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Abstract

Carbon fibers with dangling bonds lined up in an orderly way on the wall of the carbon tube and with an average tube diameter of about
25 nm were studied as support for Pt—Ru nanoparticles. These nanoparticles were prepared using a non-ionic water-in-oil microemulsion (w/0)
formed by polyethylenglycol-dodecylether, n-heptane, and water. To evaluate the electrochemical performance of this novel catalyst, Pt—-Ru
nanoparticles supported on carbon Vulcan XC were also prepared by the microemulsion method for comparison. Transmission electron microscopy,
X-ray diffraction, energy-dispersive X-ray analysis, and nitrogen adsorption were used to investigate the carbon-supported Pt—Ru catalysts. The
microemulsion method furnished Ptsp—Rus, particles with average particle sizes of 4.0 £ 0.8 nm, for both carbon supports. The electrocatalytic
activity of the supported alloys in methanol oxidation was investigated by cyclic voltammetry and chronoamperometry. Results reveal that the
catalytic activity is enhanced by a factor of two when the carbon nanofibers are used as support for the Pt—Ru nanoparticles. The electronic
conductivity of the carbon fibers and dangling bonds seem to be the factors responsible for the excellent performance exhibited by the electrodes.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel cells are an attractive power source for a wide range
of applications, including transportation and portable electronic
devices [1,2]. For example, a typical direct methanol oxida-
tion fuel cell (DMFC) is generally based on highly dispersed
Pt-based nanoparticles either immobilized on an inert carbon
support or deposited directly onto proton exchange membranes
(PEM). However, this catalyst’s activity at temperatures cur-
rently considered for fuel cell applications is far from sat-
isfactory. The catalytic activity of Pt-based catalysts may be
influenced by many factors, among which the carbon-supported
material plays an important role, since it is used as support for the
catalysts. Carbon black has been widely used for immobilization
of nanosized metallic particles. Although its high surface area
generally enhances particle dispersion, the presence of microp-
ores limits its use as catalyst because the metallic particles get
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trapped in the micropore and become inaccessible, as observed
in the case of methanol molecules [3]. In the last years, carbon
nanotubes [4—17] have been applied as alternative supports for
metal catalysts. It was found that carbon nanotubes (CNTs) can
provide catalysts with better electrochemical performance in the
fuel cells than those supported on commercial carbon (carbon
black—Vulcan XC) [11-17]. The tubular morphology and the
high electrical conductivity of CNTs have been claimed to be
the main factors responsible for such findings.

In the search for highly active catalyst electrodes, carbon
fibers containing high density of dangling bonds lined up on
their outer surface have been applied as supports for Pt—Ru cat-
alysts prepared and probed for methanol oxidation. To the best of
our knowledge, only few papers have focused on Pt—~Ru/CNTs as
catalyst for methanol oxidation [18-21]. The carbon nanofibers
(fibers) studied herein present zones where it is possible to see
carbon nanotubes bearing a cup-stacked structure (CSCNTSs);
i.e., a stacking morphology of truncated conical graphene, with
large amounts of open edges on the outer surface and empty
central channels. In these fibers, the dangling bonds are found
throughout the surface of the fibers, which is a result of the edges
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of the truncated conical structure. For single-walled (SWNTs)
or multi-walled nanotubes (MWNTSs), the dangling bonds are
expected to be present in smaller amounts, on walls or opened
tips, mainly when submitted to purification methods (e.g., treat-
ment with HNO3). Applications of this new class of carbon fibers
have not been extensively studied because they are not as eas-
ily prepared as SWNTs or MWNTs. These fibers morphology,
diameter, and length are strongly dependent on the preparation
method. For example, Endo et al. [22] have proposed a method
that provides carbon fibers with cup-stacked structure, but with
internal canals of 50-150nm, while the fibers studied herein
have an external diameter of only 25 nm. Results presented in
this paper show that the use of this new kind of fiber bearing
with a cup-stacked structure combined with the microemul-
sion method can improve the electrochemical performance of
electrodes for DMFCs. This improvement is attributed to the
electronic and percolation effects of the electrode prepared with
the carbon fibers presented herein.

