
A

o
g
o
c
C
o
a
©

K

1

g
a
t
p
a
o
i
o
m
c

t
(
c
p

0
d

Available online at www.sciencedirect.com

Journal of Power Sources 175 (2008) 18–25

The effect of adsorption of thiourea on the particle size of supported
platinum nanocatalysts synthesized by chemical reduction

E.G. Ciapina, E.A. Carbonio, F. Colmati, E.R. Gonzalez ∗
Instituto de Quı́mica de São Carlos, USP, CP 780, 13560-970 São Carlos, SP, Brazil

Received 27 August 2007; received in revised form 27 September 2007; accepted 28 September 2007
Available online 2 October 2007

bstract

In this work, carbon-supported platinum nanoparticles were synthesized in the presence of varying concentrations of thiourea (TU). Because
f the presence of the sulfur atom, thiourea adsorbs strongly on the forming Pt nuclei during the synthesis, affecting the rate and the extent of
rowth. High-intensity X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) were used to probe the effect
n the crystallite size and particle size, respectively, revealing a decrease in both mean crystallite and the mean particle size for increasing
oncentrations of thiourea during the synthesis. An adsorption isotherm for the adsorption of thiourea on platinum nanoparticles is also discussed.

yclic voltammetry was used to check the effect of TU on the particles as well as to obtain further knowledge on both adsorption and electrochemical
xidation behavior of thiourea on Pt surfaces. Thermal treatment effectively cleaned the electrode surface, thus providing an easy way to remove
dsorbed species from the Pt surface.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The growing interest in low temperature fuel cells has been a
reat motivation for the development and study of supported cat-
lysts based on platinum. A variety of low temperature methods
o synthesize platinum and platinum alloy nanocatalysts unsup-
orted or supported on carbon have been explored. As early
s 1977, Kinoshita and Stonehart [1] reviewed different meth-
ds for the preparation and characterization of electrocatalysts,
ncluding the impregnation and thermal decomposition meth-
ds, among others. To date, one of the main problems with these
ethods is the difficulty in obtaining monodisperse nanoparti-

les of adequate size.
In this laboratory, extensive use has been made of the reduc-

ion of suitable precursors with formic acid or formate anions

formic acid method, FAM) [2–4], mainly for the preparation of
arbon-supported platinum-based nanocatalysts. Basically, the
rinciple of the method is the use of formic acid or formate as the

∗ Corresponding author. Tel.: +55 16 33739899; fax: +55 16 33739952.
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educing agent at 80 ◦C. This method has allowed the synthesis
f Pt/C and bimetallic materials, such as Pt–Ru/C [4], Pt–Sn/C
3], Pt–Co/C [5,6], among others. Although the particle sizes
btained are in general satisfactory, it is no doubt of interest
o study the possibility of controlling that parameter. Size and
hape controllable synthetic routes of nanoparticles have been
escribed in several publications [7–9] in the nanoscience tech-
ology but in general these methods are considered “dirty” to
repare electrocatalysts. Besides, most methods are presented
s a way of obtaining smaller particle sizes, with respect to
ome standard chosen for comparison, without a physicochem-
cal analysis that may advance our knowledge of the problem of
anoparticle formation.

Because of the presence of a sulfur atom that enhances
dsorption, the adsorption of thiourea (TU) has been studied on
everal metal surfaces. This makes TU an ideal probe molecule
o study adsorption phenomena. The earliest report is probably
he work of Schapink et al. [10], who studied the adsorption of

U on Hg in a NaF electrolyte. The results of this work were
legantly used by Parsons [11] to get a first estimate of the thick-
ess of the double layer Hg/aqueous solution. A more complete
ork on the adsorption of thiourea on Hg was presented later

mailto:ernesto@iqsc.usp.br
dx.doi.org/10.1016/j.jpowsour.2007.09.094
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Cohen [20]. On the other hand, the use of high-intensity X-ray
sources obtained from synchrotron sources, as in this work, can
increase the XRD sensibility, but special procedures to analyze
the data need to be applied [20]. Considering the difficulties
E.G. Ciapina et al. / Journal o

y Parsons and Symons [12]. Also, the principles of the adsorp-
ion of thiourea as a probe at the Hg/phosphoric acid interface
ere used by Gonzalez et al. [13] to show that the thickness of

he double layer increases with the concentration of phosphoric
cid, an important finding in the context of the oxygen reduction
eaction in phosphoric acid fuel cells. Other metal surfaces, such
s gold [14], silver [15], iron [16], and polycrystalline platinum
17] were also used to investigate the adsorption of TU. In prac-
ical systems, TU is generally used as inhibitor of the corrosion
f copper.

