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Abstract

The use of additives to modulate metal electrodeposition from deep eutectic solvents has, to date,
apparently been of little interest given the dearth of such studies in the literature. Here, we have
actively investigated the effects of nicotinic acid (NA) on the electrodeposition of copper in a
choline chloride (ChCl)-ethylene glycol (EG)-based deep eutectic solvent (DES), (1ChCl:2EG),
considered a “green solvent” due to its physiochemical properties. Bright copper deposits were
formed when NA was added to the Cu electrolyte, while a dull Cu deposit was produced in its
absence. New Cu species were found to have formed in the 1ChCl:2EG-based liquid when NA
was added to the electrolyte. A number of analytical techniques, in this instance cyclic
voltammetry, chronoamperometry, and chronocoulometery, have been employed to determine the
various electrochemical properties, nucleation mechanisms, and kinetics of the Cu species reported
herein. The diffusion coefficient for the Ethaline-Cu system was found to be affected by the

concentration of NA. An electrochemical quartz crystal microbalance (EQCM) was used to
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monitor the current efficiency of the copper deposition in both systems. The morphologies,
thicknesses, roughnesses, and crystal structures of the copper electrodeposited from the NA-
modified electrolyte were characterised via scanning electron microscopy (SEM), atomic force
microscopy (AFM), and X-ray diffraction (XRD), which between them demonstrate that the NA
introduced into this system acts as a highly effective brightener, producing highly uniform and

smooth copper deposits.
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1. Introduction

The electrodeposition of copper plays a significant role in electronics, principally in the production
of printed circuit boards, due to its excellent electrical conduction [1-3]. Additionally, the
electrodeposition of copper has been used to replace aluminium as a metal for circuit
interconnections [4, 5] and Cu deposits are utilised in the multilayer sandwiches of giant magneto-
resistance GMR hard disk read heads [6]. Usually, the electrodeposition of Cu is performed in
aqueous electrolytes such as cyanide copper, acid copper, pyrophosphate copper, and neutral
copper solutions, generally requiring the use of hazardous chemicals or costly treatment
requirements [7, 8]. Electrodeposition of Cu from copper sulphate solution in the presence of
polyethylene glycol (PEG) or propylene glycol (PPG) has been studied to some extent [9]. PEG
and PPG act as levelling agents; these large molecules are thought to ‘block’ areas of the electrode
surface, resulting in a levelling effect. Thus, metal deposition cannot occur on sites otherwise
already blocked by organic molecules, where the levelling species are generally present around
the raised sites on the electrode surface such that the metal will tend to deposit only in any recesses
in its surface, effectively levelling it [10]. Other examples of additives in aqueous media are
chemical species such as thiourea and ethylenediaminetetraacetic acid (EDTA) when
electroplating copper from aqueous electrolyte [11]; each of these examples acts as a brightener,
with EDTA coordinating to the Cu ions and, as a consequence, modifying their electrochemical
behaviour in solution. The resultant brightness has been found to depend on the orientation of the

surface crystallite deposits in a single given plane. Certain organic species can be linked with the



metal ions and complex formation, refining the metal crystals. Such species typically contain a
sulphur atom bound to a carbon, or a carbon-carbon triple bond, -C=C- [12].

Alternative media for electrochemical processing, such as deep eutectic solvents (DESs), have
been an area of intense research during the past decade due to the unusual chemistries of metal
ions. DESs are liquids composed of either Bronsted or Lewis acids and bases that have a dramatic
suppression of melting point when combined together. Typically, these are mixtures of the organic
halide salts, such as choline chloride, combined with small hydrogen bonding molecules such as

ethylene glycol, glycerol and urea although many others exist [13].

Deep eutectic solvents (DESs) have been selected as alternative electrolytes in metal plating
solutions to IL systems [14, 15]. DESs have many interesting physiochemical features, for
example, many are essentially of little hazard or are indeed non-hazardous and their components
can be sustainably sourced, are safe to use, inexpensive to synthesise, are able to dissolve various
metal oxides and salts, are non-flammable, easily biodegradable, and are relatively insensitive to
water [16, 17]. Due to these properties, DESs are of intense interest in various fields such as
electroplating [18-20], electropolishing [21], metal oxide processing [22], desulfurisation [23] and
polymer synthesis [24, 25]. A number of investigations have studied the electrochemical behaviour
of Cu deposition from DESs [4, 5, 26, 27]. Abbott et al studied Cu deposition from Ethaline 200,
finding that the copper reduction occurs by two separate one electron stages, as opposed to one,
two electron process in aqueous media [26]. Roy et al [27] studied the influence of water content
on the electrochemical deposition of Cu from Ethaline 200. While aqua complexes dominate Cu
ion speciation in water [28], DESs are water free (if pure) and low coordination number anionic
species dominate. Frisch et al showed that Cu®>* forms the complex [CuCls]* in the DES Ethaline
200 [29].