2. Experimental

The fibers used in this work were produced via chemical
decomposition of methanol on Mn, Co catalyst using zeolite
substrates. More details about this method will be published
elsewhere. Before impregnation with Pt—Ru nanoparticles, the
fibers were cleaned in concentrated HCI/HF under reflux, rinsed
several times with water, and dried under vacuum at 100 °C. For
comparison, carbon Vulcan XC was also used as support for the
catalyst, and it was pre-treated in argon atmosphere at 850 °C
for 5 h before use.

The platinum—ruthenium nanoparticles were synthesized
by the microemulsion technique [23]. The Pt—Ru nanopar-
ticles were prepared by mixing two microemulsions formed
by Brij®30 (polyethylenglycol-dodecylether), n-heptane, and
water in the same composition. One microemulsion contained
H,PtClg and RuClj salts solubilized in water, the other con-
tained the precipitating agent (NaBH4). After the formation of
Pt—Ru particles in the microemulsion, an appropriate amount
of fibers or carbon Vulcan XC support was dispersed in the
microemulsion solution by ultrasound for 1 h, and constant stir-
ring for 24 h. The supported catalysts were separated from the
microemulsion solution in a centrifuge, washed several times
with acetone and ultra-pure water in order to eliminate surfactant
molecules, and finally dried at 40 °C. The atomic composition
of the Pt—Ru catalysts was determined by energy-dispersive X-
ray (EDX) analysis in a scanning electron microscope (DSM
960 Zeiss) equipped with a Link Analytical QX 2000 micro-
analyzer and a SiLi detector. Measurements were carried out at
20keV.

Mirror-finished polished glassy carbon disc electrodes
(Sigradur G from Hochtemperatur Werkstoffe GmbH, 9 mm
diameter) were used as substrates for the thin-film Pt—Ru/fibers
electrodes in the electrochemical measurements. The thin-
film electrodes were prepared using the method developed by
Schmidt et al. [24]. In short, the catalysts were dispersed ultra-
sonically in water (2mge, mL™"), and 40 wL aliquots were
transferred onto the glassy carbon substrates. After evaporation

of the water under an argon stream, an aqueous Nafion solution
was pipetted onto the catalyst film, which was then dried in the
argon stream to fix the catalyst film to the substrate. The obtained
thin-film of Pt—Ru/fibers electrode was used as the working elec-
trode. For comparison, Pt—Ru/Vulcan XC electrodes were also
prepared under the same conditions.

The surface areas of the fibers, Vulcan XC, Pt—Ru/fibers and
Pt—Ru/Vulcan XC were determined by nitrogen adsorption at
liquid nitrogen temperature in a Nova 1200 Quantachrome Cor-
poration instrument. The surface morphology of the supported
catalysts was observed by transmission electron microscopy
(TEM) at 80keV, using a Carl Zeiss A CEM 902 microscope
coupled to a slow-scan Proscan camera model HSC-2. TEM
samples were prepared by placing a droplet of a sonicated cata-
lyst suspension in water on a clean holey copper grid, which
was then dried under ambient conditions. The TEM images
were analyzed with the software Analysis. To determine the
mean diameter and size distribution of the nanoparticles, several
TEM micrographs were collected for each sample. X-ray diffrac-
tion (XRD) patterns of Pt—-Ru/Vulcan XC and Pt—-Ru/CSCNT
catalysts were collected in a URD-6 Carl Zeiss-Jena diffrac-
tometer equipped with an area detector, using a Cu Ko source
(L =1.5406 A). The XRD diffractograms were obtained at a scan
rate of 0.05s~! for 26 values between 30 and 100°. The cata-
lysts particle sizes and lattice parameter were evaluated using
the peak associated to the (22 0) face of the fcc platinum lattice
at 20 =67, at a scan rate of 0.02°s~!,