In the present work, the adsorption of TU was used to con-
rol the rate and the extent of growth of platinum nanoparticles
ynthesized by chemical reduction with formic acid. The work
s complemented by considering some physicochemical aspects
f the adsorption of TU on the platinum nanoparticles that led
o the formulation of an adsorption isotherm. Also, limitations
n the usual methods of determining small particle sizes and the
oltammetric behavior of the prepared catalysts are discussed.

. Experimental

Carbon-supported Pt nanoparticles were synthesized by the
ollowing procedure: carbon powder (Vulcan XC-72 heat treated
t 850◦ C under argon) was dispersed in a 0.5 mol L−1 solution of
ormic acid at 80 ◦C and then a 5 g/100 mL solution of H2PtCl6
as added slowly. The final solution was made to contain dif-

erent concentrations of TU in the range 1–5 mmol L−1. X-ray
easurements were carried out at the XRD beam line at the
razilian Synchrotron Light Laboratory (LNLS), Brazil. The
iffractograms were obtained in the reflection mode, at room
emperature, in a 2θ interval from 20◦ to 100◦, using the Cu K�
nergy (λ = 0.1541 nm) with a resolution of 4.5 eV, calibrated
sing Si(1 1 1).

The samples for the HRTEM characterizations were pre-
ared as follows: a carbon film was deposited onto a mica sheet
hat was placed onto the Cu grids (300 mesh and 3 mm diam-
ter). The material to be examined was dispersed in water by
onication, placed onto the carbon film and left to dry. His-
ograms of particle sizes were constructed using an average
f about 250 particles. This technique was implemented in
he Microscopy Laboratory of the Brazilian Synchrotron Light
aboratory (LNLS) using a HRTEM microscope JEOL, JEM
010, URP, operating at 300 kV and having a resolution of
.17 nm.

Electrochemical experiments were carried out at room tem-
erature in 0.5 mol L−1 H2SO4 using an Ecochemie AUTOLAB
GStat 30 potentiostat. Potentials were measured using a
eversible hydrogen electrode in the same solution. The working
lectrode was prepared by applying a thin layer (around 1 �m
hickness) of the supported catalyst (50 �g cm−2) dispersed in
ater on a glassy carbon disk according to a method already
escribed [18,19]. Briefly, a drop (approximately 45 �L) of a re-
ispersed aqueous suspension containing about 1 mg mL−1 of

atalyst was pipetted on top of a glassy carbon disc of 0.348 cm2

mbedded in PTFE, yielding around 50 �g Pt cm−2. After water
vaporation, 40 �L of a diluted Nafion® solution (0.05 wt%, in a
olution of 1:1 water/methanol) was placed onto the dried cata-
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yst material. The electrode was protected by a pure water droplet
nd then transferred to the electrochemical cell.

. Results and discussion

.1. X-ray diffraction (XRD) and high-resolution electron
icroscopy (HRTEM) experiments

Fig. 1 shows the X-ray diffractograms of the materials
btained. For concentrations of TU up to 4 mmol L−1 the char-
cteristic peaks of the fcc structure of Pt are distinguishable,
lthough losing gradually their shape. On the other hand, for
arger concentrations of TU (5 mmol L−1), the diffractograms
re almost featureless, characteristic of a microcrystalline or
morphous material.

Because of the gradual disappearance of the Pt peaks for
ncreasing concentrations of TU and the large background signal
elated to the amorphous carbon support, the lattice parameter
nd the mean crystallite size could not be determined quanti-
atively with confidence. More specifically, the mean crystallite
ize, hereafter denominated by “d”, is generally estimated by the
ell-known Scherrer equation, d = 0.94λK�/β(2θ)cos θ, where
K� is the wavelength of the X-ray radiation, θ the angle of

he (2 2 0) peak (which has the lowest contribution from the car-
on support), and β(2θ) is the width in radians of the diffraction
eak at half-height. Despite the cited difficulty to obtain struc-
ural parameters from XRD, the results presented in Fig. 1 agree
ualitatively to the behavior expected from Scherrer’s equation,
hich predicts that broader peaks are related to smaller crystal-

ite sizes. Therefore it is clear that the presence of thiourea in the
ynthesis medium acts as a crystallite size modulator, that is, the
igher the concentrations of TU the smaller the crystallite size.

