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The nucleation and growth of  copper f rom sulphate solution have been studied on two substrates, 
glassy carbon and stainless steel. Investigations were performed by linear sweep voltammetry,  
potential and current  step methods.  The results suggest that a copper coating is formed on glassy 
carbon by three-dimensional nucleation and growth of  the crystallites up to coalescence. On steel, 
after the format ion of  crystallites by the same mechanism as above, a second step was observed. 
The oxide layer, which was on the parts of  the substrate not  covered by the first crystallites, was 
reduced, allowing copper to deposit on the renewed surface by a non-nucleated process. This may  
explain the rapid covering of  steel, as compared with the slow covering of  glassy carbon, and the 
different morphology o f  the deposits obtained on the two substrates. 

1. Introduction 

Nucleation and growth in metal deposition depend 
primarily on the nature of the plating bath. The 
presence of free or complex cations, the pH of 
the bath and the hydrodynamic conditions are 
important factors which have been widely studied. 
The substrate, onto which the electrochemical 
reduction is performed, is also a significant para- 
meter, not only because of its chemical nature, but 
also its structural state. The nucleation process is 
closely related to the active sites existing on the sub- 
strate, because with the same bath, and the same 
experimental conditions, different deposits can be 
obtained by using various substrates. Hydrogen 
evolution, either on the substrate or on the first 
crystallites of the deposit, must also be considered. 
Although copper deposits have been widely used to 
form thin and thick coatings [1-6], relatively few 
experiments have been conducted to study the first 
stages of deposition and the role of the chemical 
nature on the morphology of the deposit. 

This paper describes a study of the early stages of 
electrocrystallization from copper sulphate solution 
on two substrates. The selected substrates present 
the necessary qualities to obtain an interesting 
comparison. Vitreous carbon is amorphous, presents 
poor interaction with metallic deposits, and has a 
high overpotential for hydrogen evolution. Stainless 
steel is polycrystalline, presents better interaction 
with metallic deposits, and has a lower overpotential 
for hydrogen evolution. 

2. Experimental details 

A classic three-electrode cell was used. The substrates 
were glassy carbon, referred to as GC (Toka'i, 

cross-section of a 3 mm diameter rod), and stainless 
steel (UR B6 from Creusot-Loire, 8mm diameter 
rod), embedded in resin. After polishing with 
diamond paste, the electrodes were ultrasonically 
cleaned for one minute and then immersed in the 
plating bath without drying. The counter electrode 
was a platinum sheet, and all the potentials are 
referred to a saturated calomel electrode (SCE). 

The sulphate solution, 0.0M copper sulphate 
in 0.5 M sodium sulphate, was prepared with water 
treated by a millipore system. The solution was 
deaerated by bubbling pure argon gas before the 
experiments, and then an argon blanket was 
maintained over the surface. No agitation was 
provided during the experiments, except when 
specified. 

The equipment consisted of a PAR model 273 poten- 
tiostat, using a microcomputer system (IBM-AT), 
capable of both controlling the experiments, and 
collecting and plotting the data. The electrochemical 
methods used were linear sweep voltammetry and 
potential and current step polarisations. The potential 
sweeps of steps started from the rest potential of the 
substrate in the solution considered, going in the 
cathodic direction. 

The surface morphology of the deposits was 
examined using optical and scanning electron micro- 
scopy (SEM). Chemical analysis of the surface was 
performed by energy dispersive spectrometry (EDS). 

3. Results and discussion 

3.1. Linear sweep voltammetry 

Before running the electrocrystallization experi- 
ments, it was necessary to verify that there was no 
electrochemical reaction f rom the substrates in the 
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Fig. 1. Linear sweep voltammogram from copper sulphate solution 
at glassy carbon. Scan rate: 50 mV s -1 . 

supporting electrolyte. Voltammograms for the two 
substrates used, in 0.5M Na2SO4 solution without 
reducible cation, were traced. No electrochemical 
reaction was observed with glassy carbon. Figure 1 
shows the voltammogram for copper electrocrystal- 
lization on GC. The cathodic part of  the curve 
has the characteristic steep increase in current and 
nucleation loop of  metal deposition occurring by 
nucleation. The hydrogen overpotential at GC is 
sufficiently high for copper deposition not to be 
affected. 

