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Nucleation of copper on mild steel in copper chloride
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(CuCl,-2H,0)-1-ethyl-3-methylimidazolium chloride
[EMIM]Cl-ethylene glycol (EG) ionic liquidt

and Subramanian Mohan?

A dense and adhesive Cu layer was successfully electrodeposited on mild steel in a copper chloride
(CuCly-2H,0)-1-ethyl-3-methylimidazolium chloride [EMIM]Cl-ethylene glycol [EG] ionic liquid. The mechanism
of copper nucleation is studied using cyclic voltammetry and chronoamperometry. It is observed that
3D-instantaneous nucleation leads to a bright nano-structured deposit. The morphology of the deposit was

characterized SEM and X-ray diffraction techniques. The deposition method was found to take place in an
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Introduction

The convergence of two distinct fields of ionic liquid chemistry,
those of imidazolium salts and liquid crystals, could lead to a
vast range of new materials."™ Ionic liquids are composed of
organic cations such as substituted pyridinium, imidazolium
ions or tetraalkylammonium ions, and of organic or inorganic
anions, such as AICl,~, BF,~, CF3;S0;™, PFs~ and (CF3;S0,),N".
Uniting the properties of imidazolium derivatives, which have
low melting points, low volatility, inflammability, high chemical
stability, tunable conductivity, and wide electrochemical windows,
with those of liquid crystals, which have many forms of labile
microscopic ordering, raises fascinating prospects.”® Electrode-
position of copper is essential for a variety of industrial and
decorative purposes, including large-scale use in the electronic
industry for the production of printed circuit boards, and electro-
types in the printing industry. For copper plating, cyanide based
electrolytes are most widely employed and are highly corrosive
and suffer from several drawbacks including, toxicity, high energy
consumption, and air pollution. Ionic liquids have been used as
alternative green electrolytes, since they are a less environmentally
hazardous option. Copper has been electrodeposited using chloro-
aluminate ionic liquids, some of which still remain popular.”*°
Endres and co-workers have shown that copper can
be deposited from butylmethyl pyrrolidinium [BMP][Tf,N] at
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environmentally friendly green electrolyte without co-ligands such as cyanide and volatile toxic solvents.

various temperatures. This ionic liquid has limited solubility
and because of this copper cations had to be introduced into
the liquid via anodic dissolution of a copper electrode."" Abbott
and co-workers reported copper deposition based on a choline
chloride and ethylene glycol based eutectic solvent.> Since
this eutectic solvent has a very low electrochemical window,
imidazolium based ionic liquids have been used for our study
because they have wider electrochemical windows.

In the current work we have seen that ionic liquids based on
[EMIM]CI and hydrogen bond donors, such as ethylene glycol,
can be used as a green solvent for the electrodeposition of
copper. We have used a combination of cyclic voltammetry,
chronoamperometry, X-ray diffraction and scanning electron
microscopy to characterize these systems.

Experimental details

In our experiment, ionic liquid whose molar ratio of CuCl,-
2H,0-[EMIM]Cl-ethylene glycol (EG) was 1:1:2 was prepared
by the slow addition of a certain weight of CuCl,-2H,0 (99.89%,
Merck) to a mixture of [EMIM]CI (99%, Merck) and EG (98%,
Acros Organics) at room temperature. The mixture was con-
tinuously stirred by a magnetic bar for 2 h to ensure uniformity.
All electrochemical measurements and electrodeposition experi-
ments were carried out open to air. Electrochemical investigations,
including cyclic voltammetry and potential step chronoampero-
metry, were carried out using a Princeton Applied Research Model
PARSTAT 2273 potentiostat-galvanostat controlled by Power Suite
software.

A conventional three-electrode electrochemical cell was used
for these experiments. The working electrode was a platinum
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wire with a surface area 0.15 cm®. The counter electrode was a
platinum sheet and the reference electrode was a saturated
calomel electrode (SCE) with a Luggin capillary. All potentials
in the text were referred to the SCE. All voltammograms were
performed at ambient temperature (28 & 2 °C) and at various scan
rates from 25 to 100 mV s~ '. Chronometric deposition experi-
ments were carried out under diffusion control at an applied
potential —0.70 V. A saturated calomel electrode, which has been
shown to have a stable reference potential in chloride based ionic
liquids,”> was used in all electrochemical experiments. The
potential window of the [EMIM]|CI-EG based ionic liquid was
higher (3V) than that of ChCI-EG based eutectic solvent (2V).

