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Abstract

Multiwalled carbon nanotubes and high surface area mesoporous carbon xerogel were prepared and used as supports for monome-
tallic Pt and bimetallic Pt-Ru catalysts. In order to assess the influence of the oxygen surface groups of the support, the mesoporous
carbon xerogel was also oxidized with diluted oxygen before impregnation. Various reduction protocols were tested, the best results cor-
responding to reduction with sodium borohydride. High dispersion catalysts were obtained, which showed quite good performance in the
electro-oxidation of methanol. In particular, a remarkable increase in the activity was observed when the Pt—Ru catalysts were supported
on the oxidised xerogel. This effect was explained in terms of the metal oxidation state, as shown by XPS. It has been shown that the
oxidised support helps to maintain the metals in the metallic state, as required for the electro-oxidation of methanol. This effect was neg-

ligible in the case of the Pt catalysts.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Direct methanol fuel cells (DMFCs) offer much promise
as convenient and environmentally acceptable power
sources for portable devices and electric vehicle applica-
tions. The electrochemical oxidation of methanol involves
the following reactions:

CH;0H + H,0 — CO, +6H" + 6¢” (anode)

3
502 +6H" 4+ 6e~ — 3H,O (cathode)
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However, due to the relatively poor methanol oxidation
kinetics, there is a need for improved catalysts. Platinum
based catalysts are used in the anode, as Pt is capable of
activating the C—H bond cleavage in the temperature range
of operation of DMFCs (25-130 °C). The mechanism of
the reaction is believed to involve a series of dehydrogena-
tion steps leading to the formation of adsorbed carbon con-
taining intermediates such as -CHO,4s and —CO,4,, which
deactivate the Pt catalyst. Improved performance can be
obtained by alloying with a less noble metal, such as Ru,
which can form the adsorbed —OH species needed to oxi-
dise the CO adsorbed on Pt by the bifunctional mechanism:

Ru+H,0 - Ru—OH+H" +e
Ru—OH+Pt—CO —- Ru+Pt+CO,+H"+e"
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Pt-Ru are currently the best anode catalysts for DMFCs.
These catalysts are usually supported onto electrically
conducting high surface area (>75m?/g) carbon blacks
[1,2].

The nature of the support is most important, since it
determines the dispersion and stability of the metal crystal-
lites, the electronic properties of the metal, including metal-
support interactions and the extent of alloying in bimetallic
catalysts, mass transfer resistances and the ohmic resistance
of the catalyst layer. Therefore, special attention has been
given to alternative carbon materials as catalyst supports
for DMFCs, including carbon nanofibers [3,4], carbon
nanotubes [5-8], carbon nanocoils [9] and other structured
carbons [10-12].

Carbon acrogels and xerogels are mesoporous materials
which offer interesting properties for catalysis [13,14]. We
have recently reported on the use of carbon xerogels as
supports for high dispersion Pt catalysts [15,16]. In partic-
ular, we have observed that Pt supported onto a carbon
xerogel was more active for the electro-oxidation of meth-
anol than the conventional Pt/Vulcan XC72 [16].

In the present communication we extend our previous
studies and report on the effect of various experimental
parameters on the electroactivity of Pt and Pt-Ru catalysts
supported on novel carbon materials, including carbon
nanotubes and carbon xerogels.

2. Experimental
2.1. Carbon supports synthesis

Multi-walled carbon nanotubes were prepared by chem-
ical vapour deposition using ethylene with a Fe catalyst
[17]. The nanotubes were then treated in 5 M HNO; for
3 hin a Soxhlet. This support is designated as NT. The car-
bon xerogel was synthesized by the conventional sol-gel
approach using formaldehyde and resorcinol [18]; the wet
gel was dried sub-critically and then carbonized under
nitrogen atmosphere at 800 °C. This support is designated
as CX. An activated material was prepared by gasification
of CX to 18% burn-off, with 5% oxygen in nitrogen at
400 °C. This support is designated as CX18. The detailed
synthesis procedures have been previously described [19].