The curve for the steel substrate, from a bath 
without copper ion, shown in Fig. 2, has a cathodic 
peak at - 7 9 0 m V  in the cathodic going scan. This 
peak can be attributed to the reduction of an air- 
formed oxide layer, because the return sweep 
shows no peak in this potential range. Figure 2 also 
shows the voltammogram for copper solution on 
steel, and presents two peaks in the cathodic part. 
The first peak, although slightly more cathodic than 
the nucleation peak observed with GC, shows the 
crossover between the cathodic and anodic going 
scans, characteristic of a nucleation process. The 
second peak is more surprising, it appears at the 
same potential as the reduction peak observed on 
steel substrate without copper ion, but is larger. 
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Fig. 2. Linear sweep voltammogram from sulphate solutions at 
stainless steel. Scan rate: 50mVs -1. Key: (...) from sulphate 
solution without copper species; ( ) from copper sulphate 
solution. 
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Fig. 3. Current-time transients for copper deposition on glassy car- 
bon. Curves: (a) -100, (b) -300 and (c) -400mV. 

This peak, therefore, cannot be related only to the 
reduction of the air-formed oxide layer. It is likely 
that the peak corresponds to two simultaneous 
electrochemical reactions. The limiting current after 
the copper crystallization peak is due to the bath 
composition and hydrodynamic conditions; its value 
is identical for the two substrates. 

3.2. Potential  step method 

In a series Of pulse experiments, the potential was 
stepped frOm the rest potential to values determined 
from the c0rresponding voltammograms. Figure 3 
presents a set of  current time transients from copper 
solution o n G C .  They  show an increase in current 
up to a maximum, which is typical for the formation 
of  a deposit by nucleation and growth of  the crystal- 
lites. The decreasing part of  the transient reflects the 
passage to linear mass transfer; the current 
approaches that for linear diffusion. The logarithmic 
plot of  the ascending part of  the transient is linear. 
The slope of  the line indicates that the current is a 
linear function of  t 1/2, which corresponds to an 
instantaneous nucleation and diffusion controlled 
3D growth. The transients in Fig. 3 are for two 
seconds, but the experiments were run for 60 s and 
the stabilized current reached the limiting current. 
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Fig. 4. Current-time transients for copper deposition on steel. 
Curves: (a) -300, (b) -400 and (e) -700mV. 
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Fig. 5. Potential-time transients for copper deposition on 
glassy carbon. (a) 5.2; (b) 7.3; (c) 8.3 and 10.5mA cm -2. 

Figure 4 presents the potential- t ime transients 
from the same solution on steel. They are similar 
to the transients on GC. Comparison between the 
transients at - 400  mV for GC and steel shows that 
the maximum on GC is about two times higher 
than on steel. On steel the current rapidly reaches the 
limiting value. By recording the current for longer 
times, no other electrochemical reaction, which 
might be related to the second cathodic peak in the 
voltammogram of  Fig. 2, was detected. 

3.3. Current  s tep m e t h o d  

In this study, this method was not used to study the 
nucleation process, since this determination is much 
easier by the potential step method. Galvanostatic 
experiments were conducted, for a relatively long 
time, to check the change :of potential with time. 
Figure 5 presents the E / t  transients on GC for four 
current densities varying from 5 . 2 m A c m - 2 ,  which 
is the limiting current, up to 10.5mAcm -2. The 
transient for 10.5mAcm -2 (curve (d)) shows two 
plateaux, the more anodic plateau is due to the 
reduction of  copper cations and lasts 3 s. Curve (c) 
for 8 .3mAcm -2 has the same shape as curve 
(d), but a small inflection occurs between the two 
potential arrests. Curve (b) for 7.3 mA cm -2 shows a 
well formed arrest at about - 1  V. The trace of  
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Fig. 6. Potential-time transients from copper sulphate on steel. (a) 
5.2 and (b) 10.5mAcm -2. 

curve (a) differs from the three others. The potential 
does not reach the potential of  the second plateau at 
- 1 . 7 V  and stabilizes at - 1  V. Figure 5 also shows 
the potential/time transients obtained from sodium 
sulphate solution without copper ion on GC, and on 
GC already coated with electrodeposited copper. On 
the basis of  the last two transients, the potential 
arrest at - 1  V can be related to hydrogen evolution 
on electrodeposited copper, and the more cathodic 
potential plateau to hydrogen evolution at GC. There- 
fore the stabilized potential for curve (a) corresponds 
to hydrogen evolution on copper, indicating good 
covering of  GC by copper. 