X-ray diffraction provides more statistically reliable data than
ther local tools such as high-resolution electron microscopy
HRTEM), but there are some problems associated to the use
f Scherrer’s formula for nanoparticle systems, as discussed by
ig. 1. Powder XRD pattern of Pt/C synthesized with different concentrations of
hiourea in solution. λ(Cu K�) = 0.1541 nm, 25 ◦C. Some reflections are indicated
n the figure.
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entioned above no attempt was made at obtaining quantitative
nformation from XRD measurements. So, in order to obtain fur-
her insights regarding particle size and dispersion, the materials
ere analyzed by HRTEM, which allowed the determination of
he distribution and shape of Pt nanoparticles in the carbon sup-
ort, the histograms of particle size distribution and the mean
article size. Fig. 2 shows the HRTEM micrographs for Pt/C
repared using the more concentrated thiourea solutions.

s
w
d

Fig. 2. HRTEM Micrographs of Pt/C nanoparticles synthesized using the FAM
er Sources 175 (2008) 18–25

Although the diffractogram for the material obtained with
mmol L−1 TU is featureless (cf. Fig. 1), HRTEM micrographs

how clearly that the Pt nanoparticles are present in the material,
ig. 2c.
High-resolution TEM images reveal that the Pt/C material
ynthesized with different concentrations of thiourea presents
ell-dispersed particles on Vulcan XC-72. In general, the shape
isplayed by the particles is cubooctahedral, as can be seen in

with (a) 3 mmol L−1, (b) 4 mmol L−1 and (c) 5 mmol L−1 of thiourea.
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ig. 2a–c. From the HRTEM images, histograms of particle
ize distribution were built and shown in Fig. 3. Specially for
hose materials synthesized in the more concentrated solutions
f thiourea, the distribution profiles (nearly a log-normal shape)
ndicate that the mechanism by which the crystal growths is by
oalescence rather than by Ostwald ripening [21,22].

All the histograms in Fig. 3 are in the same scale, allow-
ng an easy comparison among them. Considering the strong
dsorption of sulfur atoms on metal surfaces, such as platinum,
nd comparing the different concentrations of thiourea during
he synthesis, it is expected that by increasing the thiourea con-
entration in the synthesis media, the amount of large particles
>5 nm) will diminish and at the same time, the number of
mall particles will increase. From Fig. 3 it is clear that, indeed,
he amount of large particles vanishes as the concentration of
hiourea is increased. In general, the adsorption of thiourea on
t nuclei clearly decreases the mean particle size of supported
latinum nanoparticles, as shown in Fig. 4, where the mean
article size of Pt nanoparticles is plotted as a function of the
oncentration of thiourea used in the synthesis.

Analyzing the histograms, it was not observed a signifi-
ant amount of very small nanoparticles, in the 0–1 nm range.
ne problem on acquiring images from very small- and

herefore unstable-nanoparticles using TEM is the relatively
igh-intensity electron beam generally used in the transmis-

ion electron microscope, ca. 300 kV. The energy of the beam
ould be large enough to promote cluster aggregation, as recently
hown to occur with Pt nanoparticles supported on carbon nan-

ig. 3. Particle size distribution histograms determined from the HRTEM micro-
raphs. The different thiourea concentrations used during synthesis are indicated
n the figure.
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t to the experimental values. (*) Value extracted from Pt/C prepared by the FAM
2].

tubes [8]. This phenomenon, to which not much attention has
een paid, is a limiting factor in HRTEM analysis. The so called
surface melting” and “quasimelting” are size-dependent pro-
esses and have been found to occur in some metals, such as Pb
23], Au [24] and Pt [8].