The additives used in metal electroplating from aqueous electrolytes are typically intended to
enhance particular properties of these coatings, such as brightness, thickness, corrosion resistance
and hardness [30, 31]. The use of additives can strongly affect the surface morphology and
composition of the deposit, thus influencing its mechanical and electrical properties. Generally,
additives fall into two classifications: they can be ligands such as EDTA, which coordinate metals

ions resulting in an alternative structure and differing electrochemical behaviour, or small



molecules such as boric acid and nicotinic acid, which adsorb on the electrode surface and inhibit
metal deposition in that location, thus affecting the mechanism by which an electrodeposited film
nucleates and grows [15, 32, 33]. There have been some studies investigating the effects of
additives on the electrodeposition of other metal films, such as nickel and zinc where the additives
nicotinic acid, methyl nicotinoate, 5,5-dimethylhydantoin, hydantoin, and boric acid were
demonstrated to modify electrochemical deposition behaviour [18, 31, 34]. However, additive

effects on Cu electrodeposition from DESs have yet to be investigated in any real detail.

This study investigates the Cu electrodeposition process, with an emphasis on the role of additives
on electrocrystallisation. Other recent studies on copper electrodeposition from DES electrolytes
have focused on the effect of small molecules such as water [27], and Akolkar et al studied the use
of polyethylenimine [35]. However to our knowledge, this is the first study on the influence of
additives on copper electroplating from choline chloride based ionic liquid, specifically in this case
the influence of nicotinic acid (NA) on the electroplating of Cu on a mild steel substrate from a
DES based on choline chloride (a quaternary ammonium salt) mixed in a ratio of 1:2 with ethylene
glycol (a hydrogen bond donor) [36, 37]. Initially the conductivity and viscosity of the additive in
pure electrolyte (Ethaline) and with added NA have been measured (supplementary data).
Following this, the Cu ion speciation with/without the presence of NA will be examined viaa UV-
vis spectrophotometer. Finally, we studied the effects of different concentrations of NA on the
morphology of subsequent Cu coatings, as obtained through cyclic voltammetry,
chronoamperometry, chronocoulometry, and electrochemical quartz crystal microbalance
(EQCM). Copper electrodeposition from a choline chloride-ethylene glycol ionic liquid has been
investigated as a function of the concentration of NA in the plating bath. SEM/EDX and atomic
force microscopy (AFM) were used to verify whether NA has an effect as a brightener or levelling
agent on the Cu deposit from the DES. Finally, XRD was used to verify that pure Cu deposits were
produced.



2. Experimental

Choline chloride [HOC2H4N(CH3)3Cl1] (ChCl) (Aldrich, 99%) and Ethylene glycol (EG) (Aldrich,
>99%), were used as received. The two components (that form a 1:2 molar ratio of ChCl:ethylene
glycol) were mixed by stirring at 60°C until a homogeneous, colourless liquid (Ethaline 200)
formed. 0.3 M CuCL.2H20 was prepared by adding the copper salts, CuCl2.2H20 (Aldrich, >
98%), to the liquid (Ethaline 200). The additive, nicotinic acid (NA) (Sigma, > 99.5%), was used

as received.

To record UV-vis spectra, a UV-vis spectrophotometer (Shimadzu model UV-1601) was loaded
with a standard sample cuvette with a path length of 10 mm. Amax was determined in each instance
using the spectrophotometer’s built-in peak pick feature as part of the UV-probe software. Cyclic
voltammetry was performed using a potentiostat (Autolab/PGSTAT12) controlled via the GPES2
software. A three-electrode system consisting of a platinum working electrode (1 mm), a platinum
foil counter electrode, and a silver wire pseudo-reference electrode was used. Ag wire was used as
a pseudo-reference electrode directly immersed into the solution of DESs (Ethaline) and ionic
liquid. The reason is that Ag/AgCl RE is not suitable for use in DESs as it can gives problems
when silver ions leach from the reference electrode. Further, there is a high concentration of CI™
ions in DESs (13% C1 ™ ion in Ethaline). CI” ions surround the Ag wire which is immersed into the
DESs. Therefore, the probable reaction of Ag wire pseudo RE is between Ag and AgCl the same
as Ag/AgCl RE in aqueous solution [24, 38]. All cyclic voltammograms were recorded at 70°C at
a number of scan rates between 10-70 mV s™'.

Electrochemical Quartz Crystal Microbalance (EQCM) technique was used to measure current
efficiency of the copper deposits, where the this was obtained utilizing a Hewlett Packard (HP)
8751A 5 Hz-500 MHz network analyser connected to a computer (software) and an Autolab III
potentiostat. In his experiment a conventional three-electrode were performed in a locally
constructed teflon cell. The counter and reference electrodes were identical to those used in the
CV experiments, while the working electrode was a 10 MHz AT-cut quartz crystal polished
coating with Platinum (Pt) one side and gold (Au) on the other (International Crystal
Manufacturing Co., Oklahoma City, USA, mounted). The electrochemical and piezoelectric active

areas were 0.23 cm? and 0.21 cm?, respectively. In the assembled cell, the Pt electrode was exposed



to the solution whilst the other (Au) side was exposed to air. The measurement was recorded at

—0.4 V for the Cu deposited at 70 °C.

