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Abstract

The electrochemical response of adsorbates produced on polycrystalline Pt from thiourea, methyl thiourea, 1,3
dimethyl thiourea and tetramethyl thiourea dissolved in aqueous 0.5 M sulfuric acid are comparatively studied using
electrochemical routines. The adsorption kinetics of thioureas on Pt follows an Elovich-type equation. Their
saturation coverage, measured from the decrease in the H-atom electrosorption charge after correction for
molecular size for steric effects, decreases as the size of the molecule producing adsorbates increases. Adsorption
data fulfill the empirical Frumkin isotherm with a repulsive adsorbate–adsorbate lateral interaction term. Adsorbate
electrooxidation starts at about 0.65 V vs SHE. The deprotonation of hydrogen-containing thioureas yields soluble
products, their electrochemical behaviour being to some extent similar to that of formamidine disulfide. For
E > 0.65 V vs SHE, the oxidation of thioureas can be described as complex processes in which intermediates
compete with oxide layer formation on platinum.

1. Introduction

Thiourea (TU) is used as additive for copper electrode-
position and as inhibitor for copper corrosion [l, 2].
Recently, substituted thioureas have also been consid-
ered as possible additives for copper electrodeposition
[3, 4]. Thioureas also behave to some extent as corrosion
inhibitors. In both cases, their efficiency depends on
their critical concentration and their chemical and
electrochemical stability, the solution composition and
cell operation. Optimal conditions are established large-
ly by empirical means [5]. In principle, the presence of
additives tends to modify the kinetics and mechanisms
of electrochemical processes, as compared to those
operative in additive-free baths. Generally, the interac-
tion of thiol group-containing organic molecules such as
TU, substituted TUs and derivatives of TUs with metal
surfaces implies a reductive electrodesorption and oxi-
dative electroadsorption at low potentials, molecular
electrooxidation of adsorbates and TUs in solution
through complex redox processes at an intermediate
potentials, and the rupture of the C@S bond with the
formation of C and S-containing species at high positive
potentials [6]. Accordingly, the balance between the
strength of the metal–S–C bond and that of the electric
field at the reaction interface would determine the degree
of influence of the additive on the kinetics and mech-

anism of the global process. However, no satisfactory
answer to this issue is still available, because in many
cases the chemistry of additive-containing solutions in
contact with metal surface is far from understood. This
includes, for instance, the possible formation of surface
TU-metal complexes that might promote the formation
of complex ionic and neutral species in solution.

Recent advances in the performance of aqueous
copper electrode reactions in the presence of TU [7, 8]
have shown that these reactions are complicated by
simultaneous heterogeneous and homogeneous chemical
reactions including TU protonation, TU-copper surface
interactions and redox reactions of both TU and its
electrooxidation products yielding complex ion forma-
tion [7, 9–11]. Therefore, on attempting to establish a
rational use of additives it is convenient to explore the
kinetics of those electrochemical reactions on different
substrates, and a first approach to discriminate those
different processes is to investigate copper electrode
reactions in additive-containing solutions on a non-
dissolving electrocatalytic metal such as platinum.

The adsorption at TU has been studied by different
experimental techniques on copper [12–16], mild steel
[17], silver [18], iron [19] and gold [20] electrodes. There
is general agreement that the TU molecule is adsorbed
perpendicularly with the S atom in the coordinating
position [17, 20, 21] due to a strong chemisorption
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process [12, 17, 20]. On the other hand Langmuir [16] or
Frumkin [17, 20, 22] isotherms have been proposed to fit
the experimental data. In the case of Frumkin isotherms,
depending on the metal electrode, attractive interactions
[20] or strong lateral repulsions [17, 22] have been
observed.

This work refers to the electrochemical behaviour of
TU, methlyl thiourea (MTU), 1,3 dimethyl thiourea
(DMTU) and tetramethyl thiourea (TMTU) dissolved
in aqueous 0.5 M sulfuric acid on polycrystalline plati-
num, at 298 K, covering the potential ranges of additive
adsorption and adsorbate electrooxidation. These re-
sults are useful to determine the influence of the number
of methyl groups in the thioureas (TUs) on their
electrochemical behaviour on platinum electrodes in
terms of their surface coverage efficiency.

2. Experimental details

A conventional three-electrode cell using a polycrystal-
line (pc) platinum wire (Johnson Matthey, spec pure) as
working electrode was utilized. The surface area of the
working electrode was 0.4 cm2, as determined from
the voltammetric hydrogen adsorption charge [24]. The
working electrode surface was first polished with a water
suspension of alumina (0.3 lm grit), and subsequently
washed repeatedly with Milli-Q water.