2.2. Catalyst preparation

10 wt.% Pt was loaded either on NT, CX or CX18 by
incipient wetness impregnation, wherein a calculated
amount of hexachloroplatinic acid dissolved in a minimum
amount of water was added dropwise under vacuum and
ultrasonic mixing. The catalysts were then dried under vac-
uum and kept overnight in an oven for further drying.
These catalysts are designated as 10PtNT, 10PtCX and
10PtCX18, respectively.

Pt-Ru (1:1) catalysts with 10% (total) metal load were
prepared by sequential impregnation on the carbon sup-
ports. Thus, 5 wt.% Ru was initially impregnated from a

Table 1
Nomenclature of the prepared catalysts
Metal loading Reduction procedure Support  Sample
10 wt.% Pt 0.1 M sodium borohydride CX 10PtCX-S
CX18 10PtCX18-S
NT 10PtNT-S
0.1 M sodium formate NT 10PtNT-F
hydrogen (350 °C, 2 h) NT 10PtNT-H,
0.1 M hydrazine hydrate NT 10PtNT-H
Swt.% Ru+  hydrogen (350 °C, 2 h) NT 10PtRuNT-H,
Swt.% Pt 0.1 M sodium borohydride CX 10PtRuCX-S
CX18 10PtRuCX18-S
0.1 M hydrazine hydrate CX 10PtRuCX-H
CX18 10PtRuCX18-H
0.1 M sodium formate CX 10PtRuCX-F
CX18 10PtRuCX18-F

RuCl; solution. The catalyst was then dried under vacuum
and kept overnight in an oven. Subsequently, 5 wt.% Pt
was added from a calculated amount of the hexachloro-
platinic acid precursor. These catalysts were designated as
10PtRuNT, 10PtRuCX and 10PtRuCX18.

Reduction of the metal precursors was achieved by four
different protocols:

e In the liquid phase, by slow addition of either 0.1 M
sodium formate, or 0.1 M hydrazine hydrate or 0.1 M
sodium borohydride, at 60 °C. The catalysts were subse-
quently washed in hot water and then dried in an oven.
The different protocols are indicated by a letter at the
end of the catalyst designation code: F, H, or S,
respectively.

¢ In the gas phase, under hydrogen flow at 350 °C for 2 h,
indicated by H, at the end of the catalyst code.

The catalysts prepared are listed in Table 1.
2.3. Characterization of supports and catalysts

Nitrogen adsorption isotherms at liquid nitrogen tem-
perature were obtained with a Coulter Omnisorp 100 CX
sorptometer, and were subsequently analysed by the z-plot
using the standard isotherm for carbon materials. Both
the BET (Sget) and mesopore (Sheso) surface areas were
determined.

The nature and amounts of oxygen surface groups were
determined by temperature programmed desorption (TPD)
with mass spectrometric detection, as explained elsewhere
[19,20]. Upon heating, the surface oxygen groups decom-
pose, releasing CO, and CO at characteristic temperatures
[20].

The catalysts were characterized by X-ray photoelectron
spectroscopy (XPS) with a VG Scientific ESCALAB 200 A
spectrometer using non-monochromatized Mg Ko radia-
tion (1253.6 ¢V), and by transmission electron microscopy
(TEM) with a Philips CM12 instrument (120 kV). Some
samples were additionally characterized by X-ray diffrac-
tion with a SIEMENS D5000 diffractometer using Cu Ko
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radiation. Measurements were performed in the -20 mode
at room temperature.

2.4. Electrocatalytic tests

For the catalyst layer preparation, a paste was made
using a 5% Nafion solution and isopropyl alcohol, mixed
with the catalyst powder under ultrasonic bath. The thick
slurry obtained was then evenly spread over Toray carbon
paper and dried in an oven at 110 °C. In this way, 2-3 lay-
ers of the catalyst slurry were applied one over the other
and dried at 110 °C. The geometric surface area of the elec-
trode was about 1 cm?, containing 10 mg of the catalyst,
which contained approximately 1 mg of metal.