In the results presented here, the possibility of cluster aggre-
ation (surface melting and/or quasimelting) due to the energy
f the electron beam cannot be ignored. In this sense, it is clear
hat if the clusters of very small nanoparticles want to be “seen”
y HRTEM, their size cannot be determined accurately. Indeed,
rystal growth can occur even at room temperature as shown by
eite et al. [25], who studied the growth mechanism of SnO2
anoparticles in colloidal systems. They showed that SnO2 par-
icles in the size range 1–3 nm present coalescence when two
r more grains assume the same orientation (Grain-Rotation-
nduced Grain Coalescence model [26]). This results in a single
rystalline cluster or chain at room temperature, formed with
ery low activation energy. Despite of the fact that the authors
o not comment about the possible aggregation effect caused by
he energy of the electron beam, at 300 kV, the growth of very
mall nanoparticles is expected because of the high surface area
nd high surface energy. Consequently, stabilization occurs by
rystal growth, as predicted by the Ostwald–Freundlich equation
25].

Fig. 4 shows that the mean particle size diminishes as the
oncentration of thiourea in the synthesis medium is increased
p to a value where a further increase in the concentration of
hiourea does not produce significant changes in the particle
ize, i.e., 3–5 mmol L−1 of thiourea in solution. This behavior
losely follows an exponential decay, as indicated in Fig. 4. It
s believed that thiourea molecules adsorbed on the just-formed
uclei are responsible for the inhibition of particle growth, as
hown in the histograms in Fig. 3 complemented by the dis-

ussion in the previous sections. Furthermore, by considering
he particle size dependence on the concentration of thiourea
n solution (exponential decay-like) and the inhibition of par-
icle growth by adsorbed thiourea, it seems that the amount of
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interaction parameter (a), from the slope of the linear fit, as
well as the standard Gibbs free energy of adsorption (�G◦

ads)
from the linear coefficient, extrapolating the straight line to
2 E.G. Ciapina et al. / Journal o

hiourea adsorbed on Pt sites (the degree of coverage of thiourea,
TU) is proportional to the amount of thiourea in the bulk of the
olution. In other words, the particle size (p) can be considered
s inversely proportional to θTU:

1

p(CTU)
= kθTU, (1)

here k is a constant of proportionality. However, it is more
onvenient to define another variable, τ, given by Eq. (2), which
ives the relative size change due to the presence of TU:

= 1

p(CTU)
− 1

p(CTU = 0)
(2)

The plot of τ versus the concentration of thiourea shows that
increases as the synthesis solution is made more concentrated

n thiourea. Taking into account that the parameter τ is related
o the thiourea surface coverage, the plot shown in Fig. 5 is an
dsorption isotherm-like plot. Note that for the higher thiourea
oncentrations in the synthesis media, τ tends to a limiting value,
round 0.2 nm−1. Recalling that τ is inversely proportional to
he particle size and the later is a function of the thiourea surface
overage, θTU, this limiting value of τ is directly related to the
aximum surface coverage of thiourea (θTU) on the platinum

uclei formed during synthesis.
According to the work of Bolzan et al. [17] the maximum

egree of coverage of thiourea on platinum surfaces is 0.75,
hich is in agreement to value found for the adsorption of

hiourea on Au(1 1 1) surfaces [14]. Taking into account that
he maximum value of the parameter τ is 0.21 at a concentration
f thiourea of 5 mM, it is possible to find a correlation between
he two variables. In other words, it is possible to calculate θTU
y means of a correlation factor, where θTU = 3.6τ. Using this
elation, a plot of θTU versus CTU, that is, an adsorption isotherm
lot, can be build. This plot is shown in Fig. 6.

The adsorption of thiourea on Hg surfaces was studied by Par-
ons and Symons [12] and by Baars et al. [27]. They found that
he adsorption process can be described by a Frunkim isotherm.
n cases where adsorbate–adsorbate interactions take place, it

s expected that the adsorption energy depends on the surface
overage. More specifically, if the adsorption energy depends
inearly on the surface coverage and considering a Frumkin-
ype adsorption isotherm as discussed by Bolzan et al. [17], the

ig. 5. Dependence of the parameter τ as function of the concentration of
hiourea.