Working solutions were either aqueous 0.5 M sulfuric
acid (base solution) or additive-containing base solu-
tion. The additive concentration (ci, i ¼ TU, MTU,
DMTU, TMTU) was in the range 0mM O ci O 1 mM.
Solutions were prepared from Milli-Q water, sulfuric
acid (98% Merck, p.a.), TU, MTU, DMTU and TMTU
(all Fluka, puriss. p.a.). Occasionally, formamidine
disulphide dihydrochloride (FDS)(ICN, 97%), or sodi-
um sulphide (Merck, p.a.) dissolved in the base solution
were also employed. For each experiment only freshly
prepared solutions kept under nitrogen (99.99%) satu-
ration were used.

The electrochemical setup consisted of a conventional
potentiostat with wave generator, coupled to a Houston
Omnigraphic recorder. Potentials were measured
against a saturated mercurous sulfate reference electrode
(MSE) but they are quoted on the SHE scale in the text.

All runs were made at 298 K.

3. Results

3.1. Formation of adsorbed species

Adsorbates from TUs were formed by immersing the
platinum electrode in the additive-containing solution
for 0OtadO1400 s holding the potential in the range
0:05VOEadO0:45V. Then, after the electrode was
rinsed with water, it was immersed at E ¼ 0.45 V in
the base solution and a voltammogram was immediately
started at v ¼ 0.05 V s)1, from 0.45 down to 0.05 V,

then back to 1.5 V, and finally, down again to 0.05 V
(Figure l). For all TUs, as tad is increased the potential
scan from 0.45 to 0.05 V shows a progressive decrease in
hydrogen electrosorption current. The following posi-
tive potential scan shows, from 0.4 to 1.4 V, the
electrooxidation of adsorbates from TUs starting from
0.55 V upwards, and the appearance of peaks la and IIa
at 0.75 V and about 1.25 V, respectively. The charge of
these peaks increases with tad.

The presence of adsorbates also delays the formation
of the oxygen-containing layer on platinum. The charge
balance from the electrodesorption of adsorbates formed
at Ead ¼ 0.2 V and tad ¼ 600 s (Figure la) was deter-
mined after baseline correction. The charge of peak Ia,
measured from 0.57 to 0.83 V, is qIa � 0:04 mC cm)2,
and the charge of peak IIa evaluated from 0.83 to 1.5 V
is qIIa � 0:42 mC cm)2. This figure was obtained by
subtracting the electroreduction charge of the oxygen-
containing layer on platinum qox � 0:261 mC cm)2

resulting from 1.22 to 0.29 V, from the total electrooxi-
dation charge qT � 0:68 mC cm)2, determined from 0.83
to 1.5 V. For adsorbates from TU the peak IIa/peak Ia
charge ratio from the first electrodesorption scan results
in qIIa=qIa � 11.

Similar experiments were run utilizing MTU, DMTU,
and TMTU for ci ¼ 0:01 mM (Figures l(b)–(d)). In
general, these electrodesorption voltammograms resem-

Fig. 1. First voltammogram run in 0.5 M H2SO4 from 0.45 to 0.05 V

and from 0.05 to 1.5 V, for the electrooxidation of adsorbed species

formed from TUs at Ead ¼ 0:2 V for different adsorption times.

ci ¼ 0.01 mM; v ¼ 0.05 V s)1; 298 K.
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ble to some extent those described for TU, except that
the value of qIa decreases from TU to METU, and
becomes practically nil for DMTU and TMTU (Fig-
ure 1(c)–(d)). In these three cases, peak IIa appears as a
broad complex peak that shifts to lower potentials on
going from MTU to DMTU (Figure 1(b)–(c)). Other-
wise, the threshold potential for the electrooxidation of
adsorbates from DMTU and TMTU is close to that for
the initiation of the oxygen-containing layer on plati-
num [24]. From the voltammograms for MTU, DMTU
and TMTU, for tad ¼ 10 s and Ead ¼ 0:4 V, qIIa ¼
0:43 � 0:05 mC cm)2. This value was obtained by sub-
tracting from qT � 0:80 � 0:05 mC cm)2 the total was
electrooxidation charge from 0.83 to 1.5 V, qox ¼ 0:39�
0:05 mC cm)2, the oxygen-containing layer electrore-
duction charge from 1.22 to 0.29 V. It should be noted
that at constant tad, for the different TUs, the values of
qIIa almost the same. For the different TUs the number
of voltammetric cycles required for the complete re-
moval of adsorbates produced at constant Ead increases
with tad in the order TMTU > DMTU > MTU >TU.

