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Abstract: In the present work, the influence of the concentration of bitartrate ions (HT) on the copper electrodeposition process was analyzed.
The study was carried out from an aqueous solution containing 0.001 M of CuX (where X = (NO37)2,(Cl7)2, SO427) and x M KHT (where x = 0.005 M,
0.01 M, and 0.015 M). From voltammetric and chronoamperometric studies, the results indicate that copper electrodeposition is a diffusion-
controlled process. The current density transients were well described through a kinetic mechanism involving capacitive and faradaic
contributions. The diffusion coefficient values of Cul* and Cu?* result to be similar at the different concentration values of potassium bitartrate

used in this work.
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INTRODUCTION

c OPPER is one of the most widely used metals in
electroplating due to its numerous technological and
decorative applications.[*2] At industrial scale, cyanide-
based alkaline copper solutions have probably been the
preferred choice for producing a high quality copper
plating. However, cyanides are toxic compounds, which act
as metabolic inhibitors,3 and larger amounts of cyanides
released into solid waste and wastewater from the metal
plating industry can become an environmental issue.B! In
this sense, several attempts have been made to
electrodeposit copper from non-cyanide solutions based
on ecological complexing agents such as glutamate,!*l
citrate,5!' glycine,!®] EDTA,”l ammonia,l8] and tartrate.l°]
Specifically, tartaric acid (HOOC-CH(OH)-CH(OH)-COOH)
and sodium potassium tartrate (Rochelle salt) have been
used in the electrochemical and electroless plating process
of copper.l1911] In addition, this type of bath involves easy
waste treatment options and allows the electroplating of

copper at low plating rates and temperatures.['2l However,
to our knowledge, the two main tartaric acid salts,
potassium bitartrate (KHT) and calcium tartrate (CaT), have
not been used as part of the composition of copper plating
baths. Probably, it is because CaT and KHT are not very
soluble in water, 0.1 g L1 and 6.2 g L™! respectively, in
comparison with tartaric acid (206 g L1 — 1250 g L™%). In an
aqueous solution, CaT is dissociated to Ca?* and T%" ions,
but the concentration of tartrate ions from this dissociation
is extremely low due to its low solubility. On the other
hand, KHT dissociates in solution to potassium ions and
weakly acidic bitartrate (HT) ions, where HT exhibits a
limiting conductance value of 29.4 + 0.2 cm20hm~tequiv1.
Here, it is interesting to mention that some authors have
reported a strong adsorption of bitartrate ions onto a
Cu(110) surface, 3] which may modify the nucleation and
growth process. Nevertheless, to our knowledge, HT ions
do not form complexes with copper ions and their effect on
the copper electrodeposition process has not yet been
analyzed in the literature. In order to analyze the design of
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an environmentally friendly copper bath based on HT ions,
we studied the influence of their concentration on the electro-
deposition of copper on a polycrystalline gold electrode.

EXPERIMENTAL

Copper electrodeposits onto a polycrystalline gold
electrode were carried out from an aqueous solution
containing 0.001 M of CuX (where X = (NO37),(Cl7),, SO4%-
and x M KHT (where x = 0.005 M, 0.01 M, and 0.015 M) at
pH = 3.5. All solutions were prepared using analytic grade
reagents with ultrapure water (Millipore-Q system) and
were deoxygenated by bubbling N, for 15 min before each
experiment. The working electrode was a polycrystalline
gold tip provided by BAS™, with 0.02 cm? of area, the
exposed surface was polished to a mirror finish with
different grades of alumina down to 0.05 pum and
ultrasonically cleaned before experiments. A graphite bar
with an exposed area greater than the working electrode
was used as counter electrode. A saturated silver electrode
(Ag/AgCl) was used as reference electrode, and all the
measured potentials are referred to this scale and at 25 °C.
The electrochemical experiments were carried out in a
BASI-Epsilon potentiostat connected to a personal
computer running the EC-Epsilon software to allow the
control of experiments and data acquisition. In order to
verify the electrochemical behavior of the electrode in the
electrodeposition bath, cyclic voltammetry was performed
in the 0.700 to —0.400 V potential range at the scan rates
20, 40, 60, 80, 100, 120, 240 and 300 mV s, The kinetic
mechanism of copper deposits onto Au was studied under
potentiostatic conditions by means of the analysis of the
experimental current density transients obtained with the
potential step technique. The perturbation of the potential
electrode always started at 0.650 V and the potential step
was varied in the [0.2 to —0.160] V zone, during 32 s.