All electrochemical measurements were taken in a three-
electrode cell at 25°C. Before both the CO stripping and
methanol oxidation reaction were studied, the thin-film elec-
trodes were cycled between 0.07 and 0.9V versus RHE in an
oxygen-free solution of 0.5M H,SOy, in order to control the
system cleanliness. For the CO stripping, CO was bubbled into
the electrochemical cell and the potential was set at 70 mV
for 15 min to ensure CO adsorption. This potential was chosen
because it is below the threshold potential at which the adsorbed
CO would be electro-oxidized to CO; [25]. CO dissolved in
the electrolyte was removed by degassing the electrolyte with
N, for 30 min. Finally, two cyclic voltamograms were recorded
between 0.07 and 0.9 V versus RHE at a scan rate of 20mV s~
Potentials higher than 0.9V were avoided in order to prevent
ruthenium dissolution [26]. Subsequently, the electrode was
transferred to a second cell containing a 2M CH30H +0.5M
H>SOy4 solution, and the behavior of the catalysts was studied
by cyclic voltammetry and chronoamperometry. The chronoam-
perometric currents were recorded for 30 min at a potential of
0.5V.

3. Results and discussion

The different morphologies of the Pt—Ru/Vulcan XC and
Pt—Ru/fibers catalysts are shown in the TEM images in Fig. 1.
Vulcan XC consists of carbon spheres with a diameter of approx-
imately 40 nm (Fig. 1a), while the fibers (Fig. 1b) are predom-
inantly composed of a stack of truncated conical graphenes
bonded by Van der Waal’s interactions, with a hollow central
channel (Fig. 1c). The carbon fibers have an external diameter
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Fig. 1. TEM micrographs of Ptso—Ruso/Vulcan XC (a), and PtsopRusg/fibers (b), detail of the fibers zone containing dangling bonds resulting from large amounts of
open edges at the outer surface (c), and their corresponding particle size distributions (d and e).

of 25 nm, and the width of the internal canal is about 13 nm.
For both kinds of carbon support, the TEM pictures show that
the microemulsion method applied herein provides good disper-
sion of the Pt—Ru nanoparticles on both carbon supports. Typical
histograms for the Pt—Ru/Vulcan XC and Pt—Ru/fibers size dis-
tribution are shown in Fig. 1d and e, respectively. Although the
particle size distributions observed for the Pt—Ru/Vulcan XC and
Pt—Ru/fibers catalysts are slightly different, their average parti-
cle sizes are almost the same, 4.2 +0.9nm and 4.0 + 0.8 nm,
respectively. This shows that the microemulsion method used
herein provides catalyst dispersion that is similar to that obtained

in the case of Pt—Ru/C Vulcan XC, and the particles have vir-
tually the same diameter. Another interesting result observed
by means of the TEM analyses is that the density of the parti-
cles deposited on the tubes with diameter below 25 nm is very
low. Tubes with a diameter of about 15 nm; i.e., MWNTSs, have
lower particle density than the tubes with a diameter of 25 nm or
more. A perfect distinction between carbon fibers and MWNTs
is not always evident. Carbon fibers are frequently thicker, typ-
ically between hundreds of nanometers to hundreds of microns
thick. They present low degree of graphitization and they are fre-
quently found in a structure that is different from that the tubular
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Table 1

Surface area determined by BET

Samples SA (m?g™1)
Vulcan XC 216.1

Fibers 146.4
Ptso—Rusp/Vulcan XC 113.4
Ptso—Rusp/fibers 100.5

structure encountered in nanotubes. However, it is well known
that when the fiber diameter decreases and the structure becomes
more graphitized, the characteristics of the fibers become closer
to those of MWNTs. Thus, it is reasonable to suppose that fiber
structures rich in dangling bonds provide sites with lower energy
than the sites found in the wall of classical MWNTSs, where the
occurrence of dangling bonds on the tubes’ wall is not expected.
The carbon Vulcan XC spheres, which allow incorporation of a
high number of nanoparticles, have a surface that is also rich in
dangling bonds, thus supporting this hypothesis.

