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The objective of this study is to evaluate different methods to obtain Pt (20 wt%)/carbon
electrocatalysts, in order to identify the conditions that lead to electrocatalysts with the best
electrochemical performance. This paper involves the study of different methods for the
deposition and reduction of H,PtClg on three carbon supports: Vulcan carbon, Multiwall
carbon nanotubes and mesoporous carbons. The deposition—reduction methods in liquid
phase were carried out with HCOOH or NaBHj, as reducing agents. Besides, the conventional
impregnation was carried out by deposition of H,PtCls on carbon followed by a reduction
with H, at high temperature. The electrochemical performance of supported Pt catalysts
prepared by reduction in liquid phase is strongly dependent on the metallic dispersion, the
particle size distribution and the nature of the carbonaceous material used as a support.
Results show that the deposition—reduction method using HCOOH 0.3 M at 50—60 °C and
a mesoporous carbon leads to the most efficient electrocatalyst.
Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

size and distribution of these nanoparticles have an influence
on the apparent activity of the electrode for both the hydrogen

Proton exchange membrane fuel cell (PEMFC) is one of the
most promising alternative power sources for several appli-
cations due to its high energy conversion efficiency and low
pollution. Some challenges still exist, for example, perfor-
mance should be further improved and its cost must be
reduced for commercialization. These depend, between other
factors, on the increment in the activity of electrocatalysts
and Pt utilization [1,2].

Catalysts for PEMFC are basically composed of platinum
nanoparticles deposited on a carbon conducting support. The

oxidation (HOR) and the oxygen reduction (ORR) reactions
when these catalysts make a membrane electrode assembly
(MEA) of PEMFC [3-5].

Different reduction methods of the platinum precursor
(usually chloroplatinic acid), which differ in the reduction
agent employed, have been described in the literature,
including the formic acid [6—8], sodium borohydride [9,10],
ethylene glycol-water solution [11], hydrazine [12], formalde-
hyde [13], the impregnation method followed by reduction
with hydrogen at high temperature [14] and the microwave-
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assisted method in ethylene glycol [8,15]. Nores Pondal [16]
indicates that catalysts prepared by reduction with formic
acid and ethylene glycol (microwave-assisted) show electro-
chemical activities very close to those of the commercial
catalyst, and are almost insensitive to the Pt dispersion or Pt
particle size. Zhang et al. [12] pointed out that the catalytic
activity for oxygen reduction increases in the order:
Pt(HCOOH) > Pt(NaBH,) > Pt(N,H,). One problem associated
with the reduction in liquid phase is the reducibility degree of
the metallic precursor [17]. When the reduction is carried out
by using H,, the reducibility and the dispersion of the metal
can be defined by the reduction temperature [14]. Xing [11]
presents a sonochemical technique for the treatment of
carbon nanotubes that allows deposition of highly dispersed
high loading Pt nanoparticles on them. Compared to previous
techniques for the treatment of carbon nanotubes, the sono-
chemical technique is able to functionalize most of the carbon
nanotubes by preventing them from forming aggregates
during the treatment process.

The electrochemical performance of these carbon-
supported electrodes depends in an important degree on the
deposition—reduction method and the nature of the support.
Not only the metallic dispersion and distribution of metallic
sizes could be the fundamental factors that affect the elec-
trochemically active specific surface (EASS) but also the
nature of the support.

Itis very important to note that there are no systematic and
comparative studies of the deposition—reduction methods
and the influence of these methods on the physicochemical
characteristics of the metallic phase and on the EASS of the
whole electrode. It should be noted that, for a particular active
material, the EASS area is the key parameter that dominates
the apparent electrocatalytic activity of the material for
a certain reaction. Hence the aim of this paper is to study the
incidence of the different preparation methods and the opti-
mization of the different preparation variables in order to
obtain catalysts with a better electrochemical performance.
Besides, the use of non-conventional supports like a meso-
porous carbon synthesized in CNEA (National Commission of
Atomic Energy, Argentina) is very important for this study
[18,19]. Hence a systematic study on the method of deposi-
tion—reduction of Pt supported on different carbonaceous
materials (carbon Vulcan, mesoporous carbon and carbon
nanotubes) with different reducing agents in liquid phase was
carried out. Moreover the results obtained by this method
were compared with those obtained by conventional
impregnation with H,PtCls and further reduction with H,. The
used characterization techniques were TPR, XRD, XPS, TEM,
H, chemisorption and voltammetric CO stripping.

2. Experimental
2.1. Preparation of the electrocatalysts

The carbonaceous supports used for the catalyst
preparation were: (i) carbon Vulcan (VC); (ii) multiwall carbon
nanotubes (NT); (iii) mesoporous carbon (MC) (see Table 1).
Vulcan carbon XC-72 has a specific surface area (Sger) of
240 m? g%, a pore volume (Vpore) of 0.31 cm?® g * and a mean

Table 1 — Physical properties and impurities of the
supports.