Figure 6 presents a series of  potential-time transi- 
ents on steel substrate for 5.2 and 10.5mAcm -2. 
Curve (a) for 5 .2mAcm -2 exhibits three potential 
plateaux (A, B and C). The first plateau lasts about  
10 s and its potential is in the range of  the potential 
of  the first cathodic peak observed in the voltam- 
mogram in Fig. 2. The second plateau (B) lasts longer 
and appears in the same potential range as the second 
cathodic peak in Fig. 2. The potential then stabilizes 
at a potential that may either be the potential of  
hydrogen evolution on copper or that of  hydrogen 
evolution on steel. Figure 6 also shows the potential/ 
time transient obtained on steel in sulphate solution 
without copper ion, and this curve makes it possible 
to choose between the two possibilities. The third 
plateau (C) corresponds, to hydrogen evolution on 
copper rather than on steel; this means tha t  the steel 
substrate is largely covered by  copper, as seen further 
by microscopic examination of  the deposit. Curve (b) 
for 10.5 mA cm -2 exhibits the same type of  transient, 
but the last two plateaux are shorter. The third 
plateau corresponds to hydrogen evolution on steel, 

. . . . . .  therefore the substrate for this current is not 
well covered by copper. 

Whatever the substrates, it is known that copper 
deposition is under mass transfer control, and the 
steep potential drop after the first plateau is 
obviously due to the depletion of  copper from 
the diffusion layer. The product i x r 1/2 ( r  is the tran- 
sient time of  the galvanostatic response) is constant as 
expected for a mass transfer control. The charges 
under the first plateau and the i x r 1/2 values 
obtained on GC are reported in Table 1. For  
10.5 mA cm -2, the charge was about 30 mC; assum- 
ing that a copper monolayer needs about 500#C, 
this corresponds to about 60 monolayers. Neverthe- 
less, as shown by the steep drop of the potential 
towards hydrogen evolution on GC, the substrate is 
not totally covered by copper. For  the polarization 

Table 1. Relation between current densities and charges for GC 

i/mA cm -2 r/s i7 -1/2 Q/mC 

5.2 16 20.8 83.2 
7.3 8 20.6 58.4 
8.3 5 18.6 41.5 

10.5 3 18.2 31.5 
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Table 2. Relation between current densities and charges for steel 

First plateau Second plateau 

i / m A  cm -2 7-/s i~ -1/2  Q/mC r/s i7 "1/2 Q/mC 

5.2 11 17.2 57.2 45 34.9 234.0 
10.5 3 18.2 31.5 9 31.5 94.5 

times used, the covering of GC by copper was 
achieved only for 5 .2mAcm -2. On steel, the first 
plateau also reflects mass transfer control (i x T 1/2 is 
constant), and more surprising, the second plateau is 
also mass transfer controlled. The corresponding 
charges are reported in Table 2. 

Figure 7 shows the potential- t ime response on steel 
for 5 .2mAcm -2 recorded for 120s (curve (a)). The 
curve for the same current density, run with stirring 
of the solution from the beginning of  the second 
plateau, is also presented (curve (b)). The plateau 
continues for a longer time, which is typical for a 
deposition under mass transfer control, and this 
plateau therefore cannot be related only to the reduc- 
tion of  the air formed oxide layer on steel. Curve (a), 
for 5.2 mA cm -2 without stirring, shows an increase in 
potential from the third plateau as an attempt to reach 
the second plateau again, followed by a decrease back 
to the third plateau. All these results confirm that the 
first two plateaux are under mass transfer control. 

On steel, after nucleation similar to the nucleation 
of  copper on GC, another process appears. The 
voltammogram response shows a second peak, whose 
potential is identical with the reduction peak of the 
oxide layer on steel. This peak may be related to 
both oxide reduction and copper deposition. The 
current peak in the current- t ime transient was fol- 
lowed by a monotonic decrease in current up to the 
limiting current, which was recorded for 60 s to check 
its stability. No increase in current was observed, 
indicating that the second cathodic peak in the 
voltammogram does not correspond to a nucleation 
process, and that it may be related to deposition 
occurring by a non-nucleated process. In this case 
there would have to be some active sites on which 
copper could deposit. It has been shown [7] that silver 
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Fig. 7. Potential-time transient from copper sulphate on steel for 
120s for 5.2mAcm -2. (a) Without stirring the solution. (b) By 
stirring the solution from the beginning of the second plateau. 