The specific surface areas (SSA) of Vulcan XC and of the
fibers used as support for Pt—Ru nanoparticles were analyzed
before and after the adsorption of the Pt—Ru nanoparticles,
by means of the adsorption isotherm. Results are presented in
Table 1. The areas for the fibers and Vulcan XC are 113.4 and
216.1 m? g~ !, respectively. The nitrogen adsorption isotherms
of all carbons can be classified as isotherm Type II. According
to the IUPAC definitions, this type of isotherm suggests a non-
porous or macroporous material. After the anchoring of Pt-Ru
nanoparticles, the SSA values decrease to 100.5m? g~!, for the
Pt-Ru/fibers, and to 146.4m? g~!, for Pt-Ru/Vulcan XC. The
decrease in the SSA with catalyst adsorption is associated with
the level of agglomeration of the carbon spheres or dangling
bond fibers in the sample. TEM pictures show that in both kinds
of carbon support, it is possible to find nanoparticles agglomer-
ates and/or fibers or sphere surfaces where there is no catalyst.
Thus, the larger decrease in the SSA observed for Vulcan XC
indicates that the nanoparticles are more agglomerated in the
Pt—Ru/Vulcan XC powder than in the Pt—Ru/fibers powder, since
the isotherms of all the samples belong to Type-II. The com-
position of the Pt—Ru catalysts was analyzed by EDX, and it
indicated a Pt:Ru molar ratio close to 1:1 for both catalysts pre-
pared herein. The nominal and atomic compositions calculated
by EDX are almost identical, showing that the microemulsion
technique is also an effective way of obtaining catalysts for fuel
cells in the desired composition.

To analyze the crystal structure and lattice parameters of
the Pt—Ru catalysts the powder X-ray diffraction (XRD) tech-
nique was used. The XRD patterns obtained for Ptsp—Rusg/fibers
and Ptsp—Rusp/Vulcan XC catalysts are shown in Fig. 2. Both
catalysts show reflections characteristic of the face-centered
cubic (fcc) platinum structure. Neither visible peaks associ-
ated with tetragonal RuO;, nor hexagonal close-packed (hcp)
Ru phases were observed, which could indicate the alloying
of Pt and Ru. The peaks at 260=40.5, 46.2, 68.5, and 82.8°
can be assigned to the Bragg reflections of the Pt—Ru(11 1),
Pt-Ru(200), Pt-Ru(220), and Pt—Ru(3 1 1) crystallographic
planes. The main difference between the two XRD patterns

PtRu(111)

XC-72(002)

Fiber(002) PIRUC2)  prRuG1l)

Intensity (a.u.)

20 40 60 80 100
20 (degree)

Fig. 2. X-ray diffractograms of Ptso—Ruso/Vulcan XC (a) and PtsoRuso/fibers
(b).

shown in Fig. 2 is the peak originated from the carbon support.
The broad peak centered at 260 =25° in the XRD spectrum can be
attributed to the Vulcan XC carbon in the Ptsp—Rusg/Vulcan XC
catalyst (Fig. 2a), while the sharp peak centered at 20 =26° in
the XRD spectrum can be attributed to the structure (00 2) of the
supporting fibers (Fig. 2b). Peak positions in the XRD patterns
are not significantly affected by the carbon-support material
and they are similar to those obtained in the case of the pure
Ptso—Rusg alloy, as determined by Gasteiger et al. [27]. There-
fore, the nanoparticles observed in Fig. 1b and c are effectively
a Pt—Ru alloy.

Fig. 3 compares the cyclic voltamograms of 20%
Ptsp—Rusg/Vulcan XC, and 20% Ptso—Rusg/fibers in 0.5M
H,SOy4 solution, between 0.05 and 0.9V, at a scan rate of
20mVs~!. In order to compare the electrochemical results
obtained with the different catalysts, all currents (Figs. 3-6)
were normalized using the surface area of Pt—Ru bimetallic parti-
cles determined by COyqs-stripping voltammetry, assuming that
there is formation of a monolayer of linearly adsorbed CO and
that the Coulombic charge required for oxidation of CO,qs is

J (mAcm™?)