Bulk electrodeposition was performed using cathodic plates (mild steel, 15 mm x 30 mm x 1 mm)
that had been mechanically polished and subsequently cleaned by rinsing with acetone followed
by water, and which were then thoroughly dried. Titanium mesh electrode (50 mm x 60 mm) was
used as the anode, and was prepared in the same manner. All electrodeposition experiments were
performed at 70°C at a constant current of 2 mA cm™ for 1 hour. The substrates were then removed
from plating bath and washed using water and acetone. Surface morphologies and compositions
were characterised via scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) (Phillips XL30 ESEM) using an accelerating voltage 20 keV. To determine
the cross-sectional microstructure, samples were mounted in a resin using an appropriate press
(Struers Labo Press 3), then refined with silicon carbide paper (240 grit) to give them a flat surface
and then successively with 9 uym and 3 pm size diamond abrasives, followed by a final treatment
with a 0.5 um colloidal silicon carbide paste. The surface roughness of the Cu deposits was
measured using AFM-Dimension 300 (Veeco). A Phillips model PW 1730 X-ray generator, with
a PW 1716 diffractometer and PW 1050/25 detector, was used to examine the crustal structures of

the Cu coatings.

3. Results and discussion

3.1. Speciation
Metal ion speciation is dependent on the associated chemical environment. In water, CuCl2.6H20

forms an octahedral hexa-aqua complex [Cu.6H201]*", whereas in Ethaline 200 a tetrahedral
[CuCl4]* complex forms. Here, UV-Vis spectroscopy was used to determine whether there were
any changes in speciation for CuCl2.2H20 in Ethaline 200 with the introduction of NA. Fig. 1a
shows the UV-Vis spectrum of 0.40 mM of CuCl2.2H20 in Ethaline 200 containing increasing
concentrations of NA (0, 0.10, 0.15, 0.20 mM) recorded at 70°C. Three peaks can be observed at
240, 300 and 410 nm, previously identified as occurring due to charge transfer transitions
characteristic to the speciation of many metal ions in DESs, where the resulting solvated structure

is dominated by the high chloride concentration.



There is a corresponding colour change when visually observing the solutions containing
increasing quantities of NA, as shown in Fig. 1a. A 0.40 mM concentration of CuCl2.2H20 in
Ethaline 200 formed a yellow solution in the absence of NA, but gradually changed to a less intense
yellow/green with increasing concentrations of NA [26]. The yellow colour originates from the
absorption of low wavelength visible light, likely the peak observed at 410 nm in the UV-vis
spectrum. The yellowish-green could be attributed to the formation of new complexes as a result
of the addition of the additive. In Fig. 1a that there are absorption peaks in the ultraviolet at ~300
nm, and in the visible at ~410 nm; two absorption maxima are present at 406 and 291 nm for the
CuCl2.2H20 solution without NA that correspond to [CuCls]* formation, as corroborated by
EXAFS [27, 28, 39]. The band at 406 nm gradually decreased in intensity with increasing
concentration of NA, indicating that [CuCls]* is steadily reduced. The absorption feature at 291
nm was observed to shift towards the blue and to reduce in intensity with increasing concentrations
of NA due to the reduction in [CuCls]* with the formation of an additional species that
incorporated NA. It is worth noting here that the concentrations of both concentrations of CuClz
and NA as well as their relative concentrations are lower than that of the concentrations used for
deposition studies below as absorption would be too high. However, this does provide useful
information regarding the behaviour of Cu?* ions in the DES Ethaline 200 with and without the
presence of NA, demonstrating that there is Cu ion complexation by NA.
a) b)
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Fig.1. a) UV-Vis spectra and b) colour changes of a 0.4 mM electrolyte of CuCl2.2H20 in

Ethaline with various concentrations of NA recorded at 70°C.



No structural determinations of Cu(Il) species complexed by NA could in DES could be found
in literature. However, aqueous studies observed that mono and bi-dentate species may form,
at various levels of carboxylate protonation depending on pH [40]. Solid state studies show
that complexation occurs through the pyridine nitrogen atom [41]. Given the Cu is in excess
at the concentration of study it is likely that one NA complexes with each Cu(II) ion through
the N pyridine atom, though further work is required.

3.2. Cyclic voltammetry study

3.2.1. Effect of NA Additive Concentration on the CV of Cu(ll)

Fig. 2 shows cyclic voltammograms (CVs) of 0.3 M CuCl2.2H20 in 1:2 ChCl:Ethylene glycol-
based DES containing various concentrations of NA at 70°C, recorded at a constant scan rate of
30 mV s’ on a Pt working electrode in the potential range of 1.0 V to -1.0 V (vs. Ag wire), as
presented in Fig. 2. The CV graphs show that there are two stages of redox reactions for copper
(IT) in the choline chloride and ethylene glycol mixture, where the reversible reduction peaks are
attributed to the reduced reactions of Cu®*"to Cu* at +0.41 V (peak 2, equation 1) followed by Cu*
to Cu’ at -0.38 V (peak 1, equation 2), the deposition of metallic copper [26, 42]. It is noted that
peak potentials given are used for the purpose of describing the CV’s obtained in Fig. 2. As an Ag
wire pseudo reference was used in the absence of a Luggin capilliary, as well a the capacity to
react with Cu(II) 1ons, that the true values are likely to be different. The observed CV is similar to
that of other papers studying the electrodeposition of Cu in DES media where two distinct peaks