Support SgET Vgore Impurities
2 il =il
(m®g™) (em”g ™)

Vulcan XC-72 240 0.31 Al Si, C, Mg, K and Zn,
S: negligible

Carbon nanotubes 211 0.46 Fe: 2%; Al: 1.5%; Si, S,
Ca: negligible

Mesoporous carbon 476 0.35 Cl: 0.3%; S: negligible

a Vpore: total pore volume.

particle size of 40 nm. A commercial multiple wall carbon
nanotube (MWCN from Sunnano, purity >90%, diameter:
10—-30 nm, length: 1-10 wm) with the following textural
properties: Sger = 211 m? g7, Vpore = 0.46 cm® g%, was used.
The physical properties of the mesoporous carbon, were:
Seer = 476 m?/g, Vpore = 0.35 cm?® g . The total pore volume (at
p/p° = 0.986) is 0.99 cm 3 g ! and the micropore volume
deduced by DR was 0.23 cm > g~1. A maximum in the pore size
distribution is found at around 9 nm (see Fig. 1). The micro-
(<2 nm) and meso-porosity (between 2 and 50 nm) is attrib-
uted to the structure of the carbon, which consists of clusters
of porous uniform spheres in a fairly regular array. Therefore,
the obtained material has a hierarchical pore structure (micro-
and meso-porosity) [18,19].

The catalysts were prepared by two methods: (a) deposi-
tion—reduction in liquid phase using HCOOH (called RF)
(Cicarelli, analytical grade) or NaBH, (called RB) (Merck,
analytical grade) as reducing agent, and (b) conventional
impregnation (called CI) in aqueous medium with H,PtCls
(Tetrahedron, A.C.S. Reagent). In all cases the Pt content was
20 wt%.

Pt(20 wt%)/VC catalysts were prepared by using different
HCOOH concentrations (0.1 M, 0.2 M, 0.3 M and 0.5 M) with the
object to find the optimal concentration of HCOOH that lead to
smaller Pt particle sizes. For the preparation of catalysts on
the other supports (carbon nanotubes and mesoporous
carbon) it was used the optimal concentration of the reductive
agent previously determined on Pt/VC catalyst. In the prepa-
ration of Pt/VC catalyst by deposition—reduction with formic
acid, a suspension of the support and formic acid was
prepared (1 g of VC and 50 mL of formic acid of appropriate
concentration) by sonication at room temperature for 15 min.
The suspension was thermostated under stirring (300 rpm) at
50—60 °C for 30 min. The formic acid reduction consists on the
addition of the H,PtCls solution in three steps under stirring.
The contact time for each addition of H,PtClg was at least 2 h.
After 1 h of the first addition of the Pt precursor, 10 mL of
formic acid was added in order to assure the total reduction of
the metallic compound. After each H,PtClg addition, a reduc-
ibility test was carried out by using KI and starch (indicator)
following the technique reported by Nores Pondal [16].

If the liquid sample remains colorless, this means that all
Pt is reduced to metallic state. On the contrary, if the solution
was not colorless, more HCOOH was added and the reduc-
ibility test was carried out again. This procedure was repeated
until a colorless liquid was obtained. After addition of the
three portions of H,PtClg, the sample was filtered and the solid
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Fig. 1 — Nitrogen adsorption—desorption isotherms and pore size distribution corresponding to the mesoporous carbon.

was washed with distilled water. In the case of catalysts
prepared by deposition—reduction in liquid phase (formic acid
or sodium borohydride) the reduction occurred preferentially
on the surface of the carbon support and, when it was
completed, the suspension was cooled down up to room
temperature and finally the catalyst was filtered and dried in
vacuum at 50 °C for 3 h.

When the reductive sodium borohydride method is
applied, solutions of different concentrations of NaBH, (0.2,
0.4 and 0.6 M) in 1 M NaOH were used. There is a difference in
the procedure with respect to that of the formic acid since the
addition of H,PtCls was made in one step, and the reductive
agent was added in four portions of the same volume. The
portions were added after 30 min one from the other. The
reducibility test was carried out before the next NaBH, addi-
tion. The catalyst was finally filtered, washed with distilled
water and dried under vacuum at 50 °C for 3 h.