In the potential range corresponding to the electro-
sorption of hydrogen on platinum, from 0.4 to 0.05 V,
the anodic to cathodic charge ratio at v ¼ 0.05 V s)1 is
always qa=qc � 1. Alternatively, the anodic charge ratio
derived from the second and the first desorption scan are
1.79, 1.89, 2.15 and 2.35 for TU, MTU, DMTU and
TMTU, respectively. This means that the inhibition
capability for hydrogen atom electrosorption by adsor-
bates from TUs depends on the molecular size of TUs.
This effect correlates with the projected area of adsor-
bates on platinum, as discussed further on. However, for
0:05OEadO0:5 V the evolution of the voltammetric
multiplicity of the hydrogen atom electrosorption peak
remains practically the same, irrespective of tad and Ead,
as it would be expected for polycrystalline platinum
surface sites that remains unaltered by the adsorption
process.

3.2. Adsorbates from FDS-containing 0.5 M sulfuric acid

As FDS is the first main electrooxidation product from
TU with an –S–S–bond, it was interesting to compare
electrooxidation scans of adsorbates from FDS pro-
duced on platinum by immersion in 0.01 mM FDS +
0.5 M sulfuric acid (Figure 2) for different tad. These
voltammograms show peaks Ia and IIa and the pro-
gressive decrease in hydrogen-atom electrosorption
charge as tad is increased up to 600 s (Figure 2). The
initial electroreduction scan produces new adsorbates
from FDS that appear to be as those initially formed
from TU (compare peaks Ia in Figures 1(a) and 2),
although the rate of hydrogen atom electrosorption
inhibition by adsorbates from FDS is about one order of
magnitude higher than that observed for adsorbates
from TU. Otherwise, for tad > 100 s peak Ia tends to
disappear and peak IIa increases and shifts positively.
These results suggest that for 4 sO tadO60 s, the ad-
sorption of TU and FDS on platinum for

0:05VOEad O 0:55 V likely involves the formation of
a common adsorbate. However, this adsorbate is not
detected when tad ¼ 600 s (Figure 2).

To compare the strength of chemical interactions
between adsorbates produced by either TU or FDS on
platinum, as well as their chemical stability, adsorbates
were formed under open circuit by immersion in either
0.01 mM TU or 0.01 mM FDS + 0.5 M sulfuric acid for
tad ¼ 300 s. Subsequently, after water washing the
electrode was transferred to the base solution to run a
voltammogram from 0.45 to 0.05 V then to 1.5 V and
backwards to 1.2 V at v ¼ 0.05 V s)1 (Figure 3). These
voltammograms show that for the same tad either at
open circuit or at constant potential, the surface
coverage by adsorbates from FDS is larger than that
by adsorbates from TU. Likewise, the voltammetric
characteristics of adsorbed species are almost the same
in spite of being produced either under open circuit or at
Ead in the range 0:05OEad O 0:45 V. However, the
voltammetric charge related to adsorbates from FDS is
greater than that of adsorbates from TU. Products
formed in the potential range of peak IIa are electro-
chemically reduced in the range 0:05OEO 0:5 V.

3.3. Voltammetry from sodium sulfide-containing
solutions

Voltammograms of platinum immersed in 1 mM sodium
sulfide + base solution were run between 0.05 and
1.5 V as before at 0.05 V s)1 for comparison with those

Fig. 2. Voltammograms in 0.5 M H2SO4 for the electrooxidation of

adsorbed species formed from 0.01 mM FDS + 0.5 M H2SO4 at

Ead ¼ 0:2 V for different tad. v ¼ 0.05 V s)1. 298 K. Key: (——) blank.

tad: (– – – –) 4, (� � � � � �) 10, (–Æ–Æ–Æ) 20 and (–ÆÆ–ÆÆ–ÆÆ–) 600 s.
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resulting from solutions containing TU Figure 4(a)).
These experiments allowed us to find out the potential
region where the electrooxidation of adsorbed sulfide
takes place and identify products, such as sulfides, from
the chemical or electrochemical decomposition of TU in
acid [25, 26]. For E < 0.15 V, sulfide species strongly
inhibit the electrosorption of hydrogen atoms. This
poisoning effect has been explained by the following
reaction [27, 28]:

Pt þ H2SðaqÞ Ð PtðSH2Þad ð1Þ

Conversely, at E > 0.15 V, other sulfur-containing
adsorbates can be produced by electrooxidation reac-
tions, such as

PtðSH2Þad Ð PtðSHÞad þHþ þ e	 ð2Þ

PtðSHÞad Ð PtðSÞad þ Hþ þ e	 ð3Þ

The presence of sulfur adsorbates also inhibits the
hydrogen electrosorption reactions [28].