0% one. This

are observed [26], as the Cu™" redox couple is significantly more anodic than the Cu
has been attributed to the stabilisation of low coordination number, low oxidation state species for
metal ions when compared to aqueous media, observed through EXAFS speciation studies [43].
During this work no attempt were made to measure moisture content as electrochemical
measurements were undertaken in open apparatus at 70 °C having been stored in a closed bottle at
room temperature after their preparation. However, van Deun et al demonstrated that Cu(II)
speciation in Ethaline 200 remained consistent up c.a. 50 wt% moisture in a 0.1 mol L' CuClz
solution [28], while Dela Pena ef a/ showed that elevated temperatures significantly reduced

moisture content [44], suggesting that trends observed here should be consistent across low to

moderate moisture contents.



A trend may be observed from the CV graphs that with increasing concentrations of NA, the
deposition potential of Cu (Cu* to Cu®) shifts towards negative values (see potential peaks in Table
1), and the deposition current becomes markedly lower with increasing NA concentration. At
0.06 M, the highest concentration of NA, there is 6-fold reduction in the peak current. This
demonstrates that deposition is inhibited when the additive is present. A nucleation ‘loop’ is
obtained in the deposition peak of Cu when the voltammograms recorded from system without
NA, as shown in Fig. 2, but was not observed when using NA additive in the CuCl: electrolyte.
This is indicative of the nucleation rate for the Cu deposition being faster than that for Cu
deposition from the systems containing NA. This impedes the growth of Cu nuclei, thus reducing

the intensities of the Cu reduction and oxidation current peaks, as illustrated in Fig. 2.

Cu* es) + e = CuPpes) (1)
- —
Cu'es) + ¢ = Cu% (2)
= CuCl,.2H,0 without NA
CuCl, 2H,0 + 0.01 M NA
300 4 CUCI,.2H,0 + 0.03 M NA
—— GuCl, 2H,0 + 0.05 M NA
CuCl, 2H,0 + 0.06 M NA
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Fig. 2. Cyclic voltammogram of 0.3 M CuCl2.2H20 in 1:2 ChCl:Ethylene glycol-based ionic

liquid containing various concentrations of NA at 70°C

Inhibition of Cu reduction / deposition may occur through many reasons. Firstly, there is a
composition change present with increasing concentration of NA, which will have a corresponding
influence of the viscosity, resulting in a change in the diffusion coefficient, linked through the
Stokes-Einstein equation (eqn. 3) [45], where D is the diffusion coefficient, ks is the Boltzmann
constant, 7" is the temperature in Kelvin, 1 is the viscosity and Ro the solute radius. It can be

observed from Table 1 that the viscosity of these solutions increases with increasing NA.



However, this change is only small, and not enough to cause the large reduction in peak currents
observed here for both solution phase and deposition processes. Secondly, there may be a change
in speciation due to NA coordination with the Cu ions, leading to an increase in the solute radius
and / or modification electrochemical behaviour. UV-Vis measurements, shown in Fig. 1,
demonstrate that some speciation change does occur in the presence of NA. However, this does
not provide sufficient explanation of the change in electrochemical behaviour as the maximum
concentration of NA is only 20% of the concentration of Cu?ion in solution. Lastly, the NA may
inhibit electrochemical processes either through the formation of transient species close to the
electrode surface that alter electrochemical reaction or may adsorb onto the surface influencing the
kinetics of nucleation and growth [46, 47]. It seems likely that it the latter two mechanisms that
affect the electrochemical behaviour here; through identifying which of the two mechanisms is
dominant is difficult. It is likely that the two electron transfer processes observed here, are limited
by the presence of NA coordinating to the substrate surface, indicating that the NA may act as a
brightener Cu deposition, media through binding to the substrate surface, in a similar manner to
Ni deposition from the same DES and aqueous deposition of copper [46, 48].
kgT

é6mnr

As mentioned, peak 2 in Fig 2 shows a redox couple for Cu*/Cu*". Interestingly, the presence of
NA results in a significant reduction in the peak current for both the cathodic and anodic waves of

the CVs as well as an increase in the peak separation of the respective waves.

Table 1 details the peak current and viscosity of respective solutions.