The conventional impregnation (CI) method consists on the
impregnation of the support with the metallic precursor
(HoPtClg) followed by a reduction step with flowing H,. The
impregnation was carried out under stirring (400 rpm) using an
impregnation volume/mass of support ratio of 30 mL g *. The
amount of Pt added to the support was such as to obtain a final
Ptloadingin the final catalyst of 20 wt%. The impregnation time
was 8 h at room temperature. After impregnation the overall
sample (solid and the remaining liquid) was dried a 120 °C for
12 h, in order to assure the total deposition of the metallic
precursor. After drying, the catalyst precursor was reduced
with a H, flow (heating rate = 8 °C min~?) at 230 °C for 2 h [14].

2.2. Characterization of the Pt/C electrocatalysts

The H, chemisorption measurements were made in a volu-
metric equipment at room temperature. The sample weight

used on the experiments was 0.100 g, previously outgassed
under vacuum (10~* Torr). The H, adsorption isotherms were
performed at room temperature between 25 and 100 Torr. The
isotherms were linear in the range of used pressures and the
H, chemisorption capacity was calculated by extrapolation of
the isotherms to zero pressure [20]. In the case of catalysts
obtained by CI the sample was previously reduced under H,
flow at 230 °C for 2 h. Then the sample was outgassed under
vacuum at the same temperature, finally cooled down to room
temperature before the H, chemisorption.

The catalysts (previously dried at 120 °C) were also char-
acterized by temperature-programmed reduction (TPR) by
using a reductive mixture (10 mL min™?) of H, (5% v/v)—N, in
a flow reactor. The samples were heated at 6 °C min~* from 25
up to 800 °C. The outlet of the reactor was passed through
a TCD detector in order to obtain the TPR signal.

XPS determinations were carried out in a Multitechnic
Specs photoemission electron spectrometer equipped with an
X-ray source Mg/Al and a hemispherical analyzer PHOIBOS
150 in the fixed analyzer transmission (FAT) mode. The
spectrometer operates with an energy power of 100 eV and the
spectra were obtained with a pass energy of 30 eV and a Mg
anode operated at 90 W. The pressure of the analysis chamber
was kept a pressure lower than 1.5 x 107 Torr. The binding
energies (BEs) of the signals were referred to the Cl1s peak at
284 eV. Peak areas values were estimated by fitting the curves
with combination of Lorentzian—Gaussian curves of variable
proportion and using the CasaXPS Peak-fit software version 1.

The catalyst samples were also analyzed by X-ray
diffraction (XRD) techniques. X-ray diffraction experiments
were performed at room temperature in a Shimadzu model
XD3A instrument using CuKe radiation (1 = 1.542 A) gener-
ated at 30 kV and current of 40 mA that swept between 20
and 1004.
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Transmission electron microscopy (TEM) measurements
were carried out on a JEOL 100CX microscope, operated with
an acceleration voltage of 100 kV, and magnification ranges of
80,000x and 100,000x. For each catalyst, a very important
number of Pt particles (approximately 200) were observed and
the distribution of particle sizes was done on this basis. The
mean particle diameter (d ) was calculated as: d = S(ni-d;)/=ni;
ni: number of particles of diameter d;.

The electrochemical characterization of the catalysts was
performed by cyclic voltammetry in a conventional three-
electrode cell, using a potentiostat/galvanostat (TEQ-02,
Argentina). The working electrode consisted of an active layer
made with a suspension blended from 10 mg of Pt/C, 40 uL of
Nafion solution (5 wt%, Aldrich) and 80 uL of iso-propyl
alcohol. After homogenization in an ultrasonic bath
(30 min), 10 pL of this suspension was deposited on a glassy
carbon electrode (area 0.2 cm?) previously polished with
alumina paste (Micropolish) up to 1 pm, and washed with
ethanol—water solution. The resulting layer was dried in an
oven at 60 °C for 30 min to ensure its binding to the glassy
carbon rod. All experiments were carried out at 30 °C. The
counter-electrode was a Pt foil and an Ag/AgCl (in 3 M Nacl)
electrode was employed as a reference. In order to decrease
contamination with chloride and silver due to possible
leakage of the reference electrode, this electrode was placed
inside a separate compartment that was connected to the cell
through a Luggin-Haber capillary. In addition, the capillary
end was positioned in close proximity to the working elec-
trode to avoid ohmic drops during measurements. The elec-
trochemical area was quantified by measuring the charge for
the electro-oxidation of adsorbed CO (or CO stripping) [21].
Before this experiment, the working electrode was repeatedly
scanned between —200 and 1200 mV vs. Ag/AgCl at a sweep
rate of 100 mV/s in a 0.5 M H,SO, solution, to assure the
stabilization of the catalyst layer response. The adsorption of
a CO monolayer on the electrode catalyst was carried out by
bubbling carbon monoxide (10% v/v CO in N,) through the
electrolyte (H,SO4 0.5 M) for 2 h, while the electrode potential
was kept at a constant value of 200 mV vs. Ag/AgCl. Then the
solution was purged with N, for 20 min to remove the residual
CO from the solution. In order to observe the actual process of
liberation of the Pt active sites, the potential was scanned
from 200 mV to 1200 mV vs. Ag/AgClin N,, and then cycled in
the range —200 mV <E (vs. Ag/AgCl) <1200 mV. The electro-
chemically active area of Pt was estimated by calculation of
the charge for CO oxidation by integrating the peak of the first
sweep, as will be detailed later.

