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Abstract

The anodic behaviour of copper in aqueous 0.5 M sulphuric acid containing different amounts of dissolved thiourea or
formamidine disulphide was investigated at 298 K, combining data from electrochemical polarisation, chemical analysis, UV -vis
spectroscopy, XPS and EDAX analysis, and structural information on copper—thiourea complexes. The main reactions depend
on the applied potential and initial thiourea concentration. In the potential range —0.30 < E<0.075 V (versus SCE), the
electro-oxidation of thiourea to formamidine disulphide, the formation of Cu(I)—thiourea soluble complexes, and Cu(I)—thiourea
complex polymer-like films, are the most relevant processes. The formation of this film depends on certain critical thiourea/copper
ion molar concentration ratios at the reaction interface. At low positive potentials, the former reaction is under intermediate
kinetic control, with the diffusion of thiourea from the solution playing a key role. For £>0.075 V, soluble Cu(Il) ions in the
solution are formed and the anodic film is gradually changed to another one consisting of copper sulphide and residual copper.
The new film assists the localised electrodissolution of copper. A complex reaction pathway for copper anodisation in these media
for the low and high potential range is advanced. © 2001 Elsevier Science B.V. All rights reserved.
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is generally held that TU inhibits corrosion by blocking
surface sites through adsorption. The initial increase in
inhibition efficiency is suggested to be due to increased

1. Introduction

In spite of a continued interest in thiourea (TU) as a

corrosion inhibitor of metals in acid media [1-9], the
mechanism of inhibitions is still controversial. It is
generally agreed that the extent of corrosion inhibition
by TU increases with its concentration (¢py) up to a
certain critical value beyond which the inhibition effect
decreases. However, values of the TU critical concen-
tration (cry,) reported in the literature vary widely. It
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surface coverage by a molecular form of TU [3]. The
reason for the decrease in inhibition efficiency above
crue 1s still a matter of discussion. Accordingly, with
increasing concentration of TU in the bulk solution, the
interfacial concentration of protonated TU increases
and leads to a decrease in inhibition efficiency. It has
already been proposed [4] that protonation of TU
seems to be the reason for the decrease in efficiency.

Thiourea can slowly reduce Cu(Il) ions to form
[Cw(TU),]" (n=1,2,3,4) complex species of known
stability [10—12], and formamidine disulphide (FDS). A
previous study [13] concluded that Cu(I) forms a solu-
ble stable ionic complex with excess of TU, described as
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[Cu(TU)]*, which is characterised by an absorption
band at 240 nm [11]. The redox couple TU/FDS
formed in the presence of Cu(Il) ions exhibits a coher-
ent polarographic anodic—cathodic wave near 0.242 V
(SCE) [14].

For ¢y <1 mM, weak copper—TU interactions are
dominant, whereas for ¢y, > 1 mM strong effects are
observed, leading most likely to 1:1 complexes when
there is a considerable excess of Cu(Il) ions with respect
to TU [15]. It has been reported that, seemingly, at low
¢y, the complex formed would be CuSCNH,(=NH)
and, at high c¢qy, [Cu(TU)] [15].

Thiourea undergoes condensation to polythiourets,
as concluded from the linear increase in polymer con-
centration with time and the reversibility of polymerisa-
tion [16]. The insoluble product formed from the
chemical reaction of Cu(I) and TU has been described
as a salt of a [Cu,TU,J** complex cation, with x < y.
These salts are known to occur for anions such as
ClO; [17], NO5 [18], ClI~ [19] and either HSO, or
SO, 2 [20].

Recently [21], complex salts of Cu(I)-TU such as
[Cu(TU)s** (complex TI), [Cuy(TU),J** (complex II)
and [Cuy(TU)¢?* (complex III) have been crystallised
from aqueous solutions. The structure and composition
of these sulphate salts were determined by X-ray dif-
fractometry [21]. These salts were obtained from either
the anodisation of copper in TU-containing 0.5 M
sulphuric acid solutions or simply by mixing different
amounts of dissolved TU and aqueous acid copper
sulphate. It appears that the formation of Cu(I)-TU
complex structures was determined mainly by the ionic
copper molar ration at the reaction interface. Com-
plexes I and III are soluble and easy to recrystallise
from solutions having a Cu(I):TU molar ratio lower
than 4:7. Insoluble complex II is formed as a polymer-
like solid for a Cu(Il):TU molar ratio close to 4:7.
Evidence of the formation of a copper—TU-sulphate
complex film in the potential range related to copper
electrodissolution has been gathered from electrochemi-
cal experiments using a quartz crystal microbalance
[22].