Adsorbates from Reaction 3 and water are electroox-
idized in the range 0:8OEadO1:3 V yielding sulfate in
solution [28, 29] and an oxygen-containing layer on
platinum [24],

Sad þ 4H2O ! SO2	
4 þ 8Hþ þ 6 e	 ð4Þ

Pt þ H2O ! PtðOÞad þ 2Hþ þ 2 e	 ð5Þ

The presence of sulfate ions during the electrooxida-
tion of TU on platinum has been concluded from FTIR
spectroscopy data [30, 31]. Reactions 4 and 5 account
for the large anodic peak at about 1.25 V.

The voltammetric electrooxidation scan of platinum
previously immersed in 1 mM sodium sulfide for
tad ¼ 30 s, (Figure 4(b)) shows that adsorbed sulfur
also produces a strong inhibition of both hydrogen
electroadsorption and the anodic peak at about 1.25 V.
The anodic charge for Reaction 4 was estimated as
qs ¼ qT ) qox. The total anodic charge measured from
0.7 to 1.55 V is qT ¼ 1.24 mC cm)2, and the charge
of oxide layer formation, measured from the oxide
electroreduction peak, is qox ¼ 0.17 mC cm)2. Then,
qs ¼ 1.07 mC cm)2. The charge for the electrooxidation
of a sulfur monolayer to sulfate ions is 1.26 mC cm)2.
Thus, the coverage of platinum by sulfur atoms is close
to 80%. Similar charge balances resulted from the
adsorption and electrooxidation of TU, MTU, DMTU
and TMTU on platinum. Therefore, these adsorbates

Fig. 3. Comparative voltammograms run in 0.5 M H2SO4 for the

electrooxidation of adsorbed species formed under open circuit from

0.01 mM FDS + 0.5 M H2SO4 and 0.01 mM TU + 0.5 M H2SO4;

tad ¼ 300 s; v ¼ 0.05 V s)1; 298 K. Key: (——) blank. (- - - -) 0.01 mM

TU; (� � � � � � �) 0.01 mM FDS.

Fig. 4. Voltammogram of platinum run in (a) 1 mM Na2S + 0.5 M

H2SO4 and (b) in 0.5 M H2SO4 after immersion in aqueous 1 mM Na2S

for 30 s. Dotted lines correspond to the blanks; v ¼ 0.05 V s)1; 298 K.
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behave in a similar way as far as their electrochemical
reactivity is concerned.

3.4. Adsorption of carbon monoxide on platinum covered
by adsorbates from TUs

The adsorption of CO on platinum electrodes covered
by TU and TMTU was used as a test reaction to
determine, for constant tad, the influence of the mole-
cular cross section of TUs molecules on the maximum
surface coverage by adsorbates, and correspondingly the
adsorbate-free platinum surface area, provided that the
adsorption is mainly non-dissociative and the amount of
TUs-free platinum sites depends on the size of the TUs
molecule.

For this purpose, adsorbates were produced by
immersing the platinum electrode in aqueous either
0.01 mM TU or 0.01 mM TMTU + 0.5 M sulfuric acid
for either 30 s or 900 s under open circuit. Subsequently,
the electrode was washed with water and rapidly
transferred to a glass tube under flowing carbon
monoxide for 300 s, for the adsorption of carbon
monoxide molecules on adsorbate-free platinum sites.
Finally, the relative degree of surface coverage by
carbon monoxide adsorbates ðhCOÞ on TU and TMTU-
adsorbates covered platinum was determined by vol-
tammetry in aqueous 0.5 M sulfuric acid starting from
0.5 to 0.05 V, upwards to 1.4 V and finally back to
0.05 V at v ¼ 0.05 V s)1 (Figure 5). This voltammo-
gram shows a remarkable inhibition of hydrogen atom
electroadsorption, in the range 0.5–0.05 V, a main
anodic peak at about 0.9 V and two satellite current
humps at about 0.8 V and 0.95 V, respectively. This
complex peak, which is related to the electrooxidation of
adsorbed carbon monoxide from platinum [32], suppress
the first electrooxidation peak (Ia) of TU and overlaps
the electrooxidation current of TUs and the early stages
of oxygen-containing layer formation.