θ

F
s

ig. 6. Surface coverage of thiourea as a function of the concentration in the
olution.

dsorption process can be described by the isotherm:

θ

1 − θ
= ci

55.6
exp

(
−�G◦

ads

RT

)
exp(−aθ)298 (3)

here �G◦
ads is the standard Gibbs free energy of adsorp-

ion, ci the concentration of species in solution and a is
he Frunkim interaction factor, being positive for attractive
dsorbate–adsorbate interactions and negative for repulsive
nteractions. The standard state related to this adsorption
sotherm is given by [17,28]:

θ

1 − θ
exp(+aθ) = 1 (4)

Resulting in θ0 ≈ 0.25 for the value of a found for their sys-
em, a = −4.3 [17].

Taking into account the relationship between the particle
ize and the surface coverage of thiourea discussed above, an
ttempt was made to apply the Frumkin isotherm to the results
f this work to obtain further knowledge on the adsorption
rocess of thiourea on Pt nanoparticles. From Eq. (3), a plot
f ln(θTU/(1 − θTU))(55.6/ci) versus θTU should give a linear
elationship, from where it can be extracted the values of the
TU = 0. As shown in Fig. 7, it was found that the values of

ig. 7. Plot of ln(θTU/(1 − θTU))(55.6/ci) vs. θTU. Continuous line: linear regres-
ion using the least squares method.
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is the only effect promoted by repeated cycling.

As shown in Fig. 9, using more concentrated thiourea
solutions during synthesis, the first cycle of the as-prepared sup-
ported catalyst does not show the main features of the hydrogen
E.G. Ciapina et al. / Journal o

n(θTU/(1 − θTU))(55.6/ci) versus θTU fit reasonable well a linear
elationship.

The value of the Frunkim interaction factor a determined by
inear regression was a = −2.8, smaller than the value obtained
y Bolzan et al. [17], −4.3. The negative value indicates
hat repulsive adsorbate–adsorbate interactions prevail, prob-
bly because of the interactions among protonated neighbor
NH groups [17]. Using the obtained interaction factor a in
quation (4), the surface coverage in the standard state (θ0)
s found to be 0.3. Indeed, a value of θ lower than 0.5 was
xpected, since θ = 0.5 describes the coverage at the standard
tate for the Langmuir adsorption isotherm, where no interac-
ion between adsorbed molecules is assumed to occur. From the
inear coefficient, the value found for the standard Gibbs free
nergy of adsorption �G◦

ads was −26 kJ mol−1, which is also
ower (in modulus) than the value obtained by Bolzan et al. [17],
G◦

ads = −40 kJ mol−1. The difference appears to be large but if
hould be bear mind that the experimental conditions were quite
ifferent, that is, different supporting electrolytes and mainly dif-
erent temperatures at which the adsorption took place (80 ◦C,
he temperature of the synthesis) in contrast to the experiments
onducted by Bolzan et al., at 25 ◦C in 0.5 mol L−1 H2SO4.
esides, the substrates in this work are platinum particles in the
anoscale range, where more than 30% of the atoms are surface
toms, in which the electronic properties could be very differ-
nt from those of large polycrystalline surfaces. Also the Pt–Pt
istances may be different, as observed by X-ray absorption
29]. Another point that should be stressed is that the results
f this work were obtained in a non-electrochemical environ-
ent, different than that used by Bolzan et al. It is reasonable

o expect that these differences, specially the temperature, will
nfluence the energy of adsorption of thiourea and therefore the
nteraction factor (a) is expected to be smaller as the temperature
s increased. The application of the Frumkin isotherm derived
rom experimental data indicates that the assumptions made on
he relationship between the particle size and the amount of
hiourea adsorbed on the Pt nuclei during synthesis seem to be
alid. However, more accurate experiments need to be made
n order to get more precise values of the parameters for the
dsorption of thiourea on Pt nanoparticles in acid media and at
emperatures above 25 ◦C. Such experiments, however, are out
f scope of the present work.