In this paper we describe the complexity of the
anodic electro-oxidation of copper in both TU- and
FDS-containing aqueous sulphuric acid solutions at
298 K by combining electrochemical experiments, UV —
vis spectroscopy, and chemical, XPS and EDAX analy-
sis. At low potentials (—0.30<E<0.07 V) and
cru < crue & 2.5 mM, the electro-oxidation of TU to
FDS and the copper electrodissolution as Cu(l), are the
most relevant processes yielding soluble ionic complex
species. The same products are formed from the elec-
trodissolution of copper in FDS-containing solutions.
These reactions take place on a copper surface mostly
covered by TU. For c¢py> cry., a passivating film
consisting of an insoluble Cu(I)-TU complex is

formed. The faradaic yield and nature of both the
soluble products and the insoluble passivating film de-
pend on the applied potential and TU:ionic copper
molar concentration ratio at the reaction interface. At
high potentials (> 0.07 V), when the passivity break-
down potential is exceeded, the electrodissolution of
copper as Cu(Il) occurs. This reaction takes place in the
presence of a heterogeneous film resulting from the
electrochemical oxidation of TU and FDS-derivatives
anodically produced at the copper electrode. The reac-
tion pathway of copper electrodissolution in TU-con-
taining aqueous sulphuric acid, in both the low and the
high potential range, is discussed combining experimen-
tal data and structural information on copper—TU
complexes that have been produced both from a chem-
ical reaction in solution, and copper anodisation in
aqueous TU + copper-containing sulphuric acid [21,23].
The kinetics of anodic film growth followed by SEM
and in situ transversal imaging observations are pre-
sented in Part II [24]. The two parts of the paper are
closely intertwined. They provide a unifying overview
of the complex copper—TU and copper—FDS systems
taking into account the chemical and electrochemical
aspects of these systems. A number of conclusions
derived from data resulting from different techniques,
as well as proposals that may stimulate new research in
the field, are presented.

2. Experimental

Polarisation measurements were carried out in a con-
ventional three-clectrode glass cell. A platinum sheet
and a saturated calomel electrode (SCE) were used as
counter and reference electrodes, respectively. Working
electrodes were made from electrorefined copper wire
(diameter 0.5 mm and exposed length 13 mm). Each
working electrode was electropolished in concentrated
phosphoric acid prior to starting the polarisation runs
[25]. For comparison, a couple of experiments were also
run using a working electrode consisting of a platinum
strip of the same dimensions as that of the copper
working electrode. Ohmic drop correction to the work-
ing electrode potential was negligible, i.e. E>~n, + 4
where 7, and 74 denote the activation and mass trans-
port overpotentials, respectively.

A series of TU-containing aqueous sulphuric acid
solutions were used. They were prepared by adding TU
(Fluka, puriss. p.a.) in concentrations ranging from 0 to
15 mM to the base electrolyte of 0.5 M sulphuric acid
(Merck, p.a. and Milli-Q* water). Solutions containing
0.5 mM FDS (ICN, 97%) in the base electrolyte were
also utilised. Before each measurement, solutions were
deaerated by bubbling nitrogen for about 20 min.

Thallium underpotential deposition (upd) from 0.1
mM thallium sulphate (Merck p.a.) + 0.5 M sulphuric
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acid, as a test reaction to study the adsorption of TU
on copper at low potentials was also performed.

The electrochemical instrumentation consisted of a
PAR model 362 scanning potentiostat coupled to a
Houston Omnigraphic recorder. The polarisation
curves were recorded at a scan rate of 0.005 V s—! to

Fig. 1. Copper anode polarisation curves run in ¢y +0.5 M sul-
phuric acid (0 < ¢py < 15 mM) at v=0.005 V s~ '. (a) Full curves.
(b) Magnified plot of the region of the polarisation curves where
inflections are observed. Anode apparent area = 0.2 cm?. Tempera-
ture: 298 K.

0.124

0.104 0.055 V decade”

0.08
>
Z
L

0.06 - B

0.030 V decade
0.04 1 E OmMtu
® 15mMiu
0.02 . -
0.1 1
j/ mA cm?®

Fig. 2. Tafel plots for the electrodissolution of a copper electrode in
0.5 M sulphuric acid and in 15 mM TU + 0.5 M sulphuric acid.
Anode apparent area =0.2 cm? v =0.005 V s~ !. Temperature: 298
K.

approach quasi-steady state polarisation conditions.