Fig. 8. Micrograph A, for copper crystallization on steel for 7 s at 
5.2 mA cm -2" 

is deposited on platinum by non-nucleated electrode- 
position on clean platinum and by nucleated electro- 
deposition on platinum covered by an oxide layer. 
The second potential plateau in the potential- t ime 
transients was diffusion controlled; therefore it 
cannot be related only to the reduction of an oxide 
layer. It thus corresponds to two simultaneous 
electrochemical reactions. It is likely that the 
reduction of  the oxides was achieved during the first 
seconds. This lapse of  time allowed the copper 
cations to renew the diffusion layer and allow further 
deposition, which explains why the plateau was longer 
when the solution was stirred. 

These results suggest that on steel, after a first 
nucleation process on the air-formed oxide layer, 
one part of  the applied current was used to reduce 
the air-formed oxide. Copper then deposited on 
the new sites formed on the substrate. These new 
sites allowed copper to be deposited without 

Fig. 9. Micrograph B, for copper crystallization on steel for 30 s at 
5.2mAcm -2. 
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formed at the potential of the second plateau B 
(Fig. 6). Micrograph C (Fig. 10) corresponds to a site 
where few large crystallites exist. It shows that the 
large crystallites are of the same size, and illustrates 
their alignment. Between the lines the substrate was 
covered by numerous smaller crystallites formed 
during the time corresponding to the second plateau. 
It is worth noting that the first crystallites did not 
grow further during the second potential plateau. 
Some parts of the substrate show still smaller crystal- 
lites, indicated by an arrow in Fig. 10. The X-ray 
image of this region detected iron, nickel and 
chromium, and therefore these crystallites resulted 
from the reduction of the oxides formed on the steel. 
For the other crystallites only copper was detected. 

Fig. 10. Micrograph C, for copper crystallization on steel for 60s at 
5.2mAcm -2 

nucleation. The substrate would then not be covered 
by coalescence of the first formed crystallites, as on 
GC substrate, but rather by non-nucleated electrode- 
position on the part of the substrate left free by the 
first nucleated crystallites. 

3.4. Scanning electron microscopy 

A morphological study of the deposit by SEM 
was conducted to assess the validity of the electro- 
chemical results. A deposit formed on GC with a 
5 mA cm -2 current pulse for 7 s shows regular distri- 
bution of fern-shaped crystallites of similar size, 
which confirms the i-t 1/2 law determined from the 
i / t  transients. For longer polarization time, the 
crystallites grew without forming new crystallites, 
which indicates instantaneous nucleation [3]. 
Deposits were formed on steel by pulsing at 
5 mA cm -2 for times corresponding to arrows A, B 
and C in Fig. 6. For 7 s (Fig. 8) the deposit consists 
of spherical crystallites of similar size and a few 
smaller crystallites. Although the steel substrate was 
carefully polished with diamond powder to a mirror 
finish, the crystallites are more or less aligned in the 
same direction as the polishing lines, which may 
correspond to different oxidation states caused by 
the polishing process. Micrograph B (Fig. 9) presents 
both the same type of  large crystallites (about twice 
the size of the crystallites in Fig. 8) and numerous 
smaller crystallites. The nucleus density of the large 
crystallites did not change, indicating that no new 
crystallites were formed from A and B potentials, 
and that the numerous smaller crystaUites were 

4. Conclusion 

The initial stages of copper electrocrystallization are 
closely related to the substrate used. On glassy 
carbon, instantaneous three-dimensional nucleation 
and growth mechanism is observed. The crystallites 
formed during the first seconds grow without further 
nucleation; the substrate is covered by bridging of 
the growing crystallites. On steel, complete coverage 
of the substrate occurs in two stages. The first 
stage is the formation of copper crystallites by a 3D 
nucleation process on the air formed oxide layer. As 
the kinetics are mass transfer controlled, one part of 
the applied current is soon used to reduce this oxide 
layer, with formation of new sites for the deposition 
of copper by a non-nucleated process. This dual 
mechanism can be seen in the micrographs as two 
types of crystallites. Thick films are nodular on GC, 
and smooth with some nodular patches on steel. The 
galvanostatic method constitutes an interesting tool 
to determine the part of the substrate covered by 
the metallic deposit at the start of the deposition 
process. 
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