulk metal deposition on foreign
substrate have been summarized by Allongue and Souteyr-
and.60 Among them the models involving hemispherical dif-
fusion-controlled growth of the nuclei61 have been found to
be suitable for representing metal deposition in most systems.
The two limiting cases of this model are instantaneous nucle-
ation and progressive nucleation. In general, a better method
for distinguishing the two nucleation models is to compare
the dimensionless experimental current-time transients with
dimensionless theoretical transients for each nucleation
mechanism,61,62 which is given as follows:

For instantaneous nucleation,

i

im

� �2

¼ 1:9542

t=tmð Þ 1 � exp �1:2564
t

tm

� �� �� �2

(6)

For progressive nucleation,

i

im

� �2

¼ 1:2252

t=tmð Þ 1 � exp �2:3367
t

tm

� �� �2
( )2

(7)

These expressions correlate the dimensionless current
(i/im) to the dimensionless time (t/tm) for each nucleation
model. The dimensionless plots, (i/im)2 vs. (t/tm) along with
theoretical curves from Eq. 6 and 7, are shown in Figure 14.
It is apparent that the dimensionless experimental data are in
good agreement with the progressive three-dimensional diffu-
sion controlled nucleation process described by Eq. 7 before
the current maxima and the instantaneous three-dimensional
diffusion controlled nucleation process described by Eq. 6

Figure 7. (a) Variation of the nominal thickness with de-
posit time in 2.0:1 AlCl3/[bmim]Cl at 318 K
and 12 mA/cm2 under stirring speed 300 rpm;
(b) nominal thickness vs. t1/2, displays the lin-
ear behavior.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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after the current maxima. These results appear that there is a
conversion from progressive to instantaneous in the three-
dimension nucleational/growth on stainless steel.

Conclusions

It has been shown that a number of samples with silver
white aluminium coating and well adherence to the substrates
steel could be obtained by electrodeposition under different

conditions in AlCl3/[bmim]Cl. Some important factors, such
as current density, temperature, molar ratio of AlCl3/
[bmim]Cl, stirring speed and deposition time do have effects
on the alminium deposit brightness, thickness distribution
and current efficiency of the electrolysis. The analysis shows
that the electrical conductivities for AlCl3/[bmim]Cl electro-
lyte can be well described by the Arrhenius equation. The
results also show that the electrolyte can be used for the
electrodeposition of Al over a wide range of temperature

Figure 8. Surface morphologies of the aluminum deposits obtained from: 2.0:1 AlCl3/[bmim]Cl for 0.5 h at 318 K
with a current density of 22 mA/cm2.

(a) 100 rpm; (b) 200 rpm; (c) 300 rpm; (d) 400 rpm; (e) 500 rpm. Their nominal thicknesses are 9.40, 10.87, 11.25, 11.78, and 12.29 lm,
respectively.
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(298–348 K), current densities (8–44 mA/cm2) and molar ra-
tio (1.6:1–2.0:1). From the analysis of the deposit microstruc-
ture it appears that at low temperature (318 K) the morphol-
ogy of aluminium deposit is relatively independent of current
density. However, at higher temperature (348 K), the type of
deposit microstructure changed rapidly as a function of cur-
rent density. Results from the analysis of deposit microstruc-
ture at different temperatures show that the type of deposit
microstructure changed rapidly as a function of temperature
and the morphology of deposits was greatly dependent of
temperature. Similar results can be obtained about the elec-
trolyte composition. The cathodic current efficiency for Al

electrodeposition was nearly 70.0–90.0%. Results from elec-
trolysis conducted at the speed from 100 to 500 rpm show
that the surface morphology of deposits was relatively inde-
pendent of stirring speed. The deposition time was investi-
gated from 10 to 60 min and the relationship between nomi-
nal thickness and deposition time (t1/2) was linear.

From the analysis of the experimental current transients, it
was shown that the electrochemical deposition process of Al

Figure 9. EDAX spectra of the deposit on cathode in
2.0:1AlCl3/[bmim]Cl for 0.5 h.

(a) at 318 K and 18 mA/cm2; (b) at 348 K and 34 mA/cm2.

Table 1. Components of the Deposit in 2.0:1 AlCl3/[bmim]Cl
for 0.5 h at 318 K and 18 mA/cm2

Element Weight% Atomic%

O K 2.35 3.94
Al K 95.79 95.16
Fe K 1.86 0.89
Totals 100.00

Table 2. Components of the Deposit in 2.0:1 AlCl3/[bmim]Cl
for 0.5 h at 348 K and 34 mA/cm2

Element Weight% Atomic%

O K 2.17 3.66
Al K 94.82 94.88
Fe K 3.01 1.46
Totals 100.00

Figure 10. XRD pattern of electro-deposit Al on the
stainless steel at galvano-static conditions
(stainless steel plate as working electrode;
Al plate as counter electrode; Al-wire as
reference electrode; concentration ratio,
2.0:1 and time, 0.5 h).

(a) at 318 K and 18 mA/cm2; (b) at 348 K and
34 mA/cm2.
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in AlCl3/[bmim]Cl was characteristic of three-dimension
nucleation with diffusion-controlled hemispherical growth
and there was a conversion from progressive nucleation to
instantaneous nucleation: progressive nucleation before the
current maxima and instantaneous nucleation after the current
maxima. From the results of XRD, all of the electrodeposits
exhibited a preferred (200) crystallographic orientation and
the strongest orientation of (200) was observed at 318 K. It
appears that there was not an apparent impact of current den-
sity on the crystallographic orientation of electrodeposits
obtained at 318 and 348 K.

Figure 11. Normalized peak intensity, Phkl, from XRD
reflections of the samples obtained with a
current density of 22 mA/cm2 in 2.0:1 AlCl3/
[bmim]Cl for 0.5 h as a functionof temperature.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 12. Normalized peak intensity, Phkl, from XRD
reflections of the samples obtained with
different current densities in 2.0:1 AlCl3/
[bmim]Cl for 0.5 h.

(a) 318 K; (b) 348 K. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 13. Chronoamperograms for a stainless steel
electrode at various overpotentials in
[bmim]Cl/AlCl3 at 298 K.

(a) 256 mV, (b) 294 mV, (c) 2104 mV, (d) 2119 mV.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 14. Comparison of dimensionless (i/im)
2 vs. (t/

tm) plots of nucleation/growth process on a
stainless steel electrode at various overpo-
tentials in [bmim]Cl/AlCl3 at 298 K.

Theoretical models: (a) instantaneous and (b) progressive
nucleation. Overpotentials: (n) 256 mV, (l) 294 mV,
(~) 2119 mV. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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In summary, this work confirms that the novel approach
developed in this study is a feasible and promising method
for the electrodeposition of Al on stainless steel with a num-
ber of advantages such as substituting the volatile and flam-
mable organic compounds and allowing the coating system
with lower corrosivity and mild temperature. The easily
adjusted deposit microstructure makes the process more
attractive. Therefore, it can be expected that an Al electrode-
position process in ionic liquids has the potential to replace
the present industrial procedure in the near future.
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