Samples for XPS and EDAX analysis were prepared
at room temperature using an electrorefined copper
sheet anode of exposed area 5 x 7 mm?. The anode was
placed horizontally with its exposed area facing up in
order to avoid any mechanical dislodgement of the film.
EDAX data were obtained with XL30 FEG Philips
equipment. XPS data were obtained using ESCA 3
Mark II equipment with Mg-K, X-ray (hv=1253.6
eV) as the excitation radiation. The binding energies
were measured with an accuracy of +0.1 eV.

The UV-vis spectra were recorded using a Cary
spectrophotometer running absorbance spectra in the
range 900 to 190 nm for the detection of copper and
TU-copper species in solution.

All the measurements were performed at 298 K.

3. Results
3.1. Polarisation curves

The anodic polarisation curves (Fig. 1) plotted as j
versus E, where j is the anodic current density referred
to the geometric area of the working electrode, and E is
the applied potential referred to the SCE scale, were
recorded at 0.005 V s~ ! in 0.5 sulphuric acid contain-
ing different amounts of TU. In the TU-free solution,
the polarisation curve fits a Tafel line in the range
0.05-0.07 V with slopes b =AE/Alogj in the range
0.030 < by <0.040 V decade ! (Fig. 2), in agreement
with earlier reported results [26].

In TU-containing solutions, polarisation curves
showed two different types of behaviour, depending on
whether ¢y <0.10 mM or ¢py>0.10 mM. In the
former case, positive polarisation increases with ¢ as
expected for the increase in electrode surface coverage
by TU adsorbates. On the other hand, for ¢y >0.10
mM, polarisation curves show a passivity range extend-
ing from 0.04 to 0.07 V, the passivity current first
decreasing to a minimum value for ¢y &~ 2.5 mM, and
then increasing as c¢py is increased up to 15 mM.

For ¢y < 0.10 mM, the first portion of the j versus E
curves, i.e. in the range —0.01 < E£<0.07 V, corre-
sponds to the electro-oxidation of TU to FDS and the
simultaneous electrodissolution of copper as soluble
Cu()-TU complex ions. The rate of these reactions
increases almost linearly with c¢y. In this range of
potentials the increase in the anodic polarisation with
¢ty can be related to a hindrance of the electrodissolu-
tion reaction produced by the gradual increase in cop-
per surface coverage by adsorbates [27,28].

For ¢ty >0.10 mM, in the potential range 0.04 <
E <0.075 V, passivity is due to the formation of an
insoluble Cu(I)-TU complex forming a polymer-like
film (hereafter denoted as film I). It should be noted
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Fig. 3. (a) Dependence of the breakdown potential (E,) on TU
concentration. Copper anode in ¢y + 0.5 M sulphuric acid (0 <
cry < 15 mM). (b) Dependence of the anodic current density read at
E=0.08 V on cyy. Temperature: 298 K.
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Fig. 4. Cyclic voltammograms of copper anodes in: (a) 0.5 M
sulphuric acid (blank); (b) 0.5 mM TU+0.5 M sulphuric acid.
v=0.05 V s~ ! Temperature: 298 K.

that the small passivity range related to film I is deter-
mined by the potential range where the electro-oxida-
tion of TU to FDS takes place and the threshold
potential for copper electrodissolution as the soluble
Cu(II) species. Copper electrodissolution across film I
then becomes the most relevant process, as described
further on. The increase in the passivity current when
¢ty > 2.5 mM suggests that the average thickness ({(/))
of film I diminishes with increasing cr;. This is consis-
tent with the increase in solubility of film I with cry

yielding soluble Cu(I)-TU complexes of different stoi-
chiometries [21].

At E>0.07 V, copper electrodissolution as aqueous
Cu(Il) ions, and the formation of an insoluble residue
containing S, CN and Cu (film II) result from the
electrodecomposition of TU and FDS derivatives. Film
IT behaves as a heterogeneous film that changes the
kinetics of the global anodic reaction assisting the
localised corrosion of copper [29]. The upper potential
limit of the passivity range where the anodic current
enhancement is observed decreases from ca. 0.085 V for
¢y = 2.5 mM to ca. 0.070 V for ¢y =15 mM. These
potential values approach the threshold potential pre-
dicted by thermodynamics for copper electrodissolution
as Cu(II) species in 0.5 M sulphuric acid for a copper
ion concentration of about 0.001 mM [30]. The break-
down potential (E,) is preceded by a small current
hump that becomes clearer for the range 2.5 < ¢y <10
mM. The value of ¢y goes through a maximum for
cry ~2.5 mM (Fig. 3a). The reverse effect can be
observed for the same value of ¢y by plotting the value
of jread at E=0.08 V versus ¢y (Fig. 3b). From these
plots, the maximum value of E, is obtained for a
critical TU concentration ¢y = 2.5 mM. For E> E,
the polarisation curves for copper electrodissolution as
soluble Cu(Il) from 0.08 to 0.12 V, fit E versus logj
linear relationships with slopes in the range 0.050 <
b7 <0.060 V decade ™!, in agreement with previously
reported data [9] (Fig. 2).