The surface morphologies of the electrodeposits were char-
acterized by scanning electron microscopy (SEM) employing a
Hitachi 3000H. The crystallite size was assessed by an X-ray
diffraction technique. XRD using a Phillips diffractometer with
Cu-Ka (2.2 kW max) as the source. The crystallite size was
calculated using the Debye-Scherrer formula.

Results and discussion
Voltammetric studies

Cyclic voltammetry (CV) data were recorded at a Pt electrode
immersed in a 0.3 M CuCl,.2H,0:0.3 M [EMIM|C]: 0.6 M EG
ionic liquid as a function of the sweep rate, and are shown in
Fig. 1A. Reduction of the Cu®" ion occurred at about —0.186 V,
and oxidation of Cu'’ occurred at about +1.074 V. Both the
cathodic and the anodic peaks exhibited a linear dependence
on the square root of the scan rate, as shown in Fig. 1B. The
reduction of Cu'* to Cu(0) occurred at —0.942 V, and the oxida-
tion of copper was observed at +0.660 V. At lower scan rates the
current corresponding to this anodic peak was much lower, since
there was rapid crystallization of copper at the Pt electrode.’® The
values of the diffusion coefficients of Cu(u) and Cu(i) were found
to be 8.86 x 1077 and 1.06 x 10~ ° cm” s, respectively.

[EMIM]CI as solvent and grain-refiner

For copper electrodeposition from acid sulphate solutions,
Mattsson and Bockris'* (1960) proposed a classical two-step
mechanism;

Cu” +e - Cu' (1)
Cu'+e” & Cu (2)

It was proposed that the first step in this process occurred
slowly and was rate controlling with Cu” existing in equilibrium
with Cu at the cathode surface. In the structure of the imida-
zolium base [EMIM]CI, the atoms of the imidazolium ring and
the -C=N- group can form a large n bond. Then, not only can
the n electrons of the imidazolium base enter the unoccupied
orbitals of copper to form feed back bonds. This produces more
than one center of adsorption action.'®> Meanwhile, the
presence of the electron donating group on the imidazolium
base structure increases the electron density on the nitrogen
of the -C=N- group, resulting high absorbability.'® There-
fore, [EMIM]CI can adsorb on the cathodic surface effectively.
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Fig. 1 (A) Cyclic voltammograms for the Pt electrode in a 0.3 M CuCl,-2H,0:0.3 M
[EMIM]CI: 0.6 M EG ionic liquid. Scan rate 25-100 mV s'and T=28 £+ 2 °C.
(B) Plot of cathodic and anodic peaks currents against the square root of the scan
rates. (C) Comparison of dimensionless time vs. dimensionless current (egn (5)
and (6)) for 0.3 M CuCl5-2H,0 in 1 [EMIM]CI:2 EG ionic liquid following a
potential step from 0 to —700 mV vs. SCE.

When [EMIM]Cl was added to the electrolyte, the additive
molecules can adsorb at the cathodic surface and interact with
the Cu’ ions generated from eqn (1) to form a Cu-[EMIM]CI
complex (eqn (3)) by the following equilibria:

Cu’ + [EMIM]C] < Cu — [EMIM]CI" g5 (3)
Cu — [EMIM]Cl',4s + €~ — Cu + [EMIM]CI @)

The effect of [EMIM]CI on the copper electroreduction pro-
cess is attributed to adsorption of the complex at the active sites,
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where it may accept an electron from the cathode and discharge
copper atoms which are incorporated at the active sites (eqn (4)).
The [EMIM]CI hinders the surface diffusion of partially reduced
adions and leads to levelled and fine-grained cathodic deposits,
which are released and can then form a complex.

Chronoamperometry for nucleation modelling

In order to study the nucleation and growth mechanism,
chronoamperometry (CA) was performed in the ionic liquid.
In this experiment 0.3 M Cu”* ions and an applied potential of
—0.7 V was selected for the nucleation studies. CA is an
important diagnostic electrochemical technique because it
provides the current transients. These were effectively used by
Scharifker and Hills'” to derive the model. According to the
models, there are two limiting nucleation mechanisms, the
3D-instantaneous and 3D-progressive. The 3D-instantaneous
corresponds to a slow growth of nuclei on a small number of
active sites; all activated at the same time. While the 3D-
progressive nucleation corresponds to fast growth of nuclei
on many active sites, all activated during the course of electro-
reduction.'®

The models for 3D-instantaneous and 3D-progressive nucleation
are given by eqn (5) and (6), respectively.