The catalysts were tested in the electro-oxidation of
methanol at 60 °C in a conventional three electrode assem-
bly, using a mixture of 1 M methanol and 1 M H,SOy, as
electrolyte. A saturated calomel electrode (SCE) was used
as reference, and platinum foil as a counter electrode.
From the corresponding polarization curves, the electro-
catalytic activity of the catalysts was measured in terms
of the current delivered at an overpotential of 0.6 V.

3. Results and discussion
3.1. Properties of the supports

The properties of the three supports used are summa-
rized in Table 2. Multi-walled carbon nanotubes present

Table 2
Textural and surface properties of the carbon supports

Support St (m%/g) Steso (M*/2) CO +CO, (pmol g™")
NT 175 175 85

CcX 724 524 926

CX18 1084 672 8454

the lowest surface area, absence of micropores, and the
amount of surface groups is very small. The xerogel sup-
ports present much larger surface areas, which are mainly
related with the presence of mesopores. In addition, these
materials show a very large concentration of surface oxy-
gen groups, especially the activated xerogel (CX18), which
correspond mainly to carboxylic anhydrides, lactones, phe-
nol/ether and carbonyl/quinone groups [19].

3.2. Properties of the catalysts

The metal particle sizes of the catalysts supported on
different carbon materials were determined from TEM
analysis. Micrographs were obtained at several magnifica-
tions. As an example, Fig. 1 shows high magnification
TEM micrographs of the 10%Pt and 10%Pt-Ru catalysts
supported on carbon nanotubes after H, reduction, and
Fig. 2 shows the corresponding histograms of particle sizes.
The mean particle size was determined from the histograms
(at least 100 particles have been measured for each histo-
gram), and the results are shown in Table 3.

Concerning the nanotube supported catalysts, several
conclusions can be drawn from this table and from inspec-
tion of the micrographs:

(1) For the monometallic samples, the dispersion of Pt is
bimodal, i.c., there are small particles anchored on
the support (diameter < 15 nm), and very large parti-
cles (generally around 100 nm). These larger particles
are clearly observed in low magnification micro-
graphs (not included). In the case of sample
10PtNT-S, and only in this case, the large particles
consist of an aggregation of small particles; it seems
that the NaBH, treatment in solution prevents the
formation of large particles;

(2) Concerning the activation of platinum, the best results
are obtained with NaBH, and sodium formate;

Fig. 1. TEM micrographs of NT-supported catalysts at high magnification. (a)10PtNT-H, and (b)10PtRuNT-H,.
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Fig. 2. Histograms of particle sizes obtained from TEM micrographs of NT-supported catalysts. (a)l0PtNT-H, and (b)l0PtRuNT-H,.

Table 3
Particle sizes of the NT-supported catalysts, determined by TEM

Sample Mean particle Mean particle
size (I)* (nm) size (I1)°(nm)
10PtNT-H, 34 10
10PtRuNT-H, 4.4 44
10PtNT-S 3.9 4.6
10PtNT-F 3.7 5.3

# Calculated from particles of mean size <15 nm.
® Calculated from all the particles.

(3) There is a pronounced effect of ruthenium pre-depo-
sition on platinum dispersion. Indeed, for the bime-
tallic sample there is no bimodal particle size
distribution, and only small particles are obtained.
The bimetallic sample shows a very homogeneous
metal deposition.

The average particle sizes obtained for the catalysts sup-
ported on the xerogels, CX and CX18, are included in
Table 4. The Pt catalysts were reduced only with sodium
borohydride (S), leading to monodispersed particle size dis-
tributions; the best dispersion was obtained on the oxidized
support, CX18. Different reduction protocols were used in
the case of PtRu catalysts. Relatively good dispersions
were obtained on all samples, with the exception of
10PtRuCX18-F; possibly, this sample has not been prop-

Table 4
Particle sizes of the xerogel-supported catalysts, determined by TEM

Sample Mean size  Observations
(nm)
10PtCX-S 5.5 Range 2-15nm
10PtCX18-S 3.5 Range 2-9 nm, very homogeneous