3.2. Cyclic voltammetric data

3.2.1. Blank and aqueous TU-containing 0.5 M
sulphuric acid

Voltammograms of copper in both aqueous-free and
0.5 mM TU + 0.5 M sulphuric acid were run at 0.05 V
s~! from E= —0.65 to E~0.04 V. For c¢ry =0 mM
(Fig. 4a) the electrodissolution of copper starts at —
0.06 V and increases continuously, although it exhibits
a small hump at ca. —0.05 V. The reverse scan shows
that the electrodeposition of dissolved copper extends
from ca. 0 to — 0.54 V. The cathodic current is charac-
terised by a broad peak at ca. — 0.05 V followed by a
cathodic limiting current.

For 0.5 mM TU, a complex voltammogram is ob-
tained (Fig. 4b). It shows the anodic current peak I,
and hump II, preceding copper -electrodissolution,
whereas the reverse scan shows three cathodic current
peaks I, II, and III.. As described elsewhere [27], peak
II, corresponds to the formation of soluble Cu(I),
which occurs simultaneously with the formation of
soluble Cu(Il) species, peak III, comes from the elec-
troreduction of these species, and finally, peak II, is
related to the electrodeposition of soluble Cu(I)-TU
complexes. The pair of peaks I,/I, corresponds to the
redox reaction involving TU and FDS in solution. In
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this case, the TU/FDS redox system appears in the
same potential range as that found for platinum and
gold in the same solution [27]. This conclusion is also
supported by comparing the dependence of the open
circuit potential on ¢y for copper, gold and platinum
[27]. Finally, it should be pointed out that the main
characteristics of the cyclic voltammograms do not
change with v although the current peaks exhibit a
linear dependence on v'/? [31].

3.2.2. Aqueous FDS-containing 0.5 M sulphuric acid
To determine the influence of FDS, as compared to
TU, on the electrodissolution of copper, voltam-
mograms of copper in 0.5 M sulphuric acid + 0.5 mM
FDS were run, covering the potential range — 0.30 <
E <0.075V, i.e. where FDS is formed from TU electro-
oxidation (Fig. 4). In these runs the potential routine
included a potential holding at E, in the range —
0.100 < E,<0.075 V for the time t (Fig. 5a). The
voltammetric scan from 0.025 V downward shows the
appearance of peak I, which is related to the electrore-
duction of Cu(I) soluble species, the height of this peak
increasing with 7. Voltammograms also show that the
positive to negative voltammetric charge ratio (Q,/Q.)
depends on the upper potential limit, E, (Fig. 5b).
These results indicate that the presence of FDS alone
assists the formation of Cu(I) soluble species at these
potentials. As E, is moved from — 0.10 to 0.075 V, the
relative contribution of Cu(I) electrodissolution to the
overall anodic process appears to be increased. Besides
0./0., decreases almost linearly with E, approaching 1
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for E,=0.075 V, a figure which would correspond to
the thermodynamic threshold potential for copper elec-
trodissolution as aqueous Cu(Il) ions. Therefore, for
E <0.075 V, TU electro-oxidation to FDS and copper
electrodissolution as Cu(I)-TU complexes are the main
reactions.

When similar experiments are run for E,>0.01 V
(Fig. 5¢), i.e. at potential values exceeding the equi-
librium potential of the Cu(0)/aqueous 0.1 M Cu(Il)
electrode, the voltammogram shows the rapid appear-
ance of peak III., which corresponds to the electrore-
duction of aqueous Cu(Il) ions. At these positive
potentials the electrodecomposition of FDS vyields a
dark anodic layer.

The composition of the different anodic products was
investigated using different analytical techniques as de-
scribed in Section 3.3.

3.2.3. TU-copper interactions at low potentials

As shown by polarisation curves at 0 V, even at the
lowest ¢qy there is a considerable hindrance of the
anodic reactions. Therefore, it was interesting to inves-
tigate the lowest potential at which the coverage of the
copper surface by TU could be detected. For this
purpose, voltammograms of thallium upd were run
covering the potential range where the alloying effect is
negligible [32—-35]. The blank voltammograms (Fig. 6)
show the anodic and cathodic peaks of thallium upd in
the potential range — 0.65 to — 0.45 V. The anodic to
cathodic charge ratio is Q,/O.=1, and the process
involves a charge density of 0.35 mC c¢cm ~2 as has been
reported [34].