RESULTS AND DISCUSSION

It is well known that the presence of specific chemical
species in the deposition bath can induce changes in the
thermodynamic and the kinetic parameters during the
electrodeposition process. In the case of the copper
electrodeposition process, the influence of HT concen-
tration has not been reported in the literature yet. HT ions
can be obtained from KHT, which is dissociated to
potassium ions and weakly acidic bitartrate (HT) ions,
according to Equation (1).121

KHC4H405(S) « K*(aq) + HC4H406‘(aq) (1)

Also, it is important to consider that acid bitartrate
ions, in aqueous media, are dissociated according to
Equation (2)

HC4H4067(aq) + H20(l) = C4H406%(aq) + H3O*(aq) (2)

with an equilibrium constant of 4.3 x 10111 Therefore, in
our experimental conditions (pH = 3.5), the dissociation of
HT into hydrogen and tartrate ions can be neglected, and
the influence of HT ions may be analyzed.

Voltamperometric Study

Figure 1 shows a typical cyclic voltammogram obtained
from the system Au/0.001 M of Cu(NOs); + 0.01 M KHT at a
scan rate of 20 mV s71 (broken line). The potential scan was
started at 0.6 V, in the negative potential direction up to
—0.4 V, and then reversed to the starting potential. From
this Figure, it is clear the formation of two main current
density peaks Aand B at 0.110 V and —0.100 V, respectively,
while in the anodic region can be observed the formation
of the peaks B’ and A’ at 0.097 V and 0.280 V, respectively.
The comparison of this voltamperogram with the obtained
from the system Au/0.01 M KHT at a scan rate of 20 mV s,
indicates that peaks A and B correspond to the copper
reduction processes, while A’ and B’ to the oxidation of the
copper electrodeposited at the direct scan.

In order to establish the correspondence among
peaks A and A’ and B with B’, it was carried out a volt-
amperometric study at different inversion potentials and at
a constant scan rate (20 mV s71) as shown in Figure 2. Note
that at the inversion potential value of 0 mV, the peak A is
fully formed, if the scan potential is inverted to the anodic
zone, it is clear the formation of the anodic signal A’. Last
result indicates that peak A is associated with peak A’. Also,
if we extended the direct scan to more negative potentials,
than —0.08 V, it is evident the formation of the cathodic
peak B, while that in the anodic zone is clear the formation
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Figure 1. A typical cyclic voltammogram obtained from the
Au/0.001 M of Cu(NOs); + 0.01 M KHT. The potential scan
rate was started at 0.600 V toward the negative direction
with a potential scan rate of 20 mV s71, the voltammogram
associated with the supporting electrolyte is indicated as an
inset.
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Figure 2. Cyclic voltammograms obtained from the Au/0.001
M of Cu(NOs); + 0.01 M KHT (pH = 3.5) system at different
inversion potentials. In all cases, the potential scan started
at 0.700 V towards the negative direction with a potential
scan rate of 20 mV sL. Cathodic current density peaks (A
and B) and anodic peaks (B’ and A’) are indicated.

of peak B’, only when the inversion potential is lower than
—0.08 V. This last result indicates that peak B is related to B'.

Peak A has been associated with the reduction of
cupric to cuprous ions, followed by the disproportionation
of the produced cuprous ions into metallic copper and
cupric ions, reaction (3):14

2Cu(H,0)% + 2e~ - 2Cu(H,0); + 4H,0 —
— Cu® + Cu(H20)# + 6H,0 3)

while peak B, corresponds to the reduction of cupric ions
(from the bulk and those produced from the reaction (3))
to metallic copper, according to the following reaction:

Cu(H,0)# + 2e~ - Cu® + 6H,0 (4)

peak B’ corresponds to the oxidation of metallic copper to
cupric ions, 1413 according to the following reaction

Cu® + 6H,0 — Cu(H,0)% + 2e~ (5)

On the other hand, the reaction between the cupric
ions accumulating on the surface, see Equation (5), and the
remainder of metallic copper causes the appearance of
peak A’.114.15] This may be explained through the Equations
(6) and (7)

Cu® + Cu(H,0)% — 2Cu(H,0); + 2H,0 (6)
Cu(H,0)i + 2H,0 - Cu(H,0)¥ + e~ (7)

Thus, the chemical reaction between Cu® and
Cu(H,0)# produces Cu(H»0); which reacts with H,0O to
form Cu(H,0)z".[14.15]

