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Abstract--The electrochemical behaviour of copper electrodes in NaOH solutions with the addition of 
Na,S was studied through the analysis of current transients under constant potential and complementary 
voltammetric and scanning electron microscopy data including energy dispersive X-ray analysis. 

The overall process can be described by the following three stages. The First stage corresponds to the 
nucleation and growth of a complex copper sulphide layer at potential values close to the equilibrium 
potentials of the Cu/Cu2S and Cu/CuS reversible electrodes. The second stage is related to the rupture of the 
copper sulphide film at potentials more positive than a certain critical value leading to pitting corrosion of 
copper metal and yielding a poorly protective copper sulphide layer. The third stage occurs in the copper 
oxide electroformation range, where the presence of copper sulphide accelerates the electrodissolution of the 
base metal and copper oxide hinders the sulphidization processes. The current transients of each stage are 
interpreted through a model based on the nucleation and growth mechanism. 

INTRODUCTION 

The electrochemical behaviour of copper in solutions 
containing sulphide ions is very complex as it involves 
different processes depending on the potential range 
considered[l]. Thus, at potentials slightly exceeding 
that of the reversible Cu/Cu,S electrode the spon- 
taneous formation of copper sulphide layer takes 
place, through a reaction which is very similar to that 
for the chemical sulphidization ofcopper[2], so that to 
prevent the latter reaction copper must be protected 
cathodically. The copper sulphide layer exhibits a 
composite structure where the inner layer consists of a 
non-stoichiometric compound approaching Cu,S 
structure and the outer layer, formed under certain 
circumstances, consists of CuS[3]. When the potential 
applied to a polycrystallihe copper electrode in 1 M 
NaHCOJ + 0.01 M NatS exceeds - 0.85 V (see) the 
localized corrosion of copper promoted by the pre- 
sence of sulphide is noticed[ 11. In this potential range 
large amounts of a poorly adherent crystalline copper 
sulphide layer results after a prolonged anodizing of 
copper. When copper is anodized in the potential range 
where the copper oxide layer is formed the localized 
corrosion of copper is considerably enhanced, and in 
this case the sulphidization of copper is greatly in- 
hibited. Furthermore, the presence of copper sulphide 
delays the formation of the copper oxide layer in the 
alkaline solution containing sodium sulphide. 

This work shows that the complex kinetics of 
polycrystalline copper electrodes in alkaline solutions 
containing sodium sulphide can be related to the 
nucleation and growth of different phases at least in 
three distinguishable ranges of potentials. In this 
respect the study is mainly based on the analysis of 
potentiostatic current transients complemented with 
voltammetry and scanning electron microscopy. 

EXPERIMENTAL 

A single compartment glass made electrolytic cell 
containing 200 ml of solution was used. The working 
electrode &as made from a copper rod (99.98) includi 
in Araldite, exposing a flat surface of 0.077cm2 
geometric area. The metal surface was firstly mechani- 
cally polished with fme grained emery paper, then 
successively polished with 1 and 0.3 pm alumina paste 
and later, it was rinsed with acetone and twice distilled 
water. The counter-electrode was a large area platinum 
plate. The potential of the working electrode was 
referred to a see. The latter was connected through a 
Luggin-Haber capillary tip and a second salt bridge 
filled with saturated KNO, to avoid chloride diffusion 
into the cell (Radiometer K-701). 

The sulphide containing alkaline solutions (0.01 M 
5 CNaOH S 0.1 M; 0.001 M 5 cNasS 5 0.01 M) were 
prepared with twice distilled water previously purged 
with nitrogen during 3 h and A.R. chemicals (NaOH, 
Na2S.9H20). The solutions were deaerated by ni- 
trogen bubbling during 3 h prior to the experiments. 

The electrode was immersed in the solutions con- 
taining sulphides with the potentiostat already turned 
on at the preset potential (E,) to avoid spontaneous 
formation of copper sulphides at open circuit. This 
procedure was repeated for each measurement and was 
found to yield reproducible results[4]. 

A LYP M5 potentiostat together with a LYP GE- 
M4 function generator and a Houston ommigraphic 
2000 recorder were used to perform the experiments. 