3.0 6
*0 — 0 1 Q/Q
S a
ORI ) (b) |
------- 360 s |l
e 660 S |
2.5 |
|
|
|
i
I <
2.0+ | E
i = .
| ~
| R
I 1.. e
1.5; .Il -4 .,7 .l
~ | /
[ | K .
» . ] I ~. /
I 6 N/
i\l n | -
~
U 1 T T 1 1'0 A T M | ¥ |‘ A L) T 1
0.3 -0.2 0.1 0.0 -0.1 0.0 0.1 -0.3 -0.2 -0.1 0.0 0.1
E /V (SCE) E /V (SCE) E /V (SCE)

Fig. 5. (a) Single-cycle voltammograms run between 0.0 V and — 0.3 V including a holding time at 0.0 V. (b) Plot of the Q,/Q, ratio vs. the upper
potential limit (E,) obtained from the first cycle between E, and — 0.3 V. (c) Single cycle voltammograms run between 0.1 V and —0.3 V
including a holding time at 0.1 V. 0.5 mM FDS + 0.5 M sulphuric acid. v=0.05 V s ~!. Temperature: 298 K.
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Fig. 6. Voltammograms of copper in 0.1 mM thallium sulphate + 0.5
M sulphuric acid; before (full trace) and after (dotted trace) immer-
sion in 0.0l mM TU + 0.5 M sulphuric acid for 30 s under open
circuit conditions. Electrode area 0.2 cm?. v =0.05 V s ~!. Tempera-
ture: 298 K.
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Fig. 7. Sequential absorption spectra of the electrolyte solution after
different anodisation times (charge). Copper anode in 0.5 mM TU +
0.5 M sulphuric acid. The peak at 790 nm corresponds to the
absorption of Cu(Il) hexa-aquo ions.

The same experiment was run with a copper anode
that had been previously immersed in aqueous 0.01
mM TU + 0.5 M sulphuric acid for 30 s (Fig. 6). In this
case, the cyclic voltammogram shows the main contri-
bution of the hydrogen evolution reaction (her), and a
cathodic hump and a broad anodic peak, which are

related to thallium upd. The thallium upd charge de-
convoluted from the her is 0.12 mC cm ~2. Therefore,
from the charge ratio of this experiment, and that from
the blank, we obtain a copper surface coverage by TU
of 72%. Voltammograms also show that TU-copper
interaction in aqueous solutions at these potentials
should be ascribed to an electroadsorption process, as
recently found for gold [36].

3.3. Reaction products

For the range —0.30 < E<0.07 V, products from
copper anodisation in aqueous TU-containing sulphuric
acid depend on ¢y and E.

At low ¢y and E<0.1 V, complex I is produced.
The UV-vis absorption spectrum for this complex in
aqueous solution starts from 4 <350 nm (Fig. 7) with
maximum absorption at ca. 240 nm [11]. Complex I
was crystallised and, according to X-ray diffractometry
data, it was identified as crystalline [Cu,(TU)s]SO,
3H,0 [21].

After a certain electrolysis time, which depends on
¢ty and j, a critical Cu(I)/TU molar concentration ratio
at the anode is attained favouring the formation of film
I. The elemental chemical analysis of film I yielded
C=10.2, H=4.6, N=26.7, S=28.3 and ashes=
25.1%, which for these four elements is consistent with
the formula of complex I, although the high content of
ashes from copper in the sample prevented a more
accurate stoichiometric determination. After the disso-
lution and recrystallisation of film I, the complex
[Cuy(TU),](SO,),-H,O was obtained [21].

Wide XPS spectra of film I, average thickness </ ) ~
160 nm, showed peaks corresponding to Cu, S, O and
C, and Auger peaks of Cu and O (Fig. 8). Narrow high

4000

3000+

20004

Counts / a.u.

1000 4

0 200 400 600 800 1000
Binding Energy / eV

Fig. 8. Wide XPS spectrum of the anodic film formed on copper in
0.5 mM TU + 0.5 M sulphuric acid at £=0.06 V for ¢ ="7200 s.
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Fig. 9. EDAX spectrum of the anodic film formed on copper in 0.5
mM TU + 0.5 M sulphuric acid at 0.1 V for 8100 s.

resolution spectra for the levels Cls, Nls, Ols, Cu2p
and S2p were recorded before and after sputtering the
sample surface with Ar* for 120 s leaving a small
fraction of the initial film, {4 ) ~ 14 nm. In both cases,
the spectra confirmed the presence of Cu, O, S and N.
It should be noted that film I could not be produced on
copper in aqueous TU-free sulphuric acid on platinum
in aqueous TU-containing solution by anodic
polarisation.

