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The formation mechanism of Pt/C catalysts using non-oxidized active carbon support and
the weak reducing agent Na2S2O4 was investigated. Platinum on carbon catalysts were
fabricated by an impregnation/reduction process of the Pt-precursor H2PtCl6 on carbon
support. The effect of thermal treatment in argon up to 700◦C on the structural
characteristics of these catalysts was studied by XRD and TEM analyses. The importance of
carbon support properties on Pt/C formation was recognized. Before thermal treatment a
very weak internal organization (a very small particle size and amorphous structure) in the
metal was obtained. Thermal treatment at relatively low temperatures leads to the growth
and then to the crystallization of platinum particles in the well-known face centered cubic
structure. The sintering of Pt particles occurs through the migration of Pt atoms on the
carbon support, likely by a bridge-bonding mechanism on sulfur atoms. A fast growth of Pt
particles occurred in the temperature range 300–400◦C. Thermal crystallization, instead,
occurred mostly going from 400 to 550◦C. Following annealing at 550◦C, the formation of
platinum sulfide was revealed. The sample thermally treated at 700◦C showed an
anomalous XRD pattern with Pt reflexions shifted towards high angles and an increase of
Pt[111]/Pt[220] peak intensity ratio. C© 2002 Kluwer Academic Publishers

1. Introduction
Platinum supported on carbon (Pt/C) is used as cata-
lyst for hydrogenation and oxidation reactions. Pt/C is
the best known electrocatalyst for both hydrogen oxi-
dation and oxygen reduction in phosphoric acid fuel
cells (PAFCs) and proton exchange membrane fuel cells
(PEMFCs). Platinum has a face-centered cubic (fcc)
structure. Romanowski [1] found that a minimum sur-
face energy is obtained for Pt particles having a cubo-
octahedral structure. The cubo-octahedral particles of
unsupported platinum consist of eight octahedral [111]
crystal faces and six cubic [100] crystal faces bounded
by edge and corner atoms. In general, the shape of the
supported clusters is shown to depend on the strength
of the metal-support interactions and on the size of the
cluster [2–4]. Platinum particle size affects the elec-
trocatalytic activity of highly dispersed Pt for oxygen
reduction: some works reported that the mass activity
reaches a maximum at about 4 nm [5, 6]. More recently,
Kabbabi et al. [7] found a loss of catalytic activity with
decreasing particle size, particularly for Pt cluster sizes
<10 nm. So, it is very important to control the particle

size of the metal both during the preparation process
and in operating conditions. Many papers deal with Pt
particle growth of platinized carbon. Tseung and Dhara
[8] and Honji et al. [9] studied the loss of surface area
of platinum supported on carbon in hot phosphoric acid
(150–200◦C) at 0.7–0.8 V. They concluded that the dis-
solution and redeposition of platinum crystallites is the
predominant growth mechanism. Platinum particles in
a colony were agglomerated to form one particle de-
pending on the potential and the number of particles
in the colony [9]. Besides this dissolution/redeposition
mechanism, Pt particle growth takes place also in the
absence of a liquid environment. The surface diffusion
of crystallites or migration of platinum atoms also oc-
curs in gaseous environment, as nitrogen or hydrogen,
at temperatures above 600◦C [10, 11]. The stability of
the metal particles and the mechanism of Pt particle
growth depend on the properties of the carbon support.
Torre et al. [12] studied the influence of surface acid-
base properties on the formation of Pt/C catalysts using
a high specific surface area carbon. They found that sur-
face acidic oxygen-containing functional groups may
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act as anchoring centres for the metal particles limiting
their growth in the low temperature range. The pro-
gressive decomposition of these acidic surface groups
with increasing temperature allows a fast growth of the
Pt particles. He et al. [13] prepared PtRu/C catalyst
by H2PtCl6 reduction with sodium thiosulfate and a
further reduction in H2 atmosphere at 250◦C. They ob-
tained PtRu crystal particles too small to be detected
by XRD analysis. When this catalyst was heat-treated
at 660◦C in N2 atmosphere, very strong PtRu reflex-
ions were detected, this behavior being related to metal
particle growth. A Pt/C multilayer thermally treated at
500◦C showed Pt crystallite growth and a strong texture
of platinum in the [220] -plane [14]. Aim of this work
is to evaluate the effect of thermal treatment on mor-
phological and structural characteristics of Pt particles
and to obtain Pt/C catalyst with improved the catalytic
properties.