3. Results and discussion
3.1. Catalyst characterization

Temperature-programmed desorption experiments were
used to characterize the surface oxygen groups (carboxylic,
anhydride, lactone, phenol, carbonyl groups, etc.)) [22] of
different carbons. Carboxylic and anhydride groups are
considered as strong acid ones, while lactone, phenol and
carbonyl groups display weaker acid properties. It has been
reported [23,24] that the stronger acid groups lead to a CO,-

desorption at low temperatures during TPD experiments, in
contrast with the weaker acid sites which lead to a CO-
desorption at higher temperatures. From TPD results (Fig. 2),
the VC does not practically show the presence of functional
groups on its surface, while the carbon nanotubes display the
desorption of very low amounts of weak acid functional
groups at high temperatures. Finally the mesoporous carbon
is the support with the highest amounts of functional groups,
both at T <500 °C (strong acid sites) and at T >500 °C (weak acid
groups). It must be noted that the surface oxygen groups could
act as anchorage sites of the metallic precursor [25,26].

In order to study in a systematic way the deposi-
tion—reduction method in liquid phase different aspects such
as the deposition capacity of the metallic phase on the
carbonaceous materials, the reducibility degrees of the active
phase and the structure of metallic particles,
investigated.

To study the influence of the formic acid concentration on
the characteristics of the deposited Pt nanoparticles, four
different concentrations of formic acid (0.1, 0.2, 0.3 and 0.5 M)
were studied. It must be noted that the time necessary to
reduce the metal during each addition step of the Pt precursor
was increasing as the formic acid concentration decreased. In
all deposition—reduction (formic acid and sodium borohy-
dride) experiments, before adding the support, the very
concentrated chloroplatinic acid solution (necessary to
deposit 20 wt% on the support) displayed a dark orange color,
whereas after filtering the final suspension, the solution
becomes completely transparent. This result would indicate
the absence of Pt precursor in the solution. In fact, chemical
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Fig. 2 — TPD profiles for Vulcan carbon (VC), carbon
nanotubes (NT) and Mesoporous carbon (MC).
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analysis of these solutions after the reductive treatment by
the formic acid method showed negligible quantities of Pt,
such as Table 2 shows. Hence, the reduction in liquid phase
with formic acid for preparing a Pt/VC catalyst guarantees
a complete deposition of the metallic precursor on the
carbonaceous support. Similar results were found when the
concentration of sodium borohydride (reducing agent) was
modified between 0.2 and 0.6 M, such as shown in Table 2.

To analyze the reducibility degree of the deposited Pt, TPR
experiments were carried out on the catalysts prepared by
deposition—reduction in liquid phase with formic acid or
sodium borohydride. Fig. 3 shows a comparison of the profiles
obtained for the samples prepared by the formic acid method
(RF) and one prepared by reduction with NaBH, (RB), with that
obtained by a conventional impregnation technique (CI). This
last catalyst prepared by impregnation and further drying had
oxidized Pt species. It can be observed (for the Pt/VC. CI
sample) a reduction peak at approximately 230 °C corre-
sponding to the reduction of the deposited metal complex, in
agreement with previous works dealing with Pt catalysts
supported on carbons [27]. The different catalysts prepared by
reduction in liquid phase with HCOOH or NaBH, show a very
slight reduction zone at this temperature. Hence these results
clearly show that the use of reduction in liquid phase with
formic acid or sodium borohydride leads to an almost
complete reduction of Pt on the carbon.

XPS results of Pt4f level obtained in catalysts prepared by
the reduction with formic acid 0.3 M and sodium borohydride
0.4 M are shown in Fig. 4(a) and (b), respectively, and in
Table 3. From the deconvolution of the spectra of the
different samples supported on NT and MC, it was obtained
one peak at (71.2-71.6) eV for Pt 4f;, and other peak at
(74.6—75.0) eV for Pt 4fs/,. These peaks are assigned to zer-
ovalent Pt [28]. However, other small doublets at
(73.7—73.9) eV and (76.3—77.4) eV corresponding to Pt oxides
or oxychlorides are also present [28]. It must be noted that for
both catalysts supported on VC, the signals corresponding to
metallic Pt are shifted toward lower binding energies and
they appeared at (70.3—70.6 eV), probably due to a support
effect. The shift observed in XPS spectra can be attributed to
that the metal—support interaction could modify in different
extension (according to the carbonaceous material used) the
electronic characteristics of the Pt species [29]. The concen-
trations of oxidized surface Pt species are lower than 35%,
which means that an important amount of Pt surface is in the
zerovalent state. It must be noted that the highest