At low E and large cy, soluble complex III is
obtained. Complex III has also been recrystallised and
identified as [Cu,(TU)(]SO,-H,O [21].

For E~0.07 V, after a sufficiently long electrolysis
to decrease the concentration of TU in the solution, the
formation of the Cu(I)-TU complex from Cu(I) and
FDS takes place. Finally, for £>0.07 V, FDS at the
reaction interface is exhausted and aqueous Cu(Il) ions
are formed (Fig. 5c). The UV—vis absorption spectra of
the solution then exhibit a peak at 790 nm [37] related
to hexa-aquo Cu(Il) ions, the height of the absorption
peak increasing with the anodisation time (Fig. 7).

For E>0.075 V, the above mentioned reactions are
accompanied by the electrodecomposition of FDS and
a change in the composition of the anodic film. For
cry > ety and Ex0.075 V, film I turns from grey—
white to brown resulting in a new type of film. For
E>0.075V, as ¢qy 1s diminished, the anodic film turns
into a blackish sludge (film II).

The average composition of film II was determined
by EDAX and XPS, although the interpretation of data
is somewhat obscure due to the resulting patched struc-
ture of the film after drying. Average EDAX data
showed that the film contains Cu = 66.8, S =18.6 and
0 =15.1% (Fig. 9). EDAX failed for nitrogen detec-
tion. However, data from the top of the patches indi-

cate the formation of sulphur-containing species
(S = 24%) with an excess of copper (Cu = 76%). Thus,
film II can be interpreted as being made of either Cu,S
or a mixture of CuS 4 Cu. The presence of these prod-
ucts implies the electrodecomposition of FDS to S
atoms or CN residues [38] on copper yielding copper
sulphide as the main residue [39]. In this case, the excess
of copper might be due to the penetration of the EDAX
signal into bulk copper.

3.4. Complementary coulometric data

To confirm the stage at which TU and FDS depletion
takes place and Cu(Il) ions are produced, coulometric
experiments using aqueous 0.5 mM TU and 10 mM TU
in 0.5 M sulphuric acid were made. In the former
solution, aqueous Cu(II) ions were detected spectropho-
tometrically when the charge passed exceeded Q, ~ 0.05
C, whereas for the latter, there was no spectrophoto-
metric evidence of cupric species up to Q,~ 10 C.

4. Discussion

4.1. Adsorption and electroadsorption of TU on copper

The adsorption of TU during electrolytically driven
metal lattice formation and dissolution is difficult to
observe, particularly under conditions far from equi-
librium. As has been demonstrated in 1 M HCIO, by
radiotracer measurements [40], TU adsorption on cop-
per from aqueous acid solutions reaches a maximum at
ca. 0.34 V. Furthermore, radiotracer and electroreflec-
tance data obtained for copper in aqueous 1.5 M
sulphuric acid and ¢y <1 mM have shown that the
adsorption of TU approaches the monolayer as the
potential is increased to 0.27 V, whereas for ¢y > 1
mM, TU adsorption increases sharply up to multilayers
[16]. SERS [41] and electroreflectance [16] data indicate
that TU adsorption occurs on copper via the sulphur
atom. This is consistent with a 3d'%4s electronic struc-
ture for the copper atom in the metal phase with the
binding to S atom from TU, almost entirely due to the
4s electron [42], either for the C=S or the C-SH tau-
tomeric form of the TU molecule [43,44].

In the potential range — 0.65 to — 0.45 V, the ratio
of thallium upd charge in the presence and in the
absence of TU on copper is 0.28. These results indicate
that TU adsorbates are already produced in this low
potential range by an electroadsorption reaction such
as [45]

Cu+ TU - [Cu(TU*)J°+ + H* + (5 + e~ (1)

yielding a fractional monolayer coverage by TU¥,
where TU* stands for a deprotonated TU molecule.
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Therefore, the initial copper electrode surface, for j— 0,
should be considered as already covered to a great extent
by TU adsorbates. In this case, the adsorbate structure
is probably comparable to that of TU on gold [36] at the
same pH and potential range. Reaction (1) occurs in the
same potential range where the electroadsorption of
thiols takes place [44].

As recently discovered for Au(111)-TU adsorption
interactions [36], by conveniently adjusting the applied
potential between — 1.0 and 0 V (versus SCE), different
adsorbate lattices can be produced. In situ STM images
showed TU adsorbates with different packing, adsorbed
FDS, and various arrangements of adsorbed sulphur
atoms. In principle, the similarity of voltammograms for
platinum, gold and copper [27] suggests that the type of
adsorbates described for gold or something like may
also exist for copper in contact with TU-containing
solutions.