Current transients were also made with copper 
electrodes anodically polarized firstly in the base 
solution and immediately afterwards, in the base 
solution containing sodium sulphide. Runs were made 
at 25°C. SEM patterns were pictured from a Philips 
500 equipment including the EDAX system. 
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RESULTS 

Volrammerric data 

Voltammograms of copper electrodes in 0.1 M 
NaOH containing 0.01 M Na,S in the - 1.00 to 
- 0.30 V potential range at 0.02 V min - 1 (Fig. 1) show 
at least three regions. The first region involves an 
anodic peak (peak I) located at -0.94 V which is 
related to the formation of a black anodic film on the 
electrode. The second region corresponds to the 
anodic hump (peak II) appearing at the positive side of 
peak I. When the current reaches the minimum value at 
- 0.74 V, a black thick adherent salt layer covers the 
metal surface. At potentials more positive than 
- 0.74 V (Eb) a remarkable increase in current and 
strong current oscillations are observed. In this case, 
SEM pictures show that the surface of the electrode is 
already covered by a layer consisting of a poorly 
adherent black film. The anodized electrode surface 
after polishing with alumina paste of 0.3 _um exhibits 
pitting corrosion. Finally, the third region located at 
potentials greater than - 0.50 V, corresponds to the 
copper oxide electroformation (peak III). 

The voltammograms depend considerably on the 
sodium sulphide concentration (Fig. I). The increase of 
the latter results in the increase of heights of peaks I 
and II and their corresponding peak potentials (E, and 
E,,)as well as Eb shift towards more negative values. Eb 
is related to the breakdown of the anodic film and 
becomes more negative as the sodium sulphide concen- 
tration increases. The Eb us log cNals linear plot has a 
slope close to 0.06 V/decade. 

To establish the potential range of copper oxide 
formation in the absence of sulphide ions cyclic 
voltammograms were run in 0.01 M NaOH (Fig. 2). In 
the positive potential going scan, two peaks one at 

-10 -08 -06 -0L 
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- 0.30 V (peak I’) and another at - 0.20 V (peak II’) 
were observed. These peaks correspond to the elec- 
troformation of different copper oxides. During the 
negative potential going scan, these oxides are elec- 
troreduced at - 0.30 V (peak III’) and - 0.68 V (peak 
IV’), respectively. 

Current transienrs under a consranr porenrial step 

Current transients recorded in 0.1 M NaOH 
+O.Ol M NazS by stepping E, in the - I.00 to 
- 0.98 V range show a rapid initial increase in current, 
to attain later practically a constant value. Otherwise, 
thecurrent transients run at - 0.97 V < E, g - 0.90 V 
show initially a continuous current decrease followed 
by a current increase up to a maximum (jM), and 
finally, a smooth and net decay attaining the stationary 
current value at E, (Fig. 3). As E, increases j, increases 
and the time (tM) to reach j, decreases. However, 
when E, > -0.90 V, the current at r P tM either 
decreases slowly or remains practically constant. 

The potentiostatic current transients confirm that 
various electrochemical processes take place at E, > 
- 0.90 V. One of them concerns the breakdown of the 
copper sulphide layer which is related to the rapid 
increase in current observed at E, > E, in the voltam- 
mograms. Under potentiostatic conditions, the break- 
down of the copper sulphide film also occurs at 
potentials lower than E,. The more negative E,, the 
greater will be the breakdown time. In this case, two 
different regions can be distinguished in the current 
transients (Fig. 4). In region A the current is similar to 
that already seen in Fig. 3 at low E,, and after the 
corrosion products are removed no pitting of copper is 
detected. In region B, the current transient cor- 
responds to both the breakdown of the adherent 
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Fig. 1. (E/i) voltammograms of polycrystalline copper in 0.1 M NaOH +xM NazS (0.005 M 5 
x S 0.03 M) run at 0.02 Vmin- ‘, 25°C. 
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sulphide film and the formation of a poorly protective 
copper sulphide with the simultaneous occurrenoz of 
small pits. Region B tends to overlap region A as the 
potential applied to the electrode is more positive. 
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Fig. 2. Typical cyclic voltammogram of polycrystalline 
copper in Cl.01 M NaOH at 0.01 V s-l, 25°C. The electrode 
was maintained during 90 s at - 1 .lO V before the voltam- 

mogmm was recorded. 
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Fig. 3. Current transients of polycrystalline copper recorded 
at constant potential in 0.1 M NaOH +O.Ol M Na2S, 25°C. 
The transients were recorded immediately after immersion 
with the electrode already polarized at the preset potential. 
The symbols correspond to the experimental data and the 
dashed lines were computed from Equations (2), (3) and (4). 
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Fig. 4. Current transients of polycrystalline copper in 0.1 M 
NaOH +O.Ol M Na2S, 25°C. Experimental conditions as 

Fig. 3. 