For the case of TMTU charge balance one considers
that the electrooxidation charge of COad + TM-
TUad + Pt(O)ad is qT ¼ 780 lC cm)2; the charge of
oxide formation, estimated from the corresponding
electroreduction charge, is qr,ox ¼ 316 lC cm)2. Thus,
the CO + TMTU electrooxidation charge results in
qCO + TMTU ¼ 464 lC cm)2. For the case of TU, the
electrooxidation charge of COad + TUad + Pt(O)ad is
qT ¼ 897 lC cm)2; the charge of oxide formation is
qr,ox ¼ 350 lC cm)2.

Finally, the carbon monoxide electrooxidation charge
qCO, estimated from the deconvolution of the carbon
monoxide peak from the TMTU electrooxidation cur-
rent contribution, is qCO ¼ 240 lC cm)2, that is, about
52% of the CO + TMTU electrooxidation charge, and
60% of the theoretical electrooxidation charge for a full
covered CO platinum surface [32]. For the case of TU-
covered platinum electrode, the deconvoluted carbon
monoxide electrooxidation charge is about qCO ¼
265 lC cm)2. Therefore, the electrooxidation charge of
adsorbed TMTU results in 225 lC cm)2, whereas for

TU it is 285 lC cm)2. This means that under compa-
rable conditions, the voltammetric charges for TU and
TMTU adsorbate electrooxidation are about the same,
that is, there is a compensation between the larger
number of electrons per molecule required for the
electrooxidation of TMTU, as compared to TU adsor-
bates, and the larger number of TU molecules that can
be allocated on the platinum surface area. This is
consistent with the charge balance observed for the
electrooxidation of adsorbates from TU and TMTU at
constant tad (Figure 1). The charge ratio for CO
adsorbate electrooxidation in the presence of TMTU
and TU results in about 0.9, that is, due to steric
hindrance adsorbed TMTU leaves less free platinum
sites for CO adsorption than TU adsorbates. These
results are also consistent with the corresponding charge
inhibition for the electrosorption of hydrogen atoms.

4. Discussion

4.1. Spontaneous and potential induced adsorbate
formation from TU

The chemical or electrochemical formation of strongly
bound adsorbates from TUs and FDS on platinum
(Figures 1(a), 2 and 3) is consistent with the reactivity of

Fig. 5. Voltammetric electrooxidation of CO in 0.5 M H2SO4 ad-

sorbed for 300 s on Pt. Previous to the CO adsorption the Pt electrode

was immersed for 30 s in: 0.01 mM TU (dashed trace); 0.01 mM

TMTU (full trace); v ¼ 0.05 V s)1. Key: (——) CO + TU; (� � � � � � �)
CO + TMTU.
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the CS bond of these molecules [33]. Data resulting from
the application of different experimental techniques [6,
8, 10, 34–36] have shown that, under certain conditions,
TU is adsorbed on copper [8, 10, 13, 16], gold [36], silver
[35] and platinum [6] via the sulfur atom, i.e. by the
formation of a thiol-type bonding. The initial formation
of adsorbates from both TU and MTU at E < 0.61 V
occurs without disruption of the molecule as recently
reported for the case of TU adsorption on mono
crystalline copper electrodes [16], albeit the stability of
TU-adsorbates is still open to discussion [13, 36, 37].

Non-disruptive molecular interactions of TU and
monosubstituted TUs with the platinum surface lead to
molecular adsorbate formation,

½Pt�x þ ðH2NÞðXHNÞðCSÞ ! ½Pt�x½ðH2NÞðXHNÞðCSÞ�ad
ð6Þ

where [Pt]x denotes the number of platinum surface
atoms involved in the adsorption of a single molecule of
a TU and X 
 H or CH3 group. Thus for TU, x � 1.