The catalyst was prepared by an impregnation/
reduction process of H2PtCl6 into carbon. The chem-
istry of the impregnation process is still not well un-
derstood. Early XPS studies [15] indicated that after
impregnation of carbon with H2PtCl6 and subsequent
drying in air, the platinum was present as Pt0 and Pt2+.
Van Dam et al. [16] showed that upon impregnation into
activated carbon, H2PtCl6 is partly converted into a Pt2+
complex. According to de Miguel et al. [17], the inter-
action of H2PtCl6 with the carbon implies a redox pro-
cess in which after impregnation and drying the metal
complex is stabilized as Pt2+ on the carbon surface. The
reduction method commonly used in the preparation of
Pt/C catalysts is treatment with H2 gas at temperatures
in the range 300–400◦C [18]. In the present work the
reduction was performed by the weak reducing agent
Na2S2O4 [19]. Na2S2O4 reacts with the chloroplatinic
ions to form finely divided metal particles having a large
surface area. It seems that in this reaction much finely
divided sulfur may be formed by decomposition of the
sulfur-precursor according to the following equation,
which is known to occur in an acidic solution:

S2O2−
4 + 2H+ → H2S2O4 → S + H2SO4 (1)

The sulfur particles thus obtained serve as nuclei for
growing much finely divided metal catalyst particles.

2. Experimental procedure
The catalysts consisting of Pt supported on carbon were
prepared by a deposition/reduction process of H2PtCl6.
The H2PtCl6 is first adsorbed on the carbon support,
then it is “in situ” reduced to metallic Pt. Two carbon
supports were used. Vulcan XC-72R Cabot (VC) has
a specific surface area of 254 m2 g−1 and an average
primary particle diameter of 30 nm. Generally, before
Pt-precursor deposition, the carbon support is activated
by nitric acid oxidation to increase the anchoring cen-
tres for the platinum. In the present study, to maintain
few active sites on the carbon, we have used the car-
bon support without any oxidation. A Pt supported on
Ketjenblack (KJB) type carbon was prepared to evalu-
ate the effect of support characteristics. KJB has a high

specific surface area of 900 m2 g−1 and high basicity
(presence of a high concentration of basic functional
groups). An aqueous solution (50 ml) of hexachloropla-
tinic acid (15 mgPt ml−1) was added to a suspension of
carbon (250 ml, 10 mgC ml−1) in a water/ethanol mix-
ture (80/20), following by addition of oxygen peroxide
(10 ml, 30% H2O2). The H2O2 added to the solution
can react with the carbon surface. The resulting sus-
pension was heated at 60◦C (impregnation step). Then
an aqueous solution of Na2S2O4 was slowly added (re-
duction step). Finally, the platinized carbon was filtered,
washed in H2O and dried in air at 110◦C. The catalyst
was also submitted to a dynamic thermal treatment in
argon from room temperature to a maximum tempera-
ture in the range 200–700◦C at heating rate 15◦C/min.
To evaluate the effect of the heating rate on Pt parti-
cle characteristics, the sample thermally treated up to
350◦C was also submitted to a heating rate of 45◦C/min.

Chemical analysis of the catalyst was accomplished
using Atomic Absorption Spectrophotometry (AAS) by
a Perkin Elmer Model 305.

X-ray diffraction (XRD) measurements were carried
out with a Italstructures powder diffractometer, using
a focused and monochromatized Co Kα source, with a
position sensitive detection 120◦.

The morphology and the platinum particle size dis-
tributions of the catalyst were analyzed by a Philips
CM12 Transmission Electron Microscope (TEM). The
size distribution of supported particles was represented
by the number of the particles in each diameter range.
The number-average diameter Dn of Pt particles was
calculated from the particle size distribution accord-
ing to the equation Dn = �Ni Di/�Ni where Ni is the

Figure 1 X-ray diffraction patterns of platinum supported on VC (a) and
KJB (b) before annealing.
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number of particles in a specific size range and Di is
the average diameter in each diameter range.