10PtRuCX-S 4-5
10PtRuCX-H 4.5
10PtRuCX-F 4.0
10PtRuCX18-S 5.0

Big agglomerates of small particles
Agglomerates of small particles

Better dispersion, but large agglomerates
Homogeneous and well dispersed;

no agglomeration; rare zones with
larger particles

Many agglomerates of small particles

10PtRuCX18-H  3—
5-50 A lot of large particles

10PtRuCX18-F

erly reduced. In general, the samples show the presence
of large agglomerates composed of smaller particles, with
the exception of 10PtRuCX18-S, which shows no agglom-
erates. This sample is very homogeneous and well dis-
persed; only rare zones with large particles can be found.

X-ray diffraction patterns of the samples 10PtRuCX-S
and 10PtRuCX18-S were recorded (data not shown). The
diffraction peaks correspond to the characteristics lines of
the fce structure of Pt, but are slightly shifted to higher
20 values. No lines are observed for ruthenium. These
observations are indicative of Pt—-Ru alloy formation, in
agreement with many other reports [21-23]. Ruthenium
can also be present as an amorphous RuO, - xH,O phase,
but this cannot be observed by XRD [21,23]. The width
of the Pt(220) peak is not much different in both samples,
in agreement with the results obtained by TEM.

3.3. Electrocatalytic activity

The results of the electrocatalytic tests at 60 °C are
shown in Figs. 3-5, for the catalysts supported on NT,
CX and CXI18, respectively. The catalyst activities,
expressed as the current delivered at an overpotential of
0.6 V (Amperes/gram of metal), are summarized in Table 5.

As expected, the Pt—Ru catalysts showed higher activi-
ties than the corresponding Pt catalysts.
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Fig. 3. Polarization curves for methanol oxidation at 60 °C. NT-supported
catalysts.
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Fig. 5. Polarization curves for methanol oxidation at 60 °C. CX18-supported
catalysts.

Table 5
Catalyst activities for electro-oxidation of methanol at 60 °C

Sample Activity (A g™")
10PtNT-H, 6.1
10PtNT-H 13
10PtNT-F 20
10PtNT-S 25
10PtRuNT-H, 17
10PtCX-S 28
10PtCX18-S 31
10PtRuCX-S 44
10PtRuCX-H 35
10PtRuCX-F 34
10PtRuCX18-S 85
10PtRuCX18-H 82
10PtRuCX18-F 32

Comparing the activities of the catalysts reduced by dif-
ferent procedures, it can be observed that the largest differ-
ences correspond to the NT-supported catalysts. Thus,
10PtNT-H, exhibits the lowest activity and the worst dis-
persion, while 10PtNT-S shows the best dispersion and
highest activity. The differences are not so notorious in
the case of the xerogel-supported catalysts, in correspon-
dence with the good dispersions which were generally

obtained (with the exception of 10PtRuCX18-F, as men-
tioned above). Nevertheless, the best results are also
obtained with the samples reduced by sodium borohydride.
Taking sodium borohydride as the best reduction proto-
col, the results obtained with Pt catalysts supported on the
three carbon materials can be compared. The electrocata-
Iytic activities are found to increase in the order 10PtNT-
S < 10PtCX-S < 10PtCX18-S. However, the effect of the
support is not very important, as the activity increases of
only about 10% from one support to another. In any case,
the xerogel supports perform better than the nanotubes.
Considering now the performances of the Pt-Ru cata-
lysts supported on the two xerogels, it may be observed
that, irrespective of the reduction protocol used (and with
the exception of the poorly reduced 10PtRuCXI18-F sam-
ple), the catalysts supported on the oxidised xerogel,
CX18, are twice as active as those supported on CX. This
is a very interesting result, which might be explained by the
surface chemical state of the two metals. Therefore, XPS
analyses were carried out in order to investigate this effect.