-0.03 M 1 M 1 M 1 " 1 M
0.2 0.4 0.6 0.8 1.0

Potential ( V vs. RHE)

Fig. 3. Cyclic voltamograms of Ptsp—Ruso/Vulcan XC (---), and
Ptso—Rusp/fibers (—) in 0.5 M H>SOy, at a scan rate of 20 mV s~L.
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Fig. 4. CO stripping voltammograms on Ptsp—Rusg/Vulcan XC (a),
Ptso—Rusp/fibers in 0.5M HSO4 (b), at a scan rate of 20mV s~ !.

420 n.C cm™2. For the Pt—Ru/C Vulcan XC catalyst, the hydro-
gen adsorption/desorption region (0.07-0.35 V) is less resolved
than in the case of Pt—Ru/fibers. The hydrogen adsorption charge
is enhanced by almost six times when fibers are used as support
for the Pt—Ru nanoparticles, accounting for its higher catalytic
activity and the possible insertion of H» inside the fibers, since
the walls are open. The double layer region of Ptsp—Rusg/fibers
is also slightly larger than that of Ptsop—Rusp/Vulcan XC.

Fig. 4 shows the CO,gs-stripping voltammograms of
Ptso—Rusg/Vulcan XC and Ptsp—Rusp/fibers catalysts in 0.5 M
H;SO4. The absence of peaks in the hydrogen region of the
first sweep clearly indicates that the surface of these two cata-
lysts was saturated with CO. The voltamograms show that the
shape and position of the CO oxidation peak are slightly depen-
dent on the substrate used as support for the nanoparticles. For
the Ptso—Ruso/Vulcan XC catalyst (SSA=113.4m? g™ 1), the
onset of the CO stripping peak takes place at about 0.37 V, and
a sharp peak is formed at 0.53 V versus RHE. In the case of
Ptso—Ruso/fibers (SSA = 100.5 m? g_l), the onset of CO oxida-
tion takes place at 0.31 V, and a broader peak centered at 0.51 V
is observed. Carmo et al. [19] also found a broad peak centered
at 0.55V versus RHE for CO oxidation on Pt-Ru/MWNT pre-
pared by the impregnation method. However, no influence of
the carbon support on the CO oxidation peak position could be
seen.

The electrocatalytical activity of the Ptsp—Rusg/fibers before
and after Pt—Ru deposition was investigated by cyclic voltamme-
try in2 M CH30H + 0.5 M H>SOg4 solution, and the results were
compared with those obtained by using the Ptsp—Ruso/Vulcan
XC catalyst. As can be seen in the inset of Fig. 5, the shapes
of cyclic voltammograms collected from the carbon fibers in
0.5M H,SO4 and 2M CH30H +0.5M H;SO4 solutions, and
in 0.5M H,SOy4 are identical; only background currents typ-
ical of carbon electrodes are seen. This means that the carbon
fibers do not display electrocatalytical activity for methanol oxi-
dation. After Pt—Ru deposition on the fibers, higher currents of
methanol oxidation can be observed. A comparison of the anodic
currents for methanol oxidation on the Ptsp—Rusg/fibers and
Pts0—Rusp/Vulcan XC catalysts shows that the onset of methanol
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Fig. 5. Methanol oxidation on (---) Ptsp—Rusp/Vulcan XC, and (—)
Ptso—Ruso/fibers in 0.5M HySO4 +2M CH3OH, at a scan rate of 20mVs~!.
The inset shows the cyclic voltammograms of the fibers before the Pt—Ru par-
ticles deposition in 0.5M HSO4 (---) and 0.5M H2SO4 +2M CH30H (—)
electrolytes.

oxidation begins at ca. 0.4V versus RHE for both electrodes.
For potentials more positive than 0.4 V, higher methanol oxida-
tion currents can be found for Ptsg—Rusg/fibers. In the cathodic
scan, the re-oxidation of methanol is clearly observed due to the
reduction of platinum oxide.