3. Results and discussion
AAS analysis indicated that metal loading in Pt sup-
ported on VC was about 4%, while in Pt supported on
KJB was ca. 10%. Fig. 1a shows the XRD pattern of
Pt on VC before thermal treatment. Note the absence
of Pt reflections. Carbon reflections were only present.
Fig. 2a shows a TEM micrograph of the same sample.
It was difficult to distinguish Pt particles from the car-
bon support. Thus the average particle size was smaller
than ca. 1.0 nm. The importance of the carbon support
characteristics was evidenced by the XRD pattern of Pt
supported on KJB. As shown in Fig. 1b, the reflections
of well crystallized Pt particles are visible. The differ-
ent behaviour of the platinum in the presence of differ-
ent carbon supports can be explained as follows. In the
case of non-activated VC, weak carbon surface-metal

(a)

Figure 2 TEM micrographs of Pt/C on VC catalysts before annealing (a) and following thermal treatment up to 400◦C (b) and 700◦C (c). (Continued.)

precursor interactions take place during impregnation,
so Pt crystallites nucleate and grow on sulfur particles
formed during reduction. Owing to the high number of
S particles, the Pt dispersion is high, resulting in small
Pt aggregates. In the case of KJB, instead, the presence
of basic sites on the carbon surface plays an impor-
tant role in the adsorption of H2PtCl6, by undergoing
a strong interaction with it [12]. During reduction the
crystallites nucleate and grow on some of these sites.
The Pt2+ reduction on the crystallite surface being the
rate limiting step (Na2S2O4 is a weak reducing agent,
the Pt2+ diffusion is relatively fast), the growth rate
of a crystallite will be proportional to its surface area.
So, large crystallites will grow faster than small crys-
tallites. This finally results in a small number of large
crystallites.

Fig. 3 shows XRD patterns of Pt supported on VC cat-
alysts following thermal treatment. After thermal treat-
ment up to 300◦C only the carbon reflections were vis-
ible in XRD patterns. Pt reflections appeared starting
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(b)

Figure 2 (Continued.)

from thermal treatment up to 350◦C. In the XRD pattern
following thermal treatment up to 550◦C the reflections
of PtS (cooperite) were also visible. Both platinum par-
ticle growth and thermocrystallization took place dur-
ing annealing. Particle size D was calculated by XRD
measurements from the Scherrers relation:

D = kλ/2�θ cos θ (2)

where λ is the wave length of x-ray (1.789 Å), θ the an-
gle at the position of the peak maximum, �θ the width
of the diffraction peak at half height, and k is a coef-
ficient taken as 0.9. To aim to discharge the strain of
the crystallites, we have used in Equation 2 the extrap-
olated value of 2�θ cos θ at θ = 0, obtained by the plot
of 2�θ cos θ vs. sen θ . Fig. 4 shows the dependence
of particle size on thermal treatment temperature. The
coalescence of Pt particles almost completely occurred
in the temperature range 300–400◦. Sulfur presence
can support the sintering of Pt particles at relatively
low temperatures, as denoted by an x-ray absorption

(XAS) study of Pt clusters in zeolite after poisoning
with sulfur [20]. In the presence of sulfur, Pt mobility
on carbon takes place by a different route. S enables Pt
atoms to move by a bridge-bonding mechanism [21].
TEM analysis of sample annealed up to 400◦C con-
firmed the results of XRD measurements, as shown by
comparing the average particle size obtained from both
XRD and TEM measurements, reported in Table I. The
disagreement of XRD and TEM values of particle size
regarding the sample thermally treated up to 700◦C can

TABLE I Pt particle size obtained by TEM and XRD measurements
before thermal treatment and following thermal treatment up to 400 and
700◦C

Pt Particle size Pt particle size
Temperature (◦C) (by TEM) (nm) (by XRD) (nm)

No thermal treatment <1 <1
400 18 19
700 20 10.5

136



(c)

Figure 2 (Continued.)

be related to the presence of a secondary phase caus-
ing the broadening of XRD reflections. As we will re-
port later, the catalyst thermally treated up to 700◦C
showed an anomalous behavior. Fig. 2 shows TEM
micrographs following annealing up to 400 (Fig. 2b)
and 700◦C (Fig. 2c), respectively. The cubo-octahedral
structure of the largest Pt particles can be seen. Fig. 5
shows the Pt particle size distribution from TEM analy-
sis for samples annealed up to 400 (Fig. 5a) and 700◦C
(Fig. 5b), respectively. Particle size distribution of the
catalyst thermally treated up to 400◦C was symmetrical
with respect to the maximum, while that of the sam-
ple treated up to 700◦C showed a tail in the region
of the large sizes. Going from 400 to 700◦C, the par-
ticles with size <10 nm disappeared, while particles
with size >40 nm were detected. The particle size of
platinum supported on KJB following annealing up to
400◦C, obtained from XRD measurements, was 18 nm,
i.e. about the same value as that of platinum supported
on VC. Then, the different support seems to affect the
Pt particle size only before thermal treatment.