Similar results to those reported in Figure 2, were
obtained for the systems Au/0.001 M of CuCl, + 0.005 M
KHT (pH = 3.5) and Au/0.001 M of CuSQO,4 + 0.015 M KHT
(pH = 3.5), see Figure 3. Suggesting that the type of copper
salt does not affect the copper electroplating process.
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Figure 3. Cyclic voltammograms obtained from a) Au/0.001 M
of CuCl, + 0.005 M KHT (pH = 3.5) and b) Au/0.001 M of
CuSO4 + 0.015 M KHT (pH = 3.5). In all cases, the potential
scan started at 0.600 V towards the negative direction with
a potential scan rate of 20 mV s,

Figure 4 shows a set of typical voltammograms obtain-
ed for the Au/0.001 M of Cu(NOs); + 0.01 M KHT (pH = 3.5)
system at different scan rates. At low scan rates, in the
cathodic zone, the current density associated with peaks A
and B increases with the increment of the scan rate. Also,
in the anodic region, peak A' increases with the increasing
of the scan rate; while peak B' is bigger at low scan rates,
but decreases as the scan rate increases. Note that the
charge associated with the formation of Cu(H,0); (peak A’)
is much greater in comparison to the charge associated
with the metallic copper dissolved in peak B’. This is
because the metallic copper interacts with Cu(H,0)Z ions
from the copper dissolved and the cupric ions present in
the solution.

j/ mAcm?

Figure 4. Cyclic voltammograms obtained from the Au/0.001
M of Cu(NOs); + 0.01 M KHT (pH = 3.5) system at different
scan potential rates of (a) 5, (b) 10, (c) 20, (d) 40, (e) 80, (f)
100, (g) 120, (h) 160, (i) 240 and (j) 320 mV s7L. In all cases
the potential scan was started at 0.7 V toward the negative
direction.
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Figure 5. Cyclic voltammograms obtained from the Au/0.001 M
of Cu(NOs), + x M KHT (where x = 0.005, 0.01, and 0.015)
(pH = 3.5) system at 20 mV s7L.

We also analyzed the effect of the concentration of HT
ions in the electroplating bath, see Figure 5. In all cases the
voltammograms are characterized by two cathodic peaks (A
and B) and two anodic peaks (A' and B'). If the concentration
of the HT ions is increased, see Figure 5, the current densities
associated with peak A and B increase slightly.

In order to determine the type of control limiting of
the processes A and B, the current density (jp) value
associated with these peaks was plotted as a function of
v1/2 (see Figure 6).[16.171 |n all cases a linear relationship was
found, which is indicative of a diffusional controlled
process.[16:17]

Cronoamperometric Study

Detailed information about the electrocrystallization process
can be obtained from potentiostatic deposition. Figure 7
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shows a set of current density transients recorded at
different potentials from the Au/0.001 M Cu(NOs), + 0.005
M KHT (pH = 3.5) system. In all cases, the experiments
involved the application of an initial potential of 0.650 V
onto the gold electrode surface. After the application of
this initial potential, a second negative potential step was
applied to the electrode surface for 32 s within the range of
0.20 to —0.160 V every 0.020 V. It was also observed that
the increasing KHT concentration in the plating bath does
not change the overall behavior of the current density
transients, see Figure 8.

All the transients depicted in Figure 7 exhibit an
exponential decay of the current to a constant value. Figure
7a depicts the transients obtained at the range [0.2 to
—0.060] V, while in Figure 7b are the transients obtained at
the range [0.0 to —0.160] V. The first range corresponds to
the zone where it is formed the peak A, while the second
one to the peak B, see Figure 2. Here, it is interesting to
note that the transients depicted in Figure 7, do not show
the formation of a typical current density maximum related
to a nucleation and growth process.!!8191 Probably, it is
caused by the strong adsorption of bitartrate ions onto the
copper electrodeposited, which may favor the formation of
copper layers instead copper clusters onto the gold surface.
However, most experimental work is required to analyze
the morphology and microstructure of these copper
deposits; but that study is beyond of the scope of the
present paper. Note, that the total current density
transient consists of two parts: a capacitive current density,
Jjai (which charges the double layer), and a Faradaic current
density, jr (which corresponds to the rate of metal
deposition).[20] Hélze et al. have proposed that the current
associated with the charge of the double layer is given by
Jjai=kiexp(—kat),12] where k1=k; Qads is the charge density
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Figure 6. Plot of the experimental cathodic peak current density (jp) as a function of scan rate (v/2) for a) peak A and b) peak B,
from the system Au/0.001 M of Cu(NOs); + x M KHT (where x = 0.005, 0.01, and 0.015 M, indicated in the Figure). The straight