concentration of Pt° species (78—79%) is present in catalysts
supported on carbon Vulcan (see Table 3). Prabhuram et al.
[30] showed similar results for Pt/C catalysts prepared by
reduction method in liquid phase, since they found by XPS
that 60% of Pt is present in metallic state. It must be indicated
that TPR profiles display a very small reduction signal, which
is indicative of negligible bulk Pt oxide reduction. However,
XPS results show a certain fraction of Pt oxide. These facts
can be attributed to a surface oxidation of Pt during the
storage of the samples. Since XPS analyzes the first outer
layer of the deposited metal, the above-mentioned results
would be indicative of the presence of surface Pt oxide
together with a major fraction of zerovalent Pt. The O/C XPS
ratios were reported in Table 3 and it can be observed that O/
C ratios are practically unmodified.

Figs. 5 and 6 show the X-ray diffraction patterns for the
different catalysts. In all cases, the observed peaks indicate
the presence of the face-centered cubic structure (fcc), typical
of platinum metal, represented by the (111), (200), (220), and
(311) planes, which appear at 24 of 39.8, 46.3, 67.5 and 81.6°,
respectively [31]. The broadening of the diffraction peaks for
Pt/VC. RF 0.3 M is indicative of small average crystallite size, as
expected from Scherrer equation, and it is also an evidence of
lower degree of crystallinity, typical of small metallic particles
having high lattice strain. From the line broadening of (111)
peak at 26 of 39.8° by using Scherrer equation after back-
ground subtraction, the calculated average size of Pt particles
follows the sequence: Pt/VC. RF0.1 M = Pt/VC.RF 0.2 M = Pt/
VC. RF 0.5M > Pt/VC. RF 0.3 M, as can be seen in Table 4. The
tendency observed for catalysts prepared by using sodium
borohydride as reducing agent with respect to the Pt average
size was: Pt/VC.RB 0.2 M = Pt/VC. RB 0.4 M < Pt/VC. RB 0.6 M
(Fig. 6 and Table 4).

The sequence of crystallite sizes obtained by XRD is
concordant with the sequence of values of the dispersion
(calculated from hydrogen chemisorptions) for the four cata-
lysts supported on VC and prepared by reduction in liquid
phase with different formic acid concentrations. In fact, the
Pt/VC catalyst prepared with formic acid 0.3 M, which dis-
played the lowest particle diameter by XRD, has the highest Pt
dispersion (39%), such as it is observed in Table 4, whereas the
other catalysts supported on VC show lower dispersions and
consequently higher crystallite sizes, in agreement with XRD
results. It was found that these catalysts prepared by the
technique of deposition—reduction with formic acid are very
sensitive to an additional thermal treatment with hydrogen,

Table 2 — Pt amounts in the initial solution, final solution and Pt concentrations in the carbon Vulcan for reductions with

formic acid and sodium borohydride.

Concentration of reducing
agent used in the preparation

Initial Pt amount in
the solution (mmol)

Final Pt amount in wt% Pt on VC

the solution (mmol)

0.1 M formic acid 1.03
0.2 M formic acid 1.03
0.3 M formic acid 1.03
0.5 M formic acid 1.03
0.2 M sodium borohydride 1.03
0.4 M sodium borohydride 1.03

0.6 M sodium borohydride 1.03

0.01 19.76
Undetectable 19.90
Undetectable 19.99
Undetectable 20
Undetectable 20
Undetectable 20
Undetectable 20
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(a) formic acid 0.3 M and (b) sodium borohydride 0.4 M.

even at relatively low temperatures (100 °C). In fact, all cata-
lysts submitted to a thermal treatment with H, at 100 °C dis-
played an important fall in the metallic dispersion, probably
due to a sinterization process that can produce an agglomer-
ation of the metallic particles, favored by the high metallic
charges of these catalysts (20 wt%).

From the above-mentioned results it can be concluded that
the preparation of Pt/VC samples using a concentration of
formic acid equal to 0.3 M leads to catalysts with the highest
dispersion which means the smallest crystallite size.

A similar comparative analysis was carried out to select the
more appropriate concentration of the other reducing
compound (NaBH,) used for the preparation of Pt/VC catalysts.
In this sense Table 4 and Fig. 6 show that the use of low
concentrations the reducing agent (like 0.2 or 0.4 M) leads to
a catalyst with low crystallite sizes and similar dispersion
values.