Current transients under a constant potential step with 
copper electrodes preanodized in 0.01 M NaOH 

Current transient were firstly recorded in 
0.01 M NaOH. In this case the copper electrode was 
stepped from - 1.10 V to an E, value in the -0.60 V 
c E, -C 0.00 V range. The corresponding potentio- 
static current transients exhibit a continuous decrease 
for E, < O&V. At ES z- - 0.40 V, a hump related to 
the copper oxides electroformation is detected. 
Experiments were made with copper electrodes pre- 
viously anodized during 400 s at E, in the -0.60 V 
-C ES < 0.00 V range in 0.01 M NaOH. Immediately 
after sulphide was added (t = 0) to the 0.01 M NaOH 
to reach a preset bulk sodium sulphide concentration 
in 0.001 M to 0.01 M range. The corresponding cur- 
rent transient at ES = - 0.60 V results in an instan- 
taneous and remarkable current increase followed by a 
current decrease to a minimum (Fig. 5). At this point, 
the electrode surface becomes covered by a black film. 
Further on, the current rises to reach a maximum and 
finally, decreases slowly to attain a stationary value at 
E,. This current transient is accompanied by the 
random rupture of the film in several regions and its 
detachment from the metal surface into the cell. The 
current transient at E, = - 0.40 V results in a current 
behaviour similar to that described at E, = -0.60 V, 
although the current related to the breakdown of the 
film decreases. When the preanodizing of the copper 
electrode is made at either - 0.10 or 0.00 V, the sodium 
sulphide addition results in the partial coverage of the 
electrode surface with a black film. As E, becomes 
more positive, larger times and small currents related 
to the film breakdown are observed. At constant E,, the 
latter increases with the concentration of sodium 
sulphide. 
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Fig. 5. Current flow at polycrystalline copper at different Es 
recorded after sodium sulphide addition to 0.01 M NaOH. 
The electrode was previously anodized at E. during 400 s 
before the addition of sodium sulphide to the base (c~~,s 
= 0.01 M). The arrow indicates the sulphide addition (I = 0). 
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When the copper electrode is anodized at -0.80 V 
in 0.01 M NaOH + 0.01 M Na, S to form the copper 
sulphide film and afterwards it is stepped to Es 
( - 0.70 V < E, < - 0.35 V), the current transient 
shows a sharp decrease to approach a constant value. 
The latter increases slightly as the applied potential 
becomes more positive. At potentials close to current 
peak II’, the electroformation of copper oxide takes 
place. 

EDAX data 

The EDAX analysis of the film formed after anodiz- 
ing the copper electrode at - 0.90 V during 10 min in 
0.3 M NaOH + 0.01 M Na2S shows the presence of 
the copper and sulphur signals. Quantitative analysis 
of the film favours the cuprous sulphide stoichiometry. 

DISCUSSION 

The voltammetric results of copper in base solutions 
containing sodium sulphide show a multiplicity of 
anodic and cathodic current peaks related to already 
well established electrochemical reactions[l]. This 
allows a reasonable interpretation of the current 
transients run under a constant potential step and the 
evaluation of the various contributions participating in 
the copper anodization in alkaline sulphide solution. 
When the positive potential going scan starts from a 
potential sufficiently low to prevent copper sulphidiz- 
ation, the first process corresponds to the formation of 
an initial thin Cu2S layer which probably comprises at 
the very early stage a non-stoichiometry such as 
Cu, .8 S[S, 61. The cuprous sulphide formation is as- 
signed to the decreasing portion of the current tran- 
sients recorded in the potential range of peaks I and II 
(Fig. I). The influence of the double layer charge in the 
current transients appears at times shorter than those 
recorded. The current maximum suggests that nucle- 
ation and growth process is involved in the current 
transient behaviour. The corresponding process is the 
formation of another copper sulphide layer on the 
initial cuprous sulphide leading to a thick and adherent 
complex copper sulphide film. As the current maxi- 
mum is detected at potentials close to the equilibrium 
potential of the Cu/CuS reversible electrode[7], it is 
reasonable to assume that the film resulting from the 
nucleation and growth mechanism is mainly cupric 
sulphide. This reaction probably occurs at the pores of 
the CuZS layer[7] and it results in certain degree of 
passivation. The rupture of this layer yields a poorly 
adherent CuS layer and pitting corrosion of the base 
metal. These two processes depend on the concen- 
tration of the sodium sulphide, the potential applied to 
the electrode and the anodizing time. Finally, in the 
presence of sodium sulphide the electroformation of 
hopper oxide (peak III) is delayed, and simultaneously 
the electrodissolution ofcopper is strongly accelerated, 
although the presence of copper oxide on the metal 
surface hinders the sulphidization process. Obviously, 
in the presence of sodium sulphide no soluble copper 
ion species usually found in the electrooxidation of 
copper in base[8] can be detected. 