Regarding the thermocrystallization, we have con-
sidered as a crystallinity degree index of Pt particles
the peak intensity ratio of the Pt [111] crystal face and
the C[0015] reflection of the carbon. Fig. 6 shows the
dependence of the Pt[111]/C[0015] intensity ratio vs.
maximum temperature of the thermal treatment. A high
increase of the crystallinity occurred in the tempera-
ture range 400–550◦C, i.e. when the coalescence of
Pt particles is almost completed. This indicates that
grain growth and crystallite quality are independent
events.

Following thermal treatment up to 350◦C with dif-
ferent heating rate of 15◦C/min and 45◦C/min, XRD
measurements (see Fig. 7) indicated the presence of Pt
reflections with the same width at half height, but with
increased intensity (peak intensity ratio 0.90 at heating
rate 15◦C/min, and 0.44 at heating rate 45◦C/min), i.e.
Pt particle size was the same, but the crystallinity in-
creased with decreasing the heating rate. This means
that the motion of Pt atoms on the support is faster than
the motion of Pt atoms into the metal particle.
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Figure 3 X-ray diffraction patterns of Pt/C on VC catalysts after an-
nealing up to different temperatures. The asterisk * in XRD pattern after
annealing up to 550◦C indicates PtS reflexions.

Figure 4 Dependence of platinum particle size of Pt/C on VC catalysts
on the maximum temperature of the thermal treatment.

While after annealing up to 550◦C regular fcc Pt
and PtS phases were detected, following thermal treat-
ment up to 700◦C an anomalous fcc Pt phase was re-
vealed by XRD analysis. The anomalous fcc Pt pat-
tern of the sample thermally treated up to 700◦C
showed a large decrease of lattice constant (Fig. 8)
and an increase of Pt[111]/Pt[220] peak intensity ra-
tio (Fig. 9). These crystallographic anomalies and the
decrease of the Pt[111]/C[0015] peak intensity ratio
(Fig. 6) could be related to the concomitant decompo-
sition of platinum sulfide formed during heating of the
sample.

(a)

(b)

Figure 5 Size distribution of supported particles in Pt/C on VC catalysts
after thermal treatment up to 400◦C (a) and 700◦C (b).

Figure 6 Pt[111]/C(0015) peak intensity ratio of Pt/C on VC catalysts
as a function of the maximum temperature of the thermal treatment.

4. Conclusions
Pt/C catalysts were prepared using non-oxidized carbon
support and a sulfur-based reducing agent. At relatively
low temperature, in the range 300–400◦C, Pt particle
size grew from 1 to 20 nm. The crystallinity, on the
other hand, increased in a remarkable way in the tem-
perature range 400–550◦C. The presence of sulfur af-
fect the process of Pt/C formation in different ways, by
chemical or physical interactions with platinum:
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Figure 7 X-ray diffraction patterns of Pt/C on VC catalysts after anneal-
ing up to 350◦C at heating rate 15◦C/min and 45◦C/min.

Figure 8 Dependence of Pt lattice constant (±0.001 Å) of Pt/C on VC
catalysts on the maximum temperature of the thermal treatment. Dashed
line: lattice constant value for unsupported platinum from JCPDS-
International Centre for Diffraction Data (1998).

i) first, S acts a reducing and a nucleating agent;
ii) in the temperature range 300–400◦C, sulfur sup-

ports the coalescence of Pt particles, enhancing Pt mo-
tion on the support by S bridge-bonding;

iii) during annealing up to 550◦C chemical reaction
of S and Pt takes place to give PtS;

iv) PtS decomposition at temperature higher than
550◦C likely gives rise to the formation of a crystal-
lographically anomalous fcc Pt.

Figure 9 Dependence of Pt[111]/Pt[220] peak intensity ratio of Pt/C
on VC catalyst on the maximum temperature of the thermal treatment.
Dashed line: Pt[111]/Pt[220] value from JCPDS-International Centre for
Diffraction Data (1998).
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