In order to compare the effect of the support (VC, NT and
MC) on the Pt crystallite size, the metallic dispersion and the
electrochemically active surface area, it was selected
a concentration of 0.3 M and 0.4 M for the preparation of Pt
catalysts with formic acid and sodium borohydride reduc-
tions, respectively (see Figs. 5 and 6 and Table 5). In general,
there is a certain relationship between the crystallite size
determined by XRD and the metallic dispersion determined by
H, chemisorption.

The cyclic voltammograms (CVs) corresponding to Pt
catalysts prepared by formic acid and sodium borohydride
reduction in liquid phase and supported on the three carbo-
naceous materials are shown in Figs. 7 and 8, respectively.
When the Pt surface is blocked by a CO monolayer, the electro-
adsorption of atomic hydrogen from protons is inhibited.
Then, the characteristic peaks of hydrogen adsorption/
desorption are not detected in the first scan, but only a sharp
peak for oxidation of CO to CO, between 600 and 700 mV vs.
Ag/AgCl. Once the CO layer is removed by oxidation at high
potentials, the adsorption/desorption of hydrogen takes place
on the surface of the Pt catalyst and the corresponding peaks
appear in the CVs between —200 mV and 200 mV vs. Ag/AgCl.
Thus, in the following cycles (between —200 and 1200 mV vs.
Ag/AgCl) the classical voltammetric peaks of H adsorption/
desorption are observed, which are typical of clean Pt elec-
trodes in N,-saturated acid solutions.

The electrochemically active specific surface area (EASS) is
an important parameter used to compare the electrochemical
performance of an electroactive material (in this case Pt)
dispersed over a porous non-active support (in this case
carbon). Probably the most efficient method for calculation of
the electroactive area of a noble metal is the CO stripping by
cyclic voltammetry. In this method, the EASS is calculated
from the charge for oxidation of a full monolayer of CO
adsorbed on the active sites (Qco) using Eq. (1). The value of
Qco can be obtained from integration of the CO-oxidation peak
in the background-subtracted current (i) vs. potential (E)
curve, according to Eq. (2), where v is the scan rate, E; and E,
are the potential limits for integration of the CO-oxidation
peak.

(Qco/a%o)

Pt

EASS = ]
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Table 3 — The O/C atomic ratio determined by XPS and the binding energies of the Pt 4f levels for the different catalysts.

Catalyst and preparative Atomic Species Binding ener Relative population of the species, %
y prep p g gy pop p
methods ratio O/C of Pt 4f;/, (eV)
Pt/VC. RF 0.3 M 12.5 pt° 70.3 77.6
Pt*? ptt* 72.6 22.4
Pt/NT. RF 0.3 M 11.7 pt° 71.6 70.3
Pt*? pt** 73.9 29.7
Pt/MC. RF 0.3 M 10.2 pt° 71.6 67.2
Pt*? pttt 73.7 32.8
Pt/VC.RB 0.4 M 11.7 pt° 70.6 79.1
Pt*? ptt* 73 20.9
Pt/NT. RB 0.4 M 12.6 pt° 71.2 73.6
Pt*? ptt* 73.9 26.4
Pt/MC. RB 0.4 M 10.4 pt° 71.6 64.8
Pt*?; ptt* 73.7 35.2
electrocatalysts. In order to get a better understanding of the
E results, Fig. 9 correlates the electrochemical area as a function
i(E)dE of the metallic dispersion. In this sense, both Pt catalysts
£ 5 supported on carbon nanotubes (which display low dispersion
Qoo v @) and intermediate EASS values) and those supported on mes-

The parameter g3, is the specific charge for the oxidation of
CO per platinum area, which is equal to 0.42 mC cm™2
(assuming that the surface density of polycrystalline Pt is
1.3-10% atoms cm 2, that each CO molecule is adsorbed on
a single Pt atom, and that two electrons are involved in the
oxidation of CO to CO,). The stripping of CO is a more feasible
method than the voltammetric measurements of the
hydrogen adsorption charge to determine the EASS areas of Pt
nanoparticles when the Pt loading is low. As the CO-stripping
peak is sharpener than the peaks for the 1-e~ electro-
desorption of adsorbed hydrogen atoms, the subtraction of
the capacitive current (proportional to the carbon and plat-
inum area) is much more accurate [32]. The EASS is a magni-
tude that is referred to the total Pt mass, so the Pt
electrochemical area is divided by the weight of Pt (mp).

Table 5 shows the values of metallic dispersion, particle
diameter calculated from XRD measurements and EASS areas
obtained by CO-stripping voltammetry.