PPy, = 1.9542/(t/t {1 — exp[—1.2564(t/tn)]}>  (5)

PPy = 1.2254/(t/t){1 — exp[—2.3367(t/tm)’]}>  (6)

Where, I, and t,, are the current and time coordinates of the
peak, respectively. Fig. 1C shows the non-dimensional plots of
the 3D-instantaneous and 3D-progressive mechanisms along
with the experimental data, which are represented by solid and
dashed lines, respectively. The corresponding fit of the experi-
mental data is according to the Scharifker-Hills model. The 3D-
instantaneous mechanism was obtained for both current-time
rising and the maximum part of the CA data. The observation
presented here provides the first convincing experimental
evidence in support of bright metallic coatings resulting from
nano-scale deposits, which is due to 3D-instantaneous nucleation
and growth mechanism.

Potentiostatic electrodeposition

The SEM micrographs in Fig. 2A and B show the surface
morphology of the electrodeposited copper layer on mild steel
obtained at a constant potential in 1 M CuCl,-2H,0:1 M
[EMIM]CI: 2 M EG ionic liquid. The particles formed by electro-
deposition from the ionic liquid are distorted nano-icosahedral
(250 nm) and are aggregated into multi-icosahedral.

Fig. 2C shows the X-ray diffraction pattern of the Cu films
obtained for the potentiostatic deposited conditions. The film
exhibits the presence of pure Cu with a FCC-icosahedra.’® The
Bragyg reflections corresponding to the crystalline copper were
observed at 20 = 43.50, 50.64, 74.28 and 90.11°, which corre-
spond to indexed planes of copper crystals: (111), (200), (220)
and (311), respectively, with unit cell parameters of a = 3.615 A
(JCPDS card no.: 00-89-2838). From the width of the diffraction
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Fig. 2 (A) SEM micrographs of the electrodeposited Cu on mild steel from 1 M
CuCly2H,0: 1 M [EMIM]CI: 2 M EG at —700 mV cm™2, T = 28 =+ 2 °C, the magnification
of the micrograph is 15 000x. The insert SEM picture shows the icosahedral boundaries.
(B) Magnification of the micrograph is 10000x. (C) X-Ray diffraction pattern for the
copper deposits in 1 M CuCl,-2H,0: 1 M [EMIM]CI: 2 M EG ionic liquid.

peaks, the average crystallite size was calculated according to
the Debye-Scherrer equation (eqn (7)).

The crystallite size (D) was calculated from the line broad-
ening *°

09,
" PBcos0

(7)

Where / is the X-ray wavelength and 0 is the Bragg angle.
The crystallite sizes were calculated for the different phases
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present in the film and the crystallite sizes were found to be in
the range of 31-76 nm. Such small crystallite sizes contribute to
the smooth surface morphology and also they have a beneficial
effect on the improvement of the micro hardness of the coat-
ings.”’ Also the crystallite size reduction to the nanometer
range results in considerable improvement in their corrosion
resistance.>” The strain and the dislocation density are also
determined from the XRD data using the eqn (8) and (9).>*

oo p c:s 0 ()
6 =75 ©)

Where f is the FWHM of the peak, D is the crystallite size
and 7 is a factor, which is the unity for the thin film.>* The
calculated value of the strain and the dislocation densities are
(4.5 x 1072, 5.38 x 10~*). Smaller values of strain and disloca-
tion density indicate high quality deposits. The preferred
growth orientation was determined using the texture coefficient
TC of a (hkl) plane, which was defined by Barrett and Massalski
(eqn (10))* as

It/ Iy,
(1/N) 3 I/ Iy,

Where, Iy is the intensity of the powder pattern in the
JCPDS cards, I is the measured intensity of XRD and N is the
number of calculated peaks. Four peaks of (111), (200), (220)
and (311) were used to calculate the texture coefficient. From
the values the preferred orientation of TC,;; was found to
be 32.55.

TCh = (10)

Conclusions

This work shows that an ionic liquid based on [EMIM]CI and a
hydrogen bond donor, such as EG, can be used as a cyanide free
electrochemical solvent for the electrodeposition of copper at
room temperature. We have presented in this paper some
results about the nucleation and growth mechanism of the
electrodeposited copper. From the non-dimensional plot, the
nucleation conforms to a 3D-instantaneous nucleation model
followed by diffusion controlled growth. SEM analysis showed
that the copper deposits were nano-crystalline, and growth
leads to smooth and bright metallic materials. [EMIM]|CI was
found to be an efficient solvent and gave levelled to fine-grained
cathodic deposits.
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