.2. Cyclic voltammetric experiments

Regarding the synthesis of supported catalysts, such as Pt/C,
or fuel cell applications, it is better to look for a clean method,
n the sense that the species eventually used in the preparation
rocedure are easily removed after the synthesis unless they do
ot interfere in the electrochemical response. Cyclic voltamme-
ry (CV) experiments were used to study the surface state of the

aterials prepared in the presence of thiourea.
Fig. 8 shows that the first cycle of a Pt/C catalyst synthe-
ized in the presence of 1 mmol L−1 TU in a 0.5 mol L−1 H2SO4
olution is almost featureless, that is, without evidence of the
haracteristic voltammetric peaks of platinum in acid solution.
his is due to the presence of strongly adsorbed TU on the Pt

F
v

ig. 8. Cyclic voltammograms obtained in 0.5 mol L−1 H2SO4 at 50 mV s−1

or Pt/C (20 wt%) prepared with the FAM with 1 mmol L−1 of thiourea. Arrows
ndicate increasing number of cycles.

urface (or other adsorbates produced by dissociative adsorption
f thiourea). The procedure employed in the electrode prepara-
ion, involves the attachment of the supported particles on the
lassy carbon surface by means of a drop (approximately 40 �L)
f a diluted Nafion® solution (0.05 wt% in a 1:1 water/methanol
olution) and Nafion® impurities, always present, produce some
ll-defined profile on the first cycles of the voltammogram, so
he effects shown above could be related to two processes, that
s, the presence of Nafion® impurities and thiourea molecules
dsorbed on the Pt surface. The latter, which we believe to be
he main factor responsible for the voltammetric profile shown
n Fig. 8, could be a drawback to the use of thiourea to control
he size of Pt nanoparticles. However, the surface can be cleaned
y potential cycling.

Upon repeated cycling between 0.05 and 1.4 V versus RHE,
he characteristic profile of Pt gradually emerges as the surface
ecomes cleaner. In fact, as observed by Arvia and co-workers
30] as the potential is made more positive, thiourea oxidizes
nd generates soluble species. No alterations are observed in
he double layer region showing that the cleaning of the surface
ig. 9. Cyclic voltammograns of Pt/C (20 wt%) (FAM), 56 �g cm−2;
= 50 mV s−1; 0.5 mol L−1 H2SO4; 3 mmol L−1 thiourea during synthesis.
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egion, obviously indicating the blocking effect of thiourea on
he adsorption of hydrogen. By cycling these catalysts repeat-
dly the surface is practically cleaned, revealing a voltammetric
rofile very similar to that well known for Pt/C in 0.5 mol L−1

2SO4 electrolyte.
To complement the voltammetric study of the system, a

ifferent experiment was performed. For this experiment a
mmol L−1 thiourea solution was prepared in 0.5 mol L−1

2SO4 and the cyclic voltammetry of Pt/C prepared with the
tandard formic acid method (without thiourea) was recorded
Fig. 10). Cycling the electrode several times between 0.05 and
.4 V clearly reduces the degree of coverage of adsorbed thiourea
n the surface. This can be seen by the increasing currents in the
ydrogen adsorption/desorption region and the decreasing cur-
ents above 1 V, probably due to the oxidation of thiourea. The
rst cathodic sweep reveals almost an absence of the platinum
oxide” reduction currents probably due to the blocking effect
f TU on H2O adsorption. This may indicate that the adsorption
nergy of TU molecules is higher than that of water molecules, so
he preferential adsorption of TU displaces adsorbed H2O on the
urface. Although these remarks may appear a little speculative
hey are plausible and add to the understanding of the voltam-

etric profile and adsorption phenomena of thiourea on Pt/C.
It is interesting to note that in spite of the presence of

hiourea in solution, the voltammetric profile after several cycles
pproaches that of clean Pt due to the consumption of thiourea
ear the interface. This behavior was expected, considering both
he potentiodynamic characteristic of the voltammetric tech-
iques and the continuous oxidation of TU which increases
ts concentration gradient giving rise to an apparently thiourea-
ree surface even when TU (or its oxidation soluble products)
re present in the solution. In unstirred solutions the thickness
f the Nernst diffusion layer is a function of time and, there-
ore, after enough time, the TU molecules will arrive at the Pt

urface, blocking the hydrogen adsorption/desorption region.
ndeed, creating a TU flux towards the surface by means of
orced convection, characteristic of the rotating disk electrode,

ig. 10. Cyclic voltammograms obtained at 50 mV s−1 of Pt/C in a 0.5 mol L−1

2SO4 + 1 mmol L−1 thiourea solution. Arrows indicate increasing number of
ycles.

b
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t
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b) 5 mmol L−1 of thiourea: (- - -) without thermal treatment and ( ) with
hermal treatment at 300 ◦C in (4:1, v/v) Ar/H2 for 1 h. 0.5 mol L−1 H2SO4,
0 mV s−1, room temperature.

nd by keeping it rotating at low potentials, i.e., 0.05 V, for a short
ime (around 30 s) the first cycle (not shown) clearly reveals
he absence of the hydrogen adsorption/desorption region, an
ndicative of the presence of TU molecules adsorbed again on
he platinum surface.