The oxidative electroadsorption and reductive elec-
trodesorption of TU and partially substituted TUs
involve a molecular deprotonation and a protonation
reaction, respectively. For TU, the tautomeric form of
the molecule presumably participates in these processes
[38]:

ðH2NÞ2CS Ð H2NHNCSH ð7Þ

For TU and MTU peak Ia appears to be related to the
formation of soluble disulfide species as the main
product of the first electrooxidation stage. Accordingly,
the similarities between the voltammograms for TU,
MTU and FDS adsorbates, suggest that these reactions
follow the general reaction path of thiols that are readily
oxidized to disulfides, both as soluble and adsorbed
species. The overall electrochemical reaction related
mainly to peak la can be written as

2XHNCSNHY ! ðHXNÞ2CSSNCðNYÞ2 þ 2Hþ þ 2 e	

ð8Þ

where X,Y 
 H or CH3 group depending on the type of
TUs considered. As concluded from the charge of peak
Ia, the yield of Reaction 8 decreases in the order
TU > MTU. This is consistent with the electrodecom-
position of substituted TU yielding the type of species
that are involved in the actual electrooxidation of TU.
In all cases, soluble disulfide specie are probably
produced via adsorbate formation on platinum, the
surface concentration of these adsorbates decreasing on
going from FDS or TU to MTU.

Similarly, FDS can also chemically interact with
platinum, yielding either molecular disulfide adsorbate
by a non-disruptive process

½Pt�x þ ðH2NÞ2ðHNÞ2C2S2 ! ½Pt�xððH2NÞ2ðHNÞ2C2S2Þad
ð9Þ

or by the rupture of the S–S bond

2 ½Pt�x0 þ ðH2NÞ2ðHNÞ2C2S2 ! 2 ½Pt�x0 ððH2NÞ2CSÞad
ð10Þ

The formation of products other than dithio-com-
pounds is also possible. As usually occurs in the
electrooxidation of a number of organics [39], these
reactions at E > 1.0 V involve the electrocombustion of
adsorbates yielding soluble sulfate, carbon and nitrogen-
containing products. The presence of these species in
solution during the electrooxidation of TU and substi-
tuted TUs has been determined by FTIR spectroscopy
[30, 31].

4.2. Surface coverage by adsorbates

As a first approximation, let us consider that the degree
of surface coverage by hydrogen atoms can be used to
determine the amount of adsorbates from TUs produced
at constant potential and their evolution on potential
cycling. Accordingly, the value of h, the surface coverage
by adsorbates, can be determined, in principle, from the
ratio h ¼ qhð0Þ 	 qhðcÞ=qhð0Þ, where qh(0) and qh(c)
refer to the hydrogen atom electroadsorption charge for
ci ¼ 0 and ci ¼ c, respectively. Obviously, this approach
overlooks the fact that the hydrogen atom and additive
molecule cross sections are very different, so that a
simple estimation of the coverage by additives from the
decrease in hydrogen atom electroadsorption charge,
would lead to an overestimation of the actual blockage
by the different thioureas.

At constant ci, Ead and tad, the surface coverage by
adsorbates from TUs depends considerably on the
molecular structure of TUs. Thus, for tad ¼ 600 s
(Figure 6) strongly bound adsorbates from TUs block
largely the platinum surface for hydrogen adatoms by
about 70% for TU. This figure decreases as the size of
the reacting molecule increases (Figure 6). The number
of molecules required to attain full coverage is expected
to decrease on going from TU to larger molecular size
TUs. Correspondingly, under maximum monolayer
coverage by adsorbates from TUs, the bare area left
by these adsorbates should increase with their average
cross section. In fact, as mentioned earlier, the cyclic
electrodesorption voltammograms of TUs indicate that
the hydrogen atom electrosorption charge increases
more rapidly as the average cross section of TU
molecule increases, that is, the larger the molecule the
greater the number of free sites left by its electrooxida-
tion. Therefore, the values of h obtained from the
decrease in hydrogen electrosorption charge should be
corrected by the average molecular cross section of
adsorbates from TUs.
Ab initio calculations showed that the group of atoms

XHN– and X2N– is almost free to rotate around the N–
C bond axis with a solid angle that increases in size with
the number and size of the substituent X in the group.
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This solid angle can be taken as a measure of the
hindrance to the hydrogen adsorption reaction.