Solution (0.3 M [CuClL,.2H,0] in Ethaline 200) ip A Viscosity (cP) at 70°C
Cu?"/Cu*
Cu?"/Cu* in water - 0.4045[49]
Cu?*/Cu” in Ethaline 7.528%107 13.33
Cu?*/Cu” in Ethaline +0.01 M NA 7.160x107 13.73
Cu?'/Cu” in Ethaline +0.03M NA 5.578x107 13.93
Cu?*/Cu" in Ethaline +0.05 M NA 4.555%x10° 14.26
Cu?*/Cu" in Ethaline +0.06 M NA 1.222x10°3 14.41

To further study the nucleation and growth from these solutions, chromoamperometry was

performed. Fig. 3 shows chronoamperometry responses of Cu deposition from a 0.3 M
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CuCl2.2H20 solution in Ethaline where all experiments were achieved with a Pt disc electrode at
70°C at -0.3 V in the presence of no, 0.01 M, 0.03 M and 0.05 M NA, as referenced to Ag wire.
After an initial sharp drop in the current magnitude due to charging of the electrode double layer
upon initiation of the experiment, each of the transients show a peak due to nucleation and growth
of nuclei on the electrode surface. After the nucleation peak the current decays due to due to
transition from three-dimensional nucleation/growth to one-dimensional diffusion-limited growth.
In all cases where NA was present, the nucleation occurred within a shorter timescale than when

there was no NA present.

504
o0 ' W— CuCl,.2H,0 without NA
Bt B —— CuCl,2H,0 +0.01 MNA
1 —— CuCl,.2H,0 +0.03 MNA
< 150 —— CuCl,.2H,0 +0.05 MNA
-200 4
-250 4
-300 T T T T T T T T T
0 10 20 30 40

t/'s
Fig.3. Current-time transients resulting from chronoamperometric experiments for the

electroreduction of Cu (II) on a platinum electrode at -0.3 V vs. Ag wire

3.2.2. Effects of Scan Rate on the CV of Cu with/without nicotinic acid

The effects of the addition of NA additive on the Cu deposition on the Pt working electrode were
examined at various scan rates in 1ChCl:2EG-based liquid containing 0.3 M CuCl2.2H20
with/without 0.03 M NA at high temperature (70°C), as demonstrated in Fig. 4a and c. In this
study, the potential window for the CVs in each of the above systems ranged from (a starting
potential of) 1.0 V and was run to -1.0 V. This was then run in reverse to the starting point. In
general, this experiment shows increasing in current peak intensities in both the anodic and
cathodic areas with increasing scan rate for both systems (i.e., before and after the addition of NA
to plating bath). Similar findings have been described elsewhere [33]. However, it is interesting to
note that the currents of the voltammograms (Fig.4a and ¢) in each of the systems are entirely

different. The current value for the Cu”Cu® couple in the presence of NA additive at all scan rates
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was somewhat smaller than for the same system without this additive. Here, we have observed the
difference values in separation for potential peaks of AE, =269 mV and AE, = 256 mV for the
redox of Cu’/Cu’ species in the absence and presence of additive, respectively (calculated from
the results presented in Fig. 4a and ¢). This data is bigger than the 59/n mV anticipated for a
reversible system [50], indicating that the ratios of the peak current for anodic—cathodic processes
are quite independent of scan rate, and thus that the electron transfer process is not reversible
regarding the redox region Cu’/Cu*. To clarify this mechanism, the reversibility of the dissolution
and deposition of Cu on the Pt electrode was conveniently evaluated in this experiment. It was
found that the plots of current density (j / A cm™2) for Cu*/Cu** species (anodic direction) and its
reversible Cu?*/Cu’ (cathodic direction) versus the square root of scan rate (V s') are linear in
both systems, suggesting that the reactions are controlled by diffusion processes [51], as shown in

Fig. 4b and d. In addition, we will discuss this supposition in more detail in the following section.
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Fig. 4. Effect of scan rate on cyclic voltammograms for a Pt disc (1.0 mm diameter) electrode
immersed in 1ChCl:2EG based liquid in the presence of 0.3 M [CuCl2.2H20] (a) without NA
(c) with 0.03 M NA. Redox current density for 0.3 M [CuCl2.2H20] (b) without NA and (d)
with NA 0.03 M MN additive in Ethaline 200 as a function of the square root of the scan rate.

3.3. Chronocoulometry study

To confirm the diffusion mechanism of Cu electrodeposition in both systems (i.e., with/without
different concentrations of additive), the chronocoulometry experiment for 0.3 M [CuCl2.2H20]
was studied in both systems in the 1ChCl:2EG-based liquid using a Pt working electrode (dia. 1
mm), as displayed in Fig. 5. The potential was held at +1.00 V (for 10 s) then stepped to -1.0 V
for 30 min. It can be observed from Fig. 5 that there are linear responses from the plot of O versus
t” for all experiments (i.e., both with and without additive), suggesting that the processes in both
systems are diffusion controlled. Similar findings for Cu deposition in Reline and Ethaline have
been described elsewhere [26]. Additionally, the charge continually increases with time because
the charge obtained is directly proportional to the number of moles (N) of the deposited species
according to Faraday’s Law (Q = nFN) [52]. However, it should be noted that the magnitude of
charge reduces with increasing concentration of NA additive in the plating electrolyte. This may
be due to higher concentrations of additive species blocking the Cu™ ion from the electrode surface,
preventing it from being reduced and depositing (Cu®) on the polished Pt surface. As a result of
these data, the current efficiency for the Cu deposition containing additive will be lower for the

additive-free electrolyte, which is most noticeable in the EQCM results.