As an alternative to the cyclic voltammetric treatment, it was
nvestigated the cleaning effect of a thermal treatment at 300 ◦C
nder a 4:1 (% v/v) Ar/H2 atmosphere for 1 h on a Pt/C cat-
lyst, prepared in the presence of thiourea. Fig. 11 shows the
rst cycle of the voltammetric profile for Pt/C synthesized in

he presence of 3 and 5 mmol L−1 of thiourea: (i) without and
ii) with thermal treatment. The cleaning effect of the thermal
reatment (TT), is evidenced by the definition of the hydrogen
dsorption/desorption region in comparison to the as-prepared
aterial. Also, there are practically no changes in the dou-

le layer region, indicating that the thermal treatment does not
nduce appreciable changes in the electrochemical surface area.
The effect of potential cycling was also investigated for
he thermally treated materials. In general, it can be observed
Fig. 12) the same behavior described above, i.e., an increas-

ig. 12. First and 20th cyclic voltammograms for Pt/C synthesized by the formic
cid method with different TU concentrations and submitted to a thermal treat-
ent at 300 ◦C in (4:1, v/v) Ar/H2 for 1 h. 20 mV s−1, 0.5 mol L−1 H2SO4.
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ng definition of the hydrogen adsorption/desorption region with
ycling, due to a cleaning of the surface. Furthermore, it should
e noticed that a relative definition is already present even for
he first cycle, for both Pt/C materials, synthesized with 3 and
mmol L−1 of TU, submitted to a thermal treatment at 300 ◦C

or 1 h in a 4:1 (v/v) Ar/H2 mixture. After 20 cycles, the profile
s very similar to that of a clean carbon-supported platinum. As

result, the thermal treatment at 300 ◦C in a 4:1 (v/v) Ar/H2
tmosphere for 1 h can be employed as an convenient clean-
ng procedure for the materials synthesized in the presence of
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. Conclusions

The results of this work show that the adsorption of TU
ecreases the mean particle size of carbon-supported Pt nanopar-
icles synthesized by chemical reduction. Based on the mean
article size determined by HRTEM, the degree of coverage of
hiourea adsorbed on Pt nuclei during synthesis was estimated
nd it was found that the adsorption of thiourea on carbon-
upported platinum nanoparticles can be described by a Frumkin
dsorption isotherm. The inconvenience of the synthesis pro-
edure described here is the TU that remains adsorbed on the
urface of the catalyst, but it can be removed by potential cycling
r by thermal treatment at 300 ◦C in a 4:1 (v/v) mixture of
r/H2. Apparently, the thermal treatment does not change the

lectrochemical active area, as shown by cyclic voltammetric
xperiments, thus providing an easy way to clean the Pt/C sur-
ace from adsorbed thiourea molecules. It must be pointed out
ere that thiourea was used as a convenient probe molecule to
tudy the effect of adsorption on the growth of Pt nanoparti-
les. From the practical point of view of particle size control it
s obvious that other molecules may be studied and eventually
etter candidates than TU may be found.
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49 (2004) 1289–1295.

[3] F. Colmati, E. Antolini, E.R. Gonzalez, Electrochim. Acta 50 (2005)
5496–5503.

[4] L. dos Santos, F. Colmati, E.R. Gonzalez, J. Power Sources 159 (2006)
869–877.

[5] E. Antolini, J.R.C. Salgado, M.J. Giz, E.R. Gonzalez, Int. J. Hydrogen
Energy 30 (2005) 1213–1220.

[6] E. Antolini, J.R.C. Salgado, L. Santos, G. Garcia, E.A. Ticianelli,
E. Pastor, E.R. Gonzalez, J. Appl. Electrochem. 36 (2006) 355–
362.