line corresponds to the linear fit to the experimental data.
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Figure 7. A set of experimental current density transients
recorded from the Au/0.001 M of Cu(NOs), + 0.005 M KHT
(pH = 3.5) system applying a potential step onto the gold
electrode surface within the range of 0.200 to —0.160 V every
0.020 V for 32 s. a) transients obtained at the range [0.2 to
—0.060] V, b) transients obtained at the range [0.0 to—0.160] V.
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Figure 8. A set of experimental current density transients
recorded from the Au/0.001 M of Cu(NOs); + x M KHT
(where x = 0.005, 0.01, and 0.15 M) system applying a
potential step onto the gold electrode surface of —0.040 V
for 32 s at the different KHT concentration indicated in the
Figure. The inset shows a close up of the full transients
depicted in the figure.

due to the adsorption process, while that, according to the
shape of the transient, jr should be predicted by the
Cottrell’s equation. Therefore, it is proposed that the total
current (j7) of the transient depicted in the Figure, may be
predicted by:

nFCx/B
Jt

where n is the number of electrons transferred, F is the

j'r = jd| + jF = k] exp(szt) + (8)

Faraday constant, C is the copper concentration, and D is
the diffusion coefficient. Figure 9 depicts a non linear fitting
of the experimental transient with one generated employing
the Equation (8), note that there is a favorable comparison
between the experimental and the theoretical transient.
Similar fittings were obtained for the transients recorded at
the different applied potentials and the KHT concentrations
analyzed in the present work.

From these fittings, it was possible to find the
diffusion coefficient values, as 2.3 x 1077 cm? s7! for Cu?*,
while for Cu?*is 2.96 x 106 cm?2 s~1. No significant differences
were obtained when the KHT concentration was increased
to 0.01 M and 0.015 M. When the source of copper was
CuCl, the values of the diffusion coefficient values are
2.78 x 107 cm? s7! for Cu¥*, while for Cu?* is 2.21 x 106 cm?2 s,
In the case where CuSO4%~ was used, the values are 2.26 x 1077
cm? s71 for Cu®*, while for Cu?* is 2.1 x 107° cm? s7L. These
values compare favorably with those found for Cul* during
the copper electrodeposition from aqueous ammoniacal
solutions onto Stainless Steell22 and from nitrate solutions
on glassy carbon electrodes.[?3] In addition, we analyzed
with an optical microscope, the formation of a copper
electrodeposit, when a potential pulse of —0.160 V was
applied to the surface of the gold electrode immersed in a
plating bath containing 0.001 M of Cu(NOs); + 0.005 M KHT.
Figure 10a depicts the gold electrode surface before the
electrodeposition process, while Figure 10b depicts the
gold electrode surface after applying a potential pulse of
—0.160 V during 130 seconds. Moreover, we carried out a
similar experiment from the system Au/0.005 M KHT
(supporting electrolyte) and the image obtained is similar
to Figure 10a, which suggests that the reddish brown color
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Figure 9. Comparison of an experimental current density
transient (coo) recorded during copper electrodeposition
process obtained at 0.060 V onto a polycrystalline gold
electrode from the Au/0.001 M of Cu(NOs); + 0.005 M KHT
at pH = 3.5 system. The inset shows a close up of the full
transient depicted in the figure.
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Figure 10. Optical microscope image at 50 x magnification of
a) a clean gold electrode surface b) a gold surface after
applying a pulse potential of =0.160 V during 132 s.

observed in Figure 10b is related to the copper electro-
deposited. The analysis of the microstructures formed will
be studied in next works.

CONCLUSIONS

The copper electrodeposition process from an aqueous solution
containing 0.001 M of CuX (where X = (NO37),, (CIF),, SO42-
and x M KHT (where x = 0.005 M, 0.01 M, and 0.015 M) was
studied employing voltamperometric and potentiostatic
techniques. The voltamperometric study suggests that the
copper electrodeposition in the present system is a diffusion-
controlled process. The cronoamperometric study indicates
that the electrodeposition process involves a capacitive and a
faradaic contribution. An increment in the KHT concentration
does not modify appreciably the values of the diffusion
coefficient of the copper ions in the plating bath.
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