-0.12 1
—&— 1- 0.3 M CuCl,.2H,0 without NA
0.10 ——2-0.3 M CuCl,2H,0 + 0.01 M NA
’ 3- 0.3 M CuCl,.2H,0 + 0.03 M NA
——4-0.3 M CuCl,2H,0 + 0.05 M NA
-0.08
8
o -0.06
-0.04
-0.02
0.00

0 5 10 15 20 25 30 35 40 45 50
tUZ / S1/2
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Fig. 5. Chronocoulometry data for 0.3 M CuCl2.2H20 with and without various concentrations
of NA on a 1.0 mm diameter Pt wire in the 1ChCl:2EG-based liquid for potential steps from
1.00 V for 10 s followed by a step to -1.00 V for ca. 1800 s. (1.0 mm diameter Pt wire)

3.4. Gravimetric Study

In the previous sections, the effect of NA additive on Cu growth and its rate of deposition from
Ethaline at 70°C were investigated by cyclic voltammetry and chronoculometry, demonstrating
that the presence of NA inhibits the rate of Cu deposition. It is likely that NA achieves this is
through two possible mechanisms: complexation with the Cu ions in solution, and absorption onto
the Pt substrate surface inhibiting deposition at some sites on the surface. Here we determine the
charge-mass balance for Cu deposition with/without the additive and calculate the current
efficiency of Cu under these conditions using an electrochemical quartz crystal microbalance

(EQCM), for which representative results are presented in Fig. 6.

EQCM monitors and determines mass changes due to chemical species deposited on a quartz
crystal substrate of an electrode through acoustic impedance. The change in resonant frequency of
the quartz crystal electrode is linearly related to the mass deposited on the electrode surface

through the Sauerbrey equation [53], equation 2.

2 2
Af:i
Ay Pqlq

Here, Af/Hz is the change in frequency due to the deposition of a mass Am/ng. fo/Hz is the resonant
frequency of the quartz crystal, A/cm? its active face area, po/g cm™ is the density of quartz, and
Ug/g cm! 572 the quartz shear modulus for an AT-cut quartz crystal. Here, the Cu compound (0.3
M CuCl2) with/without different concentrations of NA (0.01-0.05 M) was electrochemically
deposited onto the polished electrode of a Pt-coated (10 MHz) AT-cut quartz crystal from
1ChCl:2EG-based electrolytes using a constant potential of -0.38 V at a fixed 70°C bath
temperature. The data illustrated in Fig. 6b describes the relationship between Cu mass vs. the

total charge passing during formation in the Ethaline 200. The theoretical molar mass (M) of Cu
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is 63.55, whilst the experimental value, as determined from the plot of mass vs. charge illustrated

in Fig. 6b and explained by Faraday’s law, is given by equation 3.

where Am/g is the mass deposited, Ag/C is the change in charge, z is the number of electrons lost
and gained (here equal to 2), and F is the Faraday constant (96,485 C mol ™). The ‘real-world’ M

can be determined by simple rearrangement of equation 4:

M = zFAm A
- Aq WEE EEE EEE EEE EEE EES EEE EEE AW SEW AN SEW EEE EEN SN EEE EEE EEE EEW AN SEW EEE SEE WA GEW EEW AN EEW W W

Consequently, the current efficiency for Cu deposition with/without additive can be simply
calculated from the experimental M (equation 4) divided by the theoretical value of Cu (63.55).
The current efficiency for pure Cu coating was found as 94.52%, which is close to the data reported
in the literature [26, 46]. On the other hand, the value of the current efficiency for the Cu coating
decreased to 86.88% when the deposition was carried out in the presence of 0.01 M NA additive
and is further significantly decreased with increasing concentration of additive in the plating bath,

as shown in Table 2.

From the results of Fig. 6, utilising NA yielded a decrease in the rate of deposition for Cu on the
electrode surface in comparison to pure Cu deposition. One can interpret this as due to the
adsorption of the additive onto the active sites of the surface increasing with increasing
concentration of NA, which will impede further copper deposition, leading in turn to a decrease in
current efficiency. In the case of the data for the mass change vs. timescale (1500 s) for Cu
deposition with the NA additive, it can be seen from Fig. 6a that the mass is increased significantly
compared to that found for pure Cu metal deposition; this can simply be interpreted as the
codeposition of the NA additive with the copper. These values are strongly dependent on the
frequency of the quartz crystal and are affected by the concentration of species in the plating bath;
therefore, there is a large decrease in the quartz crystal frequency such that the mass can be said to
have increased considerably more than for the additive-free Cu deposition. It can be concluded
that the EQCM data provide further support for the role of adsorption/codeposition of the NA onto

the active points of the electrode, thus inhibiting Cu deposition. This, in turn, results in a decline
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in the current efficiency of the copper coating on the electrode in the plating solution. A similar

approach has recently been reported for the electrodeposition of alloys and other metals in DES

systems [46, 54]. The faradaic processes that arise due to the reduced current efficiency require

further study. However, when studying Zd electrodeposition from the same liquid Haerens et al

identified 2-methyl-1,3-dioxolane, acetaldehyde and a small amount of chloroform as

decomposition products at the cathode [55]. In addition, it may be that not all Cu®" ions are reduced

to Cu(0)(s) given the action of the additive to block deposition sites at the anode surface and Cu®”

ions diffuse away from the electrode surface to bulk solution.
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Fig. 6. Gravimetric data for the electrodepsoition of Cu on a Pt-polished quartz crystal (10