On the other hand, besides the copper—TU interac-
tions described above, the interaction of SO;~ and
HSO, with a copper electrode in the absence of TU in
the solution has been concluded from SERS spectra [41].
The enhancement of the frequency corresponding to the
SO2~ species in TU-sulphate-containing solutions, is
consistent with the coadsorption of SO~ and HSO;
together with TU at the copper electrode. The shift of
the corresponding bands in the presence of TU suggests
a complex formation [41]. This is consistent with the
type of products found in the range —0.3<E<0 V.

4.2. Reaction pathway of copper electrodissolution as
Cu(l) in aqueous TU-containing 0.5 M sulphuric acid

In general, copper electrodissolution shows an in-
creasing polarisation due to the presence of adsorbates.
For E < E, at low cqy, the surface coverage by these
adsorbates increases with cpy. A similar inhibition of
copper electrodissolution caused by S-mercapto-1-
phenyltetrazole adsorption at the monolayer or sub-
monolayer level has been reported recently [46]. For
those conditions of E and ¢y, the polarisation curve is
mainly related to the electro-oxidation of TU to FDS in
solution according to the reaction

2TU - FDS + 2H* + 2¢~ ©)

accompanied by the electrodissolution of copper to
Cu(I) species.

The rate of reaction (2) depends linearly on ¢y and
involves the formation of the radical ion in solution
[TU]I** as a product from TU electro-oxidation [47]. At
E= —0.1V, it attains a mass transport limiting cur-
rent, as has also been observed for platinum [28] and
gold [27]. For copper, the voltammetric features of the
TU/FDS redox couple are almost similar to those
found for platinum and gold under comparable condi-
tions [27].

As has been concluded earlier [10—14], in the range
—0.1<E< —0.075 V, reaction (1) favours the elec-
trodissolution of copper to Cu(l), according to a reac-
tion such as

[Cu(TU*),4° " = [Cu(TU)];, + (1 —d)e™ 3)

Reaction (3) is accompanied by the formation of FDS
that assists the electrodissolution of copper through the
formation of either a surface reaction intermediate such
as Cu(FDS),, or by the radical ion TU®* in solution
[47]. These reactions can be written as follows

{Cu}Cu(TU*),4 + TU,

- {Cu}[Cu(FDS)], s+ H" +¢~ (4a)

{Cu}[Cu(FDS)],q = [Cu(TU)]S, + {Cu}Cu(TU*),q + e~
(4b)

{Cu}[Cu(FDS)],q + H - Cu(TU*),4 + (TU)*},  (4o)

2(TU)" S, —» FDS,, (4d)

where {Cu} indicates the copper substrate, Cu(TU¥),4
can be considered as a precursor of copper electrodisso-
lution, and [Cu(FDS)],4 reacts in two different ways as
shown by reactions (4b and c); ad and sol stand for
adsorbates on the copper substrate and dissolved spe-
cies, respectively. The [Cu(TU)]}, species can be elec-
troreduced to Cu(0) in the potential range of peak Il
(Fig. 4b) via the reaction

2[Cu(TU)IE, + 2e~ — 2Cu(0) + 2TU (5)

It should be noted that the formation of a FDS
adsorbate has been observed on Au(111) by in situ STM
imaging [36], although the interaction of FDS with
metal surfaces is expected to be weaker than that of TU,
as has been earlier concluded from the comparative
adsorption of thiols and disulphides on gold [48,49].

The [Cu(TU)S, species can be considered as the
building blocks for Cu(l)-TU complex formation.
Thus, for cry > cry,, in the potential range — 0.30 <
E <0.07 V, the primary complex participates in parallel
reactions with TU in the solution yielding complex ions
with different stoichiometries, depending on the local
concentration of TU, such as the formation of film I as
a polymer-like Cu(I)-~TU-sulphate complex

4[Cu(TU),4]* +3TU + 2805~

= {[Cuy(TU),I* " +2SO3 ™ } i1 (6)
and soluble complex 1

2[Cu(TU),a]* + 3TU o = [Cux(TU)s ot (M

Film I can also produce [TU]"* radical ions in solution
[27,47]. The presence of this film adds a resistance to the
diffusion of the reactant towards the copper |film I
interface, the reactant being either TU diffusing in-
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wards from the solution or the outward migration and
diffusion of [Cu(TU)]" ions to attain ligand saturation
at the outer film I|soluti0n interface. In any case, the
presence of film I makes the overall anodic reaction
sluggish favouring a partial replenishing of TU at the
reaction interface, and assisting the formation of com-
plex III either from the reaction

2[Cu(TU)]T +4TU o — [Cux(TU)Rot ®)
or by chemical dissolution of film I,
[Cuy(TU),* " + 5TU, o = 2[Cux(TU)e[1 ®

as has been recently proved [21].