Results from Table 5 indicate that the three carbonaceous
materials have a different behavior as supports of

Pt(111) Pt(311)
P1(200) Pt(220) PUMC. RF 0.3M
AN
.
OMJ\./L PUNT. RF 0.3M
T AN ]
3
z PYVC. RF 0.5M
c
2 NN
S PHVC. RF 0.3M
-"\«“_,/L/L\ PYVC. RF 0.2M
bt N PYVC. RF 0.1M
T T T
20 40 60 80 100

20

Fig. 5 — XRD of Pt/VC catalysts prepared with different
concentrations of formic acid (between 0.1 and 0.5 M), Pt/
NT and Pt/MC prepared by formic acid 0.3 M.

oporous carbons (which show both high dispersion and EASS
values) follow a certain correlation, while catalysts supported
on VC do not follow this behavior, thus displaying good
dispersions but low EASS values (see Fig. 9).

With respect to the effect of formic acid or sodium boro-
hydride as reducing agents during the Pt deposition, both of
them lead to similar metallic dispersion values and electro-
chemical areas for each support. However for nanotubes and
mesoporous carbons there is a slight increase in the EASS for
catalysts prepared by reduction with sodium borohydride.

A similar behavior to that observed in Fig. 9 was found
when we tried to correlate the electrochemical area as
a function of the particle diameter determined by XRD, such
as it is shown in Fig. 10.

Besides, Table 5 also shows the results of metallic disper-
sions, particle diameters (obtained from XRD) and electro-
chemical areas (CO-stripping voltammetry) for the catalysts
prepared by conventional impregnation (CI). It is observed

Pt (111) Pt (311)
Pt (200)
Pt (220) PYMC.RB 0.4 M
L o N,
g PYNT.RB 0.4 M
>
2
o N AN A
[
PtVC.RB 0.4 M
™
g
PYVC.RB 0.2 M
r - o 80 100
20

Fig. 6 — XRD of Pt/VC catalysts prepared with different
concentrations of sodium borohydride (between 0.2 and
0.6 M), Pt/NT and Pt/MC prepared by NaBH, 0.4 M.
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Table 4 — Particle diameter obtained by XRD (dxgrp) and

values of metallic dispersion (obtained by H,
chemisorption) for the different catalysts.

Catalysts dxrp (NM) Dispersion (%)
Pt/VC. RF 0.1 M 7 24
Pt/VC. RF 0.2 M 7 14
Pt/VC. RF 0.3 M 4 39
Pt/VC. RF 0.5 M 7 17
Pt/VC.RB 0.2 M 6 34
Pt/VC. RB 0.4 M 6 34
Pt/VC. RB 0.6 M 8 36

similar tendencies both in metallic dispersion and in crystal-
lite sizes determined by XRD than those obtained for catalysts
prepared by reduction in liquid phase with formic acid or
sodium borohydride. In this sense, the Pt/MC catalyst displays
higher dispersion values than those supported on VC and NT.
However, the electrochemical areas of the catalysts prepared
by CI were much lower than the corresponding to the
prepared by reduction in liquid phase (Table 5). The causes
would be due to that an important portion of the active metal
would be placed in the inner porous and it could not be elec-
trochemically available, hence this impregnation technique
(CI) would not be adequate for the preparation of Pt electro-
catalysts supported on non-functionalized carbonaceous
materials.

Finally some selected catalysts were characterized by
Transmission Electronic Microscopy (TEM) in order to deter-
mine the distribution of metallic particles over each carbo-
naceous support. In this sense, the catalysts investigated
(which displayed the best metallic dispersions and highest
EASS values) were those supported on MC. TEM results for the
Pt/MC catalyst prepared by reduction in liquid phase with
sodium borohydride are in agreement with chemisorptions
results, and they show a narrow distribution of Pt particles
with mean diameters between 1.5 nm and 4 nm (with a mean
diameter of 2.3 nm), such as observed in Fig. 11(a). The
differences in metallic particle sizes with respect to XRD
results could be attributed to that this technique could not
detect very small particles.

Table 5 — Particle diameters (obtained from XRD), metallic
dispersions (obtained by H, chemisorption) and

electrochemically active specific surface (CO-stripping
voltammetry) for different catalysts.

Catalyst dxrp Dispersion Electrochemically
(nm) (%) active specific surface
(m?*/g)

Pt/VC. RF 0.3 M 4 39 14
Pt/NT.RF 0.3 M 8 9 19

Pt/MC. RF 0.3 M 5 51 40
Pt/VC.RB 0.4 M 6 34 12

Pt/NT. RB 0.4 M 6 16 31

Pt/MC. RB 0.4 M 5 42 48

Pt/VC. CL? 6 23 8.8

Pt/NT. CL.? 6 14 9

Pt/MC. CL.? — 42 5.6

a Before the different characterizations, a reduction with H, at
230 °C was carried out.