The instantaneous averageanodiccurrent (jr) can be 
taken as the sum of three partial currents, namely that 

of the formation of the Cu2S layer (j,), the CuS layer 
(j,,) and the corrosion of the base metal (j,). Thus, 

.i, = _& +j,, +j,. (I) 

The growth of the initial layer occurs at potentials 
only slightly more positive than the reversible potential 
of the Cu/Cu,S electrode and from voltammetry it 
appears as a diffusion controlled electrochemical reac- 
tion[l] involving the formation of a new phase on the 
electrode surface. The current transient can be inter- 
preted in terms of an instantaneous nucleation and 
circular bidimensional growth under diffusion con- 
trol[9]_ The instantaneous value of j, is given by an 
expression of the form 

jr = P, exp(-PP,f), (2) 

where P, = qmon nk,DN, and P, = nk,DN,. D is the 
diffusion coefficient of the reacting species, qmon is the 
charge density required for the full coverage of the 
metal surface with a cuprous sulphide layer of constant 
thickness, k, is a proportionatity constant and N, is the 
number of sites for nucleation available at the metal 
surface. 

On the other hand, the formation of the cupric 
sulphide layer implies a relatively large charge, depend- 
ing on the time the potential is held in this range. This 
fact together with the diffusional characteristics of the 
corresponding voltammetric peak[l] indicate that the 
current transient under a constant potential step is 
probably determined by the rate of progressive nucle- 
ation and tridimensional growth under diffusion con- 
trol[4, lo]. In this case, the corresponding instan- 
taneous rate equation becomes 

j~,=~[(l-eX~[-~~t~-l/P~)21~ (3) 

where P3 = zFD”~c,/~‘/~, P4 = nN,aK:D and l/P, 
= ti. c0 is theconcentration of the diffusing species, Kb 
is a proportionality constant, (EN,) is the nucleation 
rate-and fi is the induction time. 

Finally, the corrosion of the base metal (j,) can be 
associatdd with the formation of a poorly protective 
copper sulphide layer during the pitting corrosion of 
copper. As already established, for this type of process 
at other corroding metals[ 1 l-l 31 the corresponding 
rate equation is tentatively related to an instantaneous 
nucleation and conical growth under charge transfer 
control[14]. The instantaneous current for such a 
process is given by the equation: 

j, = P,[l -exp(-Pp,t2)], (4) 

where P6 = sFk\, and P, = M2k:,nN,/pZ, where k,, 
and k$, are the formal rate constants for the layer 
growth in the directions parallel and perpendicular to 
the metal plane respectively, M is the molecular weight 
and p is the salt density. 

At short anodization times and low E, values 
( - 0.96 V 5 E, S - 0.90 V), the contribution ofj, can 
be neglected. In this case, lhe overall current transient 
becomes the sum of only two contributions, namely: 

j, = i, +jrl. (5) 
In this case, the current transients can be simulated 

with Equations (2) and (3) (Fig. 3) by using the 
parameters assembled in Table I. 

The ratio P,/P2 is equal to the charge required to 
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Table 1. Kinetic parameters used in simulation of current transients obtained at -0.96 V 
d E, 4 0.90 

E/(V) P,/(mA cm- 2, PJ(min) S/(mA min”‘cm~*) P,/(min-‘) Ps/(min) 

- 0.96 0.832 1.70 0.538 1.32 10.4 
- 0.946 1.24 4.36 0.763 4.96 17.0 
- 0.93 2.17 5.78 0.898 7.64 16.0 
- 0.90 3.18 8.29 1.21 10.0 15.5 

form a complete layer of cuprous sulphide on the 
electrode. Therefore, the average layer thickness can be 
estimated from the following relationship: 

h=-$$. 

Taking for cuprous sulphide p = 5.6 gcmm3, M 
= 159.2 g mol- 1 and z = 2, the estimated value of h is 
between 0.025 and 0.05 pm. This figure suggests that a 
tridimensional rather than a bidimensional cuprous 
sulphide layer is formed. 