[7] H. Song, F. Kim, S. Connor, G. Somorjai, A.P. Yang, J. Phys. Chem. B 109
(2005) 188–193.

[8] Y.-T. Kim, K. Oshima, K. Higashimine, T. Uruga, M. Takata, H. Suematsu,
T. Mitani, Angew. Chem. Int. 45 (2006) 407–411.

[9] L. Cao, F. Scheiba, C. Roth, F. Schweiger, C. Cremers, S. Ulrich, H. Fuess,
L. Chen, W. Zhu, X. Qiu, Angew. Chem. Int. 45 (2006).

10] F.W. Schapink, M. Oudeman, K.W. Leu, J.N. Helle, Trans. Faraday Soc.
56 (1960) 415–423.

11] R. Parsons, Proc. Royal Soc. 261 (1961) 79.
12] R. Parsons, P. Symons, Trans. Faraday Soc. 64 (1968) 1077.
13] E.R. Gonzalez, K.L. Hsueh, S. Srinivasan, J. Electrochem. Soc. 130 (1983)

1–5.
14] O. Azzaroni, B. Blum, R.C. Salvarezza, A.J. Arvia, J. Phys. Chem. B: Lett.

104 (2000) 1395.
15] Z.Q. Tian, W.H. Li, B.W. Mao, J.S. Gao, J. Electroanal. Chem. 379 (1994)

271–279.
16] J. Bockris, Oı̌M, M.A. Habib, J.L. Carbajal, J. Electrochem. Soc. 131

(1984) 3032.
17] A.E. Bolzan, R.C.V. Piatti, R.C. Salvarezza, A.J. Arvia, J. Appl. Elec-

trochem. 32 (2002) 611–620.
18] T.J. Schmidt, H.A. Gasteiger, in: W. Vielstich, H.A. Gasteiger, A.

Lamm (Eds.), Handbook of Fuel Cells—Fundamentals, Technology
and Applications, vol. 2, John Wiley & Sons Ltd., 2003, pp. 316–
333.

19] T.J. Schmidt, H.A. Gasteiger, G.D. Stab, P.M. Urban, D.M. Kolb, R.J.
Behm, J. Electrochem. Soc. 145 (1998) 2354–2358.

20] J.B. Cohen, Ultramicroscopy 34 (1990) 41–46.
21] C.G. Granqvist, R.A. Buhrman, J. Catal. 42 (1976) 477–479.
22] P. Ascarelli, V. Contini, GR, J. Appl. Phys. 91 (2002) 4556–

4561.
23] K.F. Peters, Y.-W. Chung, J.B. Cohen, Appl. Phys. Lett. 71 (1997)

2391–2393.
24] S. Iijima, T. Ichihashi, Phys. Rev. Lett. 56 (1986) 616–619.
25] E.R. Leite, T.R. Giraldi, F.M. Pontes, E. Longo, Appl. Phy. Lett. 83 (2003)

1566–1568.
26] D. Moldovan, V. Yamakov, D. Wolf, S.R. Phillpot, Phys. Rev. Lett. 89

(2002) 206101-1–206101-4.
27] A. Baars, J.W.J. Knapen, M. Sluyters-Rehbach, J.H. Sluyters, J. Elec-

troanal. Chem. 368 (1994) 293.
28] B.E. Conway, H. Angerstein-Kozlowska, H.P. Dhar, Electrochim. Acta 19
(1974) 455–460.
29] M.-K. Min, J. Cho, K. Cho, H. Kim, Electrochim. Acta 45 (2000)

4211–4217.
30] A.E. Bolzan, P.L. Schilardi, R.C.V. Piatti, T. Iwasita, A. Cuesta, C. Gutier-

rez, A.J. Arvia, J. Electroanal. Chem. 571 (2004) 59–72.


	The effect of adsorption of thiourea on the particle size of supported platinum nanocatalysts synthesized by chemical reduction
	Introduction
	Experimental
	Results and discussion
	X-ray diffraction (XRD) and high-resolution electron microscopy (HRTEM) experiments
	Cyclic voltammetric experiments

	Conclusions
	Acknowledgements
	References