Considering that adsorbates from TUs are bound to
the platinum surface via the sulfur atom [6], from the
projected area of TU, MTU, DMTU and TMTU, the
surface area blocked by each molecule of TUs was
estimated as 8, 10, 12 and 19 Å2, respectively. Thus, as
the area of a single platinum site is about 6 Å2, the
screening of platinum surface sites by adsorbates in-
creases by a factor ranging from about 1.3 to 3 platinum
atoms on going from TU to TMTU. From the value of
the area covered by the additive, the value of hi expected
for each molecule (i) can be estimated from the ratio
between the number of additive molecules and the
number of platinum atoms per cm2 (1:67 � 1015 atoms
cm)2 for pc platinum). Then, it results in 0.75, 0.6, 0.5
and 0.3 for TU, MTU, DMTU and TMTU, respective-
ly. It should be noted that these values are lower than
those found from the experimental decrease in hydrogen
atom adsorption charge (Figure 1), as expected. For
substituted TUs, the value of hmax is consistent with the
closest approach distance of substituents (CH3) in
neighbour adsorbates. For TMTU it is 0.45 nm [40].
Furthermore, the steric hindrance for the adsorption of
hydrogen atoms and carbon monoxide (Figure 5)
should also be influenced by the specific geometry of
the adsorbate standing either vertically or at least at an
angle with respect to the surface electrode, as observed
for TMTU adsorption on Au(1 1 1) [41]. It should be
noted that despite the reasonable agreement between

experimental and calculated saturation coverages, ex-
perimental data represents the average behaviour of a
polycrystalline surface, whereas estimations are based
on a single crystal (1 1 1) face. For TU the estimated
0.75 value is in good agreement with that found for the
adsorption of TU on Au(1 1 1) [36].

Alternatively, for non-disruptive adsorption, the in-
crease in molecular size of TUs implies that a smaller
number of these molecules is required to reach a
maximum surface coverage of the substrate. Conse-
quently, the electrochemical dimerisation to form the S–
S bond should be gradually hindered as the size of the
adsorbate is increased, in agreement with our experi-
mental results.

The preceding corrections make it possible to approxi-
mate a definition of the true degree of surface coverage
of platinum by adsorbates from TUs in terms of the
same blockage of hydrogen atom electrosorption. Thus,
the number of TMTU molecules is half the number of
TU molecules and the electrooxidation charge should be
about twice the charge for TU, as found experimentally.
This fact can also explain the small differences be-
tween the electrooxidation charges for MTU, DMTU
and TMTU adsorbates, that is, the number of electrons
per molecule increases from MTU to TMTU, and
the number of molecules adsorbed on platinum de-
creases from MTU (�0.6 molecule) to TMTU (�0.3
molecule).

4.3. Adsorption kinetics

The kinetics of adsorption from TUs was followed
through the decrease in the value of hH (Figure 6) and
the increase in free surface sites from the first to the
second electrodesorption cycles. The value of hH calcu-
lated from the decrease in the hydrogen atoms adsorp-
tion charge was corrected by the size of the adsorbing
molecule, that is, the theoretical coverage by one
additive molecule with respect to the platinum atom.
Then, the true coverage can be expressed as ht ¼
ðqhð0Þ 	 qhðcÞ=qhð0ÞÞhm, where qhð0Þ and qhðcÞ refer to
the hydrogen atom electroadsorption charge for ci ¼ 0
and ci ¼ c, respectively, and hm is the area ratio between
the additive molecule and the surface platinum atom
site. For TU, MTU, DMTU and TMTU at constant ci,
the value of ht increases with tad, and the time required
to attain adsorption saturation diminishes as ci is
increased (Figure 6). In all cases, for the time window
of our experiments, a value of qh(c) is asymptotically
attained with ht’s ranging from 0.75 for TU to 0.3 for
TMTU. These figures would indicate that the rate of
adsorption of thioureas on platinum increases in the
order TU > DMTU > MTU > TMTU. Otherwise,
no apparent influence of Ead on the value of ht resulting
from the adsorption of TU on platinum was observed
(Sec. 3.1), as one would expect for the relatively strong
Pt–TUs interactions.

The adsorption kinetics for the four thioureas fits a
ht= log tad linear relationship, although the range of ht

Fig. 6. ht against tad plots resulting from different concentrations of

TU, MTU, DMTU and TMTU; Ead ¼ 0.2 V; 0.5 M H2SO4; 298 K.
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depends on the type of thiourea. This rate law can be
described by the Elovich equation [42], that assumes
that the activation energy E�

a changes linearly with the
surface coverage by the adsorbate according to
E�

a ¼ E�
0 þ aht. Then, the adsorption rate equation

becomes

dht

dt
¼ Aci exp 	 E�

0 þ aht

RT

� �� �
ð11Þ

where A is an preexponential factor, ci is the concen-
tration of the adsorbing species, and a is the variation of
E�

0 with ht. After the integration of Equation (11)

ht ¼ B log tad ð12Þ

This equation is reasonably fulfilled by the adsorption of
TU, MTU, DMTU and TMTU (Figure 7).