3.4. XPS analyses

Samples 10PtCX-S, 10PtCX18-S, 10PtRuCX-S and
10PtRuCX18-S were analysed by XPS in order to evaluate
the effect of the support on the nature and relative surface
concentrations of the metals. The Pt 4f and Ru 3p spectra
of the bimetallic samples were analysed and the deconvolu-
tion results of the Pt 4f;/, and Ru 3p;/, regions are shown
in Table 6. All samples exhibit two components for the Pt
4f;, region, one attributed to metallic Pt at around
71.1eV, and the other to Pt oxide (Pt*") at around
72.1eV. In this region, there are no significant differences
among the four samples, metallic Pt being the predominant
species. Nevertheless, sample 10PtRuCX-S shows a slight
increase, and sample 10PtRuCX18-S a slight decrease of
Pt oxide. The Ru 3p;,, region was selected for detailed
analysis, because the Ru 3d and C 1s are partially over-
lapped, making difficult the quantitative analysis of the
respective oxidation states. The main peak was deconvo-
luted into three peaks centered at around 462.0eV,
463.7 eV and 466.6 ¢V, which are ascribed to metallic Ru,
Ru oxide (Ru*") and hydrated Ru oxide (RuO, - xH,0),
respectively [21,24]. There is a significant difference
between the two bimetallic samples. In the case of the oxi-
dised support (10PtRuCX18-S) there is a higher percentage
of metallic Ru and almost no hydrated Ru*" species.
Another important difference between the bimetallic sam-
ples is that the surface Pt/Ru atomic ratio is 1.0 for sample
10PtRuCX18-S, as expected, but only 0.32 for sample
10PtRuCX-S. According to Arico et al. [2], the optimum
Pt:Ru atomic ratio is 1:1, which, together with the higher
contents of metallic Ru on the surface of 10PtRuCX18-S,
might explain the higher activities of the catalysts sup-
ported on the oxidised xerogel. This result is in agreement
with a very recent report [25], where a remarkable increase
in activity was observed for a Pt-Ru catalyst supported on
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Table 6
XPS results
Sample Pt/Ru atomic ratio Pt 4f;), Ru 3ps
Species B.E.(eV) Y% Species B.E.(eV) Y%
10PtCXS - Pt(0) 71.1 65 - - -
PY(IT) 72.1 35 - - -
10PtCX18S - Pt(0) 71.0 66 - - -
Pt(II) 72.0 34 - - -
10PtRuCXS 0.32 Pt(0) 72.6 63 Ru(0) 462.3 27
Py(IT) 73.6 37 Ru(IV) 463.5 54
Ru(IV)-hydrated 466.5 19
10PtRuCX18S 1.0 Pt(0) 71.2 69 Ru(0) 461.8 49
Pt(II) 72.1 31 Ru(IV) 463.9 48
Ru(IV)-hydrated 466.6 3
a H,O,-functionalized carbon black. The authors [4] Steigerwalt ES, Deluga GA, Lukehart CM. Pt-Ru/carbon fiber

explained this effect by the type and surface density of
the oxygen-containing groups developed after the H,O,
treatment, and a similar reasoning might be applicable in
the present situation. It is quite interesting that the catalyst
supported on the oxidised xerogel is less oxidised (cf. Table
6) than that supported on CX. Higher oxidation states of
Ru and Pt in the 10PtRuCX-S catalyst lead to a lower
activity for methanol electro-oxidation.

4. Conclusions

It was found that, in general, the reduction of the cata-
lyst with sodium borohydride leads to higher dispersion
and more homogeneous distribution of the metal particles
on the supports. In addition, the xerogel-supported cata-
lysts showed higher activity than those supported on car-
bon nanotubes. A remarkable increase in the activity for
methanol electro-oxidation was observed when the Pt-Ru
catalysts were supported on the oxidised xerogel. This
effect was not so notorious in the case of the Pt catalysts.
XPS analyses showed that the oxidation state of Pt in the
monometallic catalysts did not change significantly; how-
ever, in the case of the Pt-Ru alloy catalysts, the oxidised
support helped to maintain the metals in the metallic state,
as required for the electro-oxidation of methanol.
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