PtMC. RF 0.3M
2.5 mA
<
S
= PtNT. RF 0.3M
2
5
O
Pt/VC. RF 0.3M

T T T T
-200 0 200 400 600 800 1000 1200
Potential (mV vs Ag/AgCl)

Fig. 7 — CO-stripping and conventional cyclic voltammetry
for catalysts Pt/VC, Pt/NT and Pt/MC prepared by formic
acid 0.3 M reduction in liquid phase.

Pt/MC. RB 0.4M

Pt/NT. RB 0.4M

Current (mA)

Pt/VC. RB 0.4M

T T T
200 0 200 400 600 800 1000 1200
Potential (mV vs Ag/AgCl)

Fig. 8 — CO-stripping and conventional cyclic voltammetry
for catalysts Pt/VC, Pt/NT and Pt/MC prepared by NaBH4
0.4 M reduction in liquid phase.
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Fig. 9 — Electrochemically active specific surface as
a function of the metallic dispersion calculated from
hydrogen chemisorptions.

On the other hand the catalysts with the lowest electro-
chemical areas were those supported on the VC. TEM results
corresponding to the catalyst prepared by the formic acid
method show a very wide distribution of Pt particles, from 3 to
13 nm, and a mean particle diameter of 6.6 nm (see Fig. 11(b)).
Besides the catalysts with intermediate EASS values were
those supported on carbon nanotubes. Moreover TEM results
for the Pt/NT catalyst prepared by reduction with sodium
borohydride show a distribution narrower than for catalysts
supported on Vulcan, and a mean particle diameter of about
5 nm (see Fig. 11(c)).

In conclusion, the excellent electrochemical performance
of Pt catalysts supported on mesoporous carbon are due to the
good interaction between Pt and the anchorage sites of this
carbon which leads to very dispersed metallic particles with
a very small mean diameter and a narrow distribution of
particle sizes. Besides, suitable carbon supports for fuel cell
catalysts have to combine a good electric conductivity to allow
the flow of electrons, with a large and accessible surface area,
and in this sense the mesoporous carbon displays an excellent
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Fig. 10 — Electrochemically active specific surface as
a function of the metallic particle diameter determined by
XRD.
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Fig. 11 — Distribution of particle diameters by TEM of (a) Pt/
MC prepared by reduction with sodium borohydride

(d = 2.3 nm). (b) Pt/VC prepared by reduction with formic
acid (d = 6.6 nm). (c) Pt/NT prepared by reduction with
sodium borohydride (d = 5.1 nm). The magnification scale
was 5 nm.

electric conductivity [33] and, compared with the other
supports, the highest surface area (about 400 m? g~%). Our
results are coincident with those of Raghuveer and Man-
thiram [34] who concluded that the enhanced activity of Pt/
MC with respect to Pt/VC is due to the better dispersion and
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utilization of the Pt catalysts, which are originated from
a higher surface area and the meso-porosity. Vengatesan et al.
[35] indicated also that the higher activity of the Pt/MC cata-
lysts toward electrochemical reaction is due to the high
dispersion of the Pt particles.

Other fact to take into account in the MC with VC and NT is the
presence of moderate amounts of functional groups only on the
MC, which could favor the metal—support interaction, thus
leading to higher metallic dispersions and hence higher electro-
chemical performances [25,36]. Moreover, the porosity provides
good physical anchoringsites for the deposited catalyst layer [37].

4, Conclusions

* The technique of deposition—reduction in liquid phase with
formic acid or sodium borohydride for preparing a Pt (20 wt
%)/VC guarantees a complete deposition of the metallic
precursor on the carbonaceous support and an excellent
reducibility degree of the metallic phase, thus avoiding
reductive thermal treatments at high temperatures.

The preparation of Pt catalysts by deposition—reduction in
liquid phase using a concentration of formic acid equal to
0.3 M or a concentration of sodium borohydride of 0.2 or
0.4 M leads to catalysts with the highest dispersion and
lowest particle sizes.

The technique of conventional impregnation would not be
adequate for the preparation of Pt catalysts with a high
metallic content (20 wt%), thus showing that the impreg-
nated Pt catalysts supported on VC, NT and MC without any
functionalization treatment has very low EASS values.

The electrochemical performance of supported Pt catalysts
prepared by reduction in liquid phase is strongly dependent
on the metallic dispersion, the particle size distribution and
the nature of the carbonaceous material used as a support.

The excellent behavior of MC as a support of Pt electro-
catalysts are due to the good interaction between Pt and the
anchorage sites of this carbon which leads to very dispersed
metallic particles (very small mean diameter and a narrow
distribution of particle sizes).

*

*

*

*
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