MHz) electrode for a) mass vs. time and b) mass vs. charge. The investigates were achieved

in 0.3 M CuClz in Ethaline 200 at 70°C in both the
concentrations of additive. The applied potential was

electrode for 1500 s.

absence and presence of different

-0.38 V vs. an Ag wire reference

Table 2 Efficiencies of Cu deposition onto a Pt-coated quartz crystal (10 MHz) in Ethaline

200 at 70°C containing 0.3 M CuClz with/without various concentrations of NA additive at a

voltage of -0.38 V, as determined from EQCM data.

Samples Am(g) 4q(C) M. (gCPh Reduction current
practically efficiency %
(1ChCI:2EG): 0.3 M CuCl, 1.821 x 10 0.585 60.07 94.52
(IChCI:2EG): 0.3 M CuCL»:0.01 M NA  1.954 x 10* 0.683 55.21 86.88
(IChCI:2EG): 0.3 M CuCl,:0.03 MNA  2.28 x 10 0.916 48.03 75.58
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(1ChCI:2EG): 0.3 M CuCl:0.05 M NA  3.02 x 10 1.38 42.23 66.45

3.5. Surface Characterisation

Fig. 7 shows the optical photographs (left), SEM morphologies (middle), and cross-sectional
images (right) for Cu electrodeposition without/with various concentrations of NA in a 0.3 M
CuCl2.2H20/Ethaline 200 electrolyte at a fixed bath temperature of 70°C. In all experiments, the
current density was held at 2 mA cm™ and electroplating was carried out for 1 hour on mild steel
substrates. Indeed, good adherence and highly uniform thicknesses were achieved for all Cu
coatings with/without additive. In the electrodeposited additive-free Cu film, the morphology of

the film was found to be a rough layer with larger grains, as shown in the inset of Fig. 7b.

However, we note that the surface morphologies for the Cu deposits change with the addition of
the NA additive to the Cu plating bath (Figs 7e, h, and k). Obviously, the sizes of particles were
notably reduced, and the particle grains gradually become smaller with increasing amounts of NA
additive in the plating solutions; the surface morphology becomes increasingly smooth and
homogeneous with concentration in comparison to the Cu deposition without NA. This is a result
of a reduced crystal size due to the addition of [different concentrations of] NA additive. This
suggests that NA may work as the grain finer for film deposition, which would lead to a reduction
in growth rate of the Cu deposit. These results are in agreement with those obtained by Gu at el
[56]. It is obvious that the Cl™ ions from Ethaline 200 may have a small influence, however, the
concentration of NA additive was key to the impact on the morphology of the copper layer. This
implies that the activity of the Cu surface has been improved toward nanoporous and granular

surfaces.

It is clear that the optical photographs (left) show that the brightness of the Cu surfaces increased
with increasing concentration of additive in comparison with deposits obtained from Cu without
the addition of additive, which shows a dull red layer of copper. This demonstrated that the crystal
size in this coating were typically smaller, and thus the coating smother, than for the Cu deposit
produced without the NA additive, and which appeared as porous and dark deposits. Here, the
thickness of the Cu coatings with/without additive were measured through cross-sectional

morphologies via SEM, as shown in Fig. 7¢, f, i and 1, i.e., the right-hand images. It was found

17



that the average thickness of the pure additive-free Cu deposit was 10.06 um, whereas with at 0.01,
0.03, and 0.05 M NA were about 8.86, 8.89, 3.04 um, respectively, indicating a significant decline
in the thickness and thus roughness (see Fig. 8) of the Cu deposit obtained with NA additive in a
similar manner to Gu and co-workers [56]. This further supports the possibility of the additive
being strongly adsorbed onto the mild steel substrate during Cu electroplating, inhibiting Cu
nucleus formation as the active sites on the electrode surface become blocked, as implied by the
CV profile and the EQCM data. In summary, it is clear that the data show that the concentration
of NA additive has a significant effect on the growth process and on the Cu deposit morphology.

The results noted here are in good agreement with previous work [57, 58].
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Fig. 7. Visual photos (left), SEM morphologies (middle) and cross-sections (right) of 0.3 M

CuCl2 deposits achieved from Ethaline 200 with and without various concentrations of NA at
a current density of 2 mA cm™ for 1 h on a mild steel substrate at 70°C. Images a), b) and ¢)
are for the Cu deposition without NA; d), e) and f) are for the Cu deposition with the 0.01 NA
additive; g), h) and i) are for the Cu deposition with the 0.03 NA additive; and j), k) and 1) are
for the Cu deposition with the 0.05 NA additive.