Seemingly, reaction (9) occurs preferentially at the
outer part of film I. The stability of both the precursor
and primary complex depends on the presence of TU at
the copper anode. It should be noted that the faradaic
yield of reaction (6) is much lower than those of
reactions (7) and (8) [24].

The reaction pathway proposed in this work is, there-
fore, consistent with the fact that at relatively high
concentrations of TU, the electrodissolution of copper
in aqueous sulphuric acid occurs as Cu(I) ions, as has
been demonstrated by quartz crystal microbalance ex-
periments [22]. It has been concluded that this process,
at low current density, is rate-controlled by the diffu-
sion of TU from the solution.

4.3. Anodic reactions for E> 0.075 V

For E > 0.075 V, the simultaneous electrodecomposi-
tion of FDS and Cu(I)-TU complexes, and the elec-
trodissolution of copper to aqueous Cu(Il) ions take
place. The electrodecomposition reactions yield film II
consisting of a heterogeneous residue of copper sul-
phides, copper and presumably (CN),, species. As these
reactions come to an end, the average thickness of film
II practically becomes constant. Then, the reaction

Cu - Cu(Il),, + 2~ (10)

through film II takes place. The polarisation curve
related to reaction (10) in the presence of film II fits a
Tafel line with by in the range 0.050 < b <0.060 V
decade ! (Fig. 1).

Reaction (10) occurs through the formation of Cu(I)
soluble species at the reaction interface accompanied by
Cu(I) disproportionation into Cu(II) and Cu(0), as has
been extensively discussed [26].

Solid products from electrodecomposition reactions
as well as the presence of Cu(Il) in solution are in
qualitative and quantitative agreement with the XPS
data.

For cry > ey, the passivity range extends from 0.04
V upwards, and passivity breakdown is observed in the
neighbourhood of E,, which in turn depends on c¢qy.
The partial rupture of the anodic film leads to localised

corrosion of copper with the formation of etched pits
[24].

Copper corrosion in the presence of film II becomes
very similar to that found for the electro-oxidation of
copper in sodium sulphide-containing solution
[29,50,51]. In this case, a complex copper sulphide layer
is formed at potentials slightly above the reversible
Cu/Cu,S electrode potential through a reaction similar
to the chemical sulphidisation of copper [51]. This
copper sulphide layer has been described as a non-stoi-
chiometric layer approaching the stoichiometry of Cu,S
at the inner layer, and that of CuS at the outer layer. In
the presence of sulphide [29,50,51], as the potential is
further increased, the rupture of the copper sulphide
layer also leads to the localised corrosion of copper and
etched pit formation. The formation of monolayer
etched pits for copper dissolution at higher potentials in
aqueous 0.01 M sulphuric acid in the presence of
benzotriazole has recently been reported [52].

5. Conclusions

e The anodisation of copper in aqueous low concen-
tration TU-containing 0.5 M sulphuric acid first
leads to the electro-oxidation of TU to FDS fol-
lowed by the formation of [Cu(TU)]* precursor
species that yield soluble Cu(I)-TU complex ions of
the form [Cu,TUs?* and [Cu,TUg**. These reac-
tions involve the participation of adsorbed TU spe-
cies. In agreement with earlier studies, the global
electro-oxidation reaction TU — FDS in solution fol-
lows intermediate kinetics governed by TU diffusion
from the solution towards the copper surface, the
electrochemical processes being influenced by the
electroadsorption of TU and the presence of FDS in
the solution.

o Cu(l) complexes are also formed anodically from
FDS. The electrochemical characteristics of these
complexes resemble those of Cu(I)-TU complexes.

o Under a certain critical copper ion/TU molar con-
centration ratio and E<0.075 V, an insoluble
Cu(I)-TU film is formed. This film can be dissolved
with an excess of TU and recrystallised as
[Cu,TU¢]SO4H,0.

e For E£>0.075V, a heterogenous anodic film consist-
ing of products resulting from the electrochemical
decomposition of TU and FDS, is produced.

e For £>0.075 V, copper electrodissolution as Cu(II)
species through the heterogeneous anodic film is
observed.

e Below the critical copper ion/TU molar concentra-
tion range and E < E,, the polarisation curve in-
volves a Tafel slope increasing, due to adsorbates
and anodic film formation, from 0.030 V decade !
for ¢y =0 to about 0.060 V decade ! for cyy—

CTU,C'
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