To test the tolerance of the Pt—Ru catalysts to methanol
oxidation, we collected chronoamperometric curves at 0.5V
versus RHE in a 2.0M CH30H+0.5M H,SO4 solution. As
can be seen in Fig. 6, the potentiostatic currents decrease
rapidly at short reaction times. At long times and for all
potentials, the rate of current decay is small and a pseudo-
steady state current is achieved. The current densities recorded
after holding the electrode potential at 0.5V for 1800s were
0.041 mA cm~2 for Ptsy—Rusp/fibers, and 0.025 mA cm~2 for
Pts0—Rusp/Vulcan XC. This shows that the current density for
the PtsgRuso/fibers catalystis 1.6 times higher than that observed
with the Ptso—Rusg/Vulcan XC catalyst.

All these findings thus suggest that the fibers with CSCNTs
zones, together with the microemulsion method, allow the prepa-
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Fig. 6. Chronoamperometries for 30 min at 0.5 V vs. RHE for Ptsp—Ruso/Vulcan
XC (- -+), and Ptsp—Rusp/fibers (—) in 0.5M H,SO4 +2 M CH3OH.
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ration of catalysts with enhanced catalytic activity for methanol
oxidation. The dangling bond in these fibers allows similar
dispersion to that found in the case of Vulcan XC, when the
microemulsion method is applied. However, the agglomeration
of the fibers with high density of dangling bonds is smaller in
the fibers than in Vulcan carbon, as detected by BET charac-
terization. This means that the methanol percolation is better
in the Ptsg—Rusg/fibers electrode than in the Ptso—Ruso/Vulcan
XC. The morphology of the fibers studied herein favors a
less hydrophobic surface than that encountered in MWNTSs or
SWNTs. In fact, we checked this by comparing the dispersion
of cup-stacked fibers with MWNTs or SWNTs, both in water
and methanol. Simulation studies demonstrated that methanol
and water enter the pores of hydrophilic nanotubes more easily
[28]. Therefore, fluid transport through the hydrophilic tubes is
faster than through hydrophobic carbon nanotubes. This means
itis reasonable to believe that the catalyst supported on the fibers
(Fig. 1b) has a higher electrochemical active surface area than
that prepared with Vulcan XC. The electrochemical area deter-
minate by CO stripping was 9.4 cm? for the Ptso—Ruso/Vulcan
XC and 19.4 cm? for Ptsp—Ruso/fiber.

The catalyst prepared with fibers (Fig. 1b) has, thus, a
higher electrochemical active surface area than the catalyst
prepared with Vulcan XC. Finally, another factor that can be
related to the enhancement in methanol oxidation by using the
Ptso—Rusp/fibers catalyst is the high electronic conductivity of
the nanotubes used as support. Atomic Force Microscopy (AFM)
with conductivity set-up shows for us that the carbon fibers stud-
ied herein are metallic, like the multi-walled carbon nanotubes.
As already known, carbon nanotubes exhibit high electronic con-
ductivity, and therefore, all the catalysts that are connected to
them are also connected to the conductivity and can thus be used.
In addition, emission results suggest that the graphene planes can
act as electron channels [29].

4. Conclusions

In this work, carbon nanotube fibers with high density of
dangling bonds and carbon Vulcan XC were used as sup-
port for Pt—Ru nanoparticles prepared by the microemulsion
method. The microemulsion method was found to be a con-
venient way of obtaining small and homogeneous particles with
different compositions, without being influenced by the mor-
phology of the fibers studied herein. Our results showed that
the Pt—Ru/fibers electrode exhibits higher catalytic activity than
Pt—Ru/Vulcan XC for methanol oxidation. The higher catalytic
activity obtained by using this new kind of fibers as support
for Pt—Ru nanoparticles can be attributed to the morphology of
the unique nanostructure and electronic properties of the carbon
tubes.
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