4.4. Adsorption isotherms

The ht/tad plots show that saturation time depends on ci
and the type of TU considered, that is, as either ci, or
TU substitution is increased, saturation is attained

at lower tad. According to previous works related to
the adsorption of TU on Hg [22, 43], the adsorption
processes can be described in terms of the empirical
Frumkin isotherm for a homogeneous substrate where
adsorbate–adsorbate interactions play a relevant role
[44]. This behaviour is expected for an adsorption
process where the adsorption energy depends linearly
on the surface coverage by adsorbates [42]

ht

1 	 ht
¼ ci

55:5
exp 	DG�

ads

RT

� �
expð	ahtÞ ð13Þ

Equation 13 involves DG�
ads, the standard Gibbs energy

of adsorption of species i at zero coverage, ci, the
concentration of species i in solution, and a, the
Frumkin interaction factor that is positive for attractive
adsorbate–adsorbate interactions and negative for the
repulsive interactions [45]. According to Equation 13 the
h values plotted as ht=1 	 ht against log ht fulfil a linear
relationship for the different TUs (Figure 8), and the
value of a, within the experimental error, is practically
the same, a ¼ 	4:3 � 0:2, indicating that repulsive
adsorbate–adsorbate interactions are relevant. In prin-
ciple, these interactions can be assigned either to

Fig. 7. ht against log tad plots for the adsorption of TU, MTU, DMTU

and TMTU, for different concentrations: (j) 0.l mM; (m) 0.05 mM;

(d) 0.01 mM; Ead ¼ 0.2 V; 0.5 M H2SO4; 298 K.

Fig. 8. ht=ð1	 htÞ against ht plots for the adsorption of TU, MTU,

DMTU and TMTU for different concentrations: (n) 0.01 mM; (m)

0.1 mM; (d) 0.05 mM; Ead ¼ 0.2 V; 0.5 M H2SO4; 298 K.
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protonated neighbour –NH groups or, in the case of
substituted thioureas, to the neighbour CH3 groups.
Repulsive interaction parameters close to 6 were report-
ed for the adsorption of TU on mercury and gallium in
aqueous sodium sulfate [44] and potassium nitrate [22]
solutions and 16 for the case of TU adsorption on mild
steel [17], whereas attractive interactions (a ¼ 1.4) were
reported for the case of TU adsorption on gold.
Otherwise, from the extrapolation of the ht=1 	 ht

against log ht curves it results in DG�
ads ’ 40 � 0:5

kJ mol)1 figure that can be compared to those found
for the adsorption of TU on either gold [20]
(43.3 kJ mol)1) or mild steel [17] (42.95 kJ mol)1) elec-
trodes. It should be noted that in the present case, the
standard state for the adsorption process is defined by
the following equation [23]:

h0

1 	 h0
¼ expð	ah0Þ ð14Þ

which for the case of a ¼ 4.3 results in h0 � 0:25.

5. Conclusions

1. TU and methyl TUs are strongly adsorbed on plat-
inum under both open circuit and constant potential
following an Elovich-type adsorption kinetics.

2. The degree of surface coverage by each adsorbate
decreases according to the size of the molecule of
TUs.

3. Adsorption data can be fitted to a Frumkin-type
isotherm with DG�

ads ’ 40 � 0:5 kJ mol)1 and a re-
pulsive adsorbate–adsorbate interactions parameter
a ¼ 	4:3 � 0:2.

4. The threshold potential for the electrooxidation of
TU and methyl TUs is in the range 0:6 � 0:05 V. A
first electrooxidation stage, in the range of potentials
from 0.4 to 0.9 V, involves the formation of –S–S–
bond-containing products via partial deprotonation,
the yield of the reaction decreasing with the number
of methyl groups in the molecule.

5. A second electrooxidation stage takes place at
E > 0.9 V leading to complete electrooxidation of
products from the first electrooxidation stage. This
electrooxidation stage can be described as a complex
reaction under intermediate kinetics in the presence
of adsorbed residues. The electrooxidation of ad-
sorbates at this stage competes with the formation of
the oxygen-containing monolayer.

6. Adsorbate intermediates decompose yielding sulfur
residues which are electro-oxidized for E > 0.9 V.
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