In this investigation, the topography and roughness of the Cu coatings obtained from Ethaline 200
at 70°C, both without and with the NA additive in various concentrations, were also characterised
via the AFM technique, as illustrated in Fig. 8. The roughness of the Cu deposition without the
NA additive was approximately 456.nm, decreasing significantly to approximately 177, 163, and
169 nm on use of 0.01, 0.03 and 0.05 M NA additive, respectively, with a corresponding decrease
in surface roughness. From the AFM images we can see that the size of islands is smaller and thus
roughness decreases with increasing concentration of additive in the plating bath compared to that

observed from additive-free Cu deposits. Accordingly, the data suggest that NA additive affects
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the deposition of Cu, and the action of this additive varies from the deposits prepared from

additive-free electrolyte.

b)
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Fig. 8 AFM images of the surface morphology of the copper coating deposited by
electrodepositing from Ethaline 200 with and without different concentrations of NA at a
current density of 2 mA cm™ on a mild steel at 70°C for 1 h. Images a) is for the Cu deposition
without NA, while b), ¢) and d) are for the Cu deposition with 0.01 M, 0.03 M, 0.05 M of NA

additive, respectively.

3.6. X-Ray diffraction study

Fig. 9 illustrates the X-ray diffraction spectra for the Cu patterns found for 0.3 M CuCl2.2H20 in
1ChCI:2EG-based ionic liquid containing various concentrations of NA at 70°C on a mild steel
substrate, applying a current density of 2 mA cm for 1 h. As shown in Fig. 9, there are three main
crystallographic orientations in all samples that appear at 26 = 43.36°, 50.44°, and 74.11°,
indicative of the [111], [200] and [220] planes of copper, respectively, and as similar to those
reported in previous studies [2, 59]. Moreover, all patterns show sharp peaks belonging to the
crystalline phases of pure Cu. No shifts in the diffraction peaks were detected for the Cu deposits
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when using the various concentrations of additive in comparison with Cu deposit without additive.
However, a remarkable variation was detected for Cu electrodeposition from the system containing
different concentrations of additive. It is obvious that the study shows that the amount of additive
affects the XRD peak intensity, which decreases with the relative ratio of the additive to cupric
ion. For example, the intensity of the [111] plane was reduced to 86%, 75%, and 41% when the
deposition was performed with 0.01 M, 0.03 M and 0.05 M of NA additive in the plating bath,
respectively, in comparison with deposits obtained from additive-free Cu, as shown in the insert
in Fig. 9. A similar observation in terms of decrease in intensity was made for the [200] and [220]
peaks when NA was added. It can be concluded that the addition of NA to the plating bath during
Cu deposition alters in the crystallographic orientations of the Cu, which leads to a change in the
deposition rates of the various crystal faces. This result suggests the addition of NA to the plating
solution blocks crystal formation in the direction of the [111], [200] and [220] planes. This
variation in the intensity of planes could be due to the adsorption of NA on these peaks during the

crystal formation process.
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Fig. 9. XRD samples for 0.3 M CuCl2.2H20 coatings from Ethaline 200 containing different
concentrations of NA additive between 0.01 and 0.5 M. The deposition processes were

obtained over 1 h at a current of 2 mA cm ™2 and at 70°C on mild steel plat

4. Conclusion

In this research, the successful electrodeposition of Cu with different concentrations of nicotinic

acid as an additive from Ethaline 200 DES at 70°C on a mild steel substrate was investigated in
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detail. The formation of Cu without/with NA was examined via various analytical techniques
including UV-visible spectroscopy, cyclic voltammetry, chronocoulometry, and EQCM. Surface
morphology, roughness and thickness were characterised via SEM and AFM while the crystal
orientation was examined via XRD. The above techniques showed that there were clear changes
between the responses for different concentrations of additive compared to the system without
additive as a result of the complexity of the phases formed. As would be expected, the
concentration of the additive in the plating bath is particularly significant, affecting the diffusion
coefficient of the Cu deposition and the properties of the film. From the CVs, the diffusion
coefficient for the Cu electrodeposition from a plating bath containing additive is reported above (see

Table 1), and which was found to be less than that for pure Cu (D = 4.86x107 cm?s™").

In addition, it was demonstrated that the NA additive was adsorbed onto active sites on the
electrode surface, strongly limiting Cu deposition rates at cathodic potentials. Thus, using the
mass-charge in situ method via EQCM, we also observed that the Cu growth current efficiencies
decreased in a manner that was strongly dependent on the concentration of additive in the Cu-
Ethaline solution, supporting the hypothesis of the active surface being inhibited during Cu
deposition due to the additive adsorption onto the electrode substrate. It was also shown that
smoothest surface morphologies and reduced roughness can be obtained from a system containing
the nicotinic acid additive, in contrast to the system without this additive, as well as a brighter,
adherent Cu coating being formed. It can be concluded that the act of using this additive was highly
beneficial for the Cu coating in a choline chloride-ethylene glycol-based ionic liquid at 70°C,
which is currently a significant contribution to new green techniques compared to the classical

acidic or alkaline plating solutions.
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