On the other hand, the kinetics of the formation of 
the cupric sulphide adherent layer becomes controlled 
by sulphide ion diffusion from the solution[l], the 
present approach offers the possibility of evaluating 
the diffusion coefficient of sulphide ion from the value 
of P, by using the following relationship: 

D = (P3n”2/zF~‘o)2, (7) 

where c$ = c$ exp (zF4/RT), c$ and ct are the concen- 
trations of the reacting species at the electrode surface 
and in the bulk of the solution, respectively, when the 
potential 4 is applied to the electrode. It should be 
noticed that PJ exhibits a slight dependence on the 
applied potential through the &, value. If the latter 
correction is taken into account, then the value of D 
resulting from ct = lo-’ molcm-’ and z = 2, is D 
= 1.3 x 10~5cm~s~1. 

An estimation of the nucleation rate (aNo) can also 
be made from the values of P4 and D, according to the 
relationship: 

(aN,) = 3P,p”Z/[4(8nc, M) l/20]. (8) 

On the assumption that the anodic layer consists 
mainly of cupric sulphide, for c!$ = lo- 5 mol cm- 3, 
p = 4.76 gem-’ and M = 95.63 gmol-‘, values of 
(nNo) at different potentials are obtained (Table 2). In 

Table 2 

WV) crN, (s crn2) 

- 0.96 298 
- 0.946 1120 
- 0.93 1725 
- 0.90 2249 

the potential range of the electroformation of the 
adherent cupric sulphide layer, the nucleation rate 
changes with potential according to the following 
relationship (Fig. 6): 

aN, = K, exp [ - K,/(E, - Em)]. (9) 

This equation is already well established for the 
overpotential dependence of nucleation rate[l5]. 
From the slope of the In (alv,) us 1 /(E - E.) linear plot 
(Fig. 6) Kz is obtained and from K, the number of 
atoms in the critical nuclei (g*) can be estimated. 
Consistent values of g* result only at low potential 
values, that is in the potential range where the inter- 
ference of pitting is negligible. When the applied 
potential increases due to the increasing contribution 
ofpitting the number of sites available for the adherent 
cupric sulphide nucleation should decrease. This 
change is probably balanced by the increases of o( with 
the applied potential, so that the UN, value increases 
only slightly with the applied potential and, cor- 
respondingly, low K, values are observed. 

At E, > - 0.90 V, the nucleation and growth of the 
copper sulphide complex layer and the rupture of the 
layer occur simultaneously. Consequently, the contri- 
bution ofj, must beconsidered. In this case, the current 
transients can be reproduced by means of Equations 
(2), (3) and (4) (Fig. 3). The simulation parameters are 
assembled in Table 3. 

The various current contributions entering in 
these current transients are depicted in Fig. 7. As 

7801 \ 1 

” j ,:‘.-.-_ 
0 20 LO 60 80 100 

AE-?.‘V -’ 

Fig. 6. Dependence of In (a/w’,) on I/(&-E,). E, = 
- 0.97 v. 

Table 3. Kinetic parameters used in simulation of current transients obtained at E, L-- - 0.90 V 

E/(V) P, /(mA cm- ‘) P, /(mW P,/(mA min”‘cm-‘) PJ(min’) P~l(min) P,/(mAcn-*) P,/(min2) 

- 0.8R 3.28 7.22 1.29 8.73 15.5 0.0168 2.59 
- 0.80 3.14 7.25 0.997 13.2 16.7 0.570 4.01 
-070 3.60 a.47 0.248 11.2 19.7 1.37 12.4 
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Fig. 7. Current transients ofpolycrystalline copper recorded at E, = - 0.85 V and E, = - 0.70 Vcalculated 
with Equations (2). (3) and (4). The symbols correspond to the experimental data and the dashed lines are 

computed as the sum of three contrrbutions. Experimental conditions as Fig. 3. 

E, increases j,, decreases, and (j=) pitting corrosion of 
the base metal is enhanced. Both P6 and P, show a 
marked dependence on the applied potential. The 
decrease in the amount ofj,, during pitting explains the 
EDAX results showing mainly that a cuprous sulphide 
layer appears on the metal surface due to the poorly 
adherent characteristics of the cupric sulphide films 
formed during pitting. 

The complex nature of processes discussed in the 
present paper indicates that one should be critical on 
the relevance of the conclusions derived from the 
different adjusting parameters used in the reaction 
model. Nevertheless, at potentials where the contri- 
butions of each process becomes independent of the 
others, the magnitudes derived from the fitting para- 
meters are coherent and physically meaningful. 
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