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ABSTRACT

Platinum-ruthenium/carbon composite nanofibers were prepared by depositing PtRu nanoparticles
directly onto electrospun carbon nanofibers using a polyol processing technique. The morphology and
size of PtRu nanoparticles were controlled by 1-aminopyrene functionalization. The noncovalent func-
tionalization of carbon nanofibers by 1-aminopyrene is simple and can be carried out at ambient
temperature without damaging the integrity and electronic structure of carbon nanofibers. The result-
ing PtRu/carbon composite nanofibers were characterized by cyclic voltammogram in 0.5M H,SO4 and
0.125M CH30H +0.2 M H,SO4 solutions, respectively. The PtRu/carbon composite nanofibers with 1-
aminopyrene functionalization have smaller nanoparticles and a more uniform distribution, compared
with those pretreated with conventional acids. Moreover, PtRu/1-aminopyrene functionalized carbon
nanofibers have high active surface area and improved performance towards the electrocatalytic oxida-

tion of methanol.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

To meet the ever-increasing energy demands and to tackle
the daunting problem of environmental pollution, direct methanol
fuel cells (DMFCs) have recently attracted much attention, since
they can provide green power for electric vehicles and elec-
tronic portable devices by direct conversion of methanol fuel
[1-3]. The methanol conversion is carried out in the membrane
electrode assembly (MEA, a key component of DMFCs), which con-
sists of a polymer electrolyte membrane and two catalyst-loaded
porous electrodes for methanol oxidation at the anode and oxygen
reduction at the cathode. The methanol oxidation reaction (MOR)
typically is catalyzed by Pt in acidic environment in Eq. (1) [4].

CHgOH —+ H20 — C02+6H++66_,
E° (MOR) = 0.016V vs. SHE at 25 °C (1)

During this reaction, one of the intermediates, CO, often poisons
the Pt catalyst by adsorbing strongly on the surface of the catalyst.
In order to remove the adsorbed CO, a high potential is required
to oxidize CO by reacting with hydroxide (-OH) produced during
water activation, thereby limiting the use of a pure Pt catalyst in
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DMFCs. Therefore, to provide —OH at lower potentials for the oxida-
tive removal of adsorbed CO, a second metal, i.e., Ru, has been used
to form an alloy with Pt to promote the oxidation of CO to CO, by
a bi-functional mechanism [5,6].

Until now, a major challenge for the commercial application
of DMFCs is the high cost of Pt or Pt alloy electrocatalysts [7-12].
Therefore, the development of highly active electrode catalysts cou-
pled with a suitable electrode structure and low catalyst loading is
important for attaining high efficiency in DMFCs, and subsequently
lowering their cost. Carbon nanomaterials are currently being
considered as suitable supports for catalysts in DMFCs [13-15],
because of their unique graphite properties combined with three-
dimensional flexible structures. Carbon nanofibers (CNFs), one of
the promising carbon nanomaterials for supporting catalysts, have
been investigated by several research groups due to their unique 1-
dimensional structure, high electronic and thermal conductivities,
and good electrochemical stability [ 16,17]. However, since CNFs are
chemically inert, the activation of their graphitic surface is neces-
sary because the deposition, distribution, and size of Pt or Pt alloy
nanoparticles strongly depend on the surface properties of CNFs
[18].

In order to anchor and deposit catalyst nanoparticles on the
surface of carbon nanomaterials, many harsh oxidative methods,
such as refluxing in concentrated mixtures of H,SO4 and HNO3, and
cycling in H,SO4 solution using cyclic voltammogram, have been
widely utilized. However, these methods result in defects on the
carbon nanomaterials, which are harmful to the electrochemical
active surface area of Pt or Pt alloy electrocatalysts and their dura-
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bility during fuel cell operation [19]. Recently, novel noncovalent
functionalization methods of carbon nanomaterials, such as coat-
ing carbon nanotubes (CNTs) with 1% sodium dodecyl sulfate [20]
or functionalizing CNTs with 1-aminopyrene [21], have attracted
particular attention because they enable the surface activation of
carbon nanomaterials without destroying their intrinsic properties
[22-24]. However, until now no studies on the functionalization of
CNFs using such noncovalent methods have been reported.

In this paper, we prepared and characterized PtRu/carbon
composite nanofibers (PtRu/CNFs) by the combination of 1-
aminopyrene functionalization and a polyol processing tech-
nique. We functionalized electrospun carbon nanofibers with
1-aminopyrene, followed by the deposition of PtRu using ethylene
glycol as a reducing agent. The most important advantage of this
approach is that the 1-aminopyrene functionalization treatment
preserves the integrity and the electronic structure of CNFs, which
result in the long-term stability of such composites in the applica-
tion of DMFCs. Moreover, PtRu nanoparticles with small diameter
and homogenous distribution are obtained, and high electrochem-
ical surface area and good activity toward methanol oxidation also
are observed on the resultant PtRu/CNFs.

2. Experimental
2.1. Chemicals and reagents

Polyacrylonitrile (PAN), N,N-dimethylformamide (DMF),
chloroplatinic acid hydrate (H,PtClg-xH,0), ruthenium chloride
(RuCl3), 1-aminopyrene (1-AP), ethylene glycol (EG), nitric acid
(HNOs3, 70%), sulfuric acid (H,SO4), and methanol (CH30H) were
purchased from Sigma-Aldrich and used as received. Deionized
water was used throughout.

2.2. Synthesis of CNFs

A DMF solution of 8wt% PAN was prepared at 60°C, with
mechanical stirring for 3 h. The electrospinning was conducted
using a Gamma ES40P-20W/DAM variable high voltage power sup-
ply under a voltage of 15 kV. Under high voltage, a polymer jet was
ejected through a syringe and accelerated toward the nanofiber col-
lector, during which the solvent was rapidly evaporated. Aluminum
foil was placed over the collector plate of the electrospinning appa-
ratus to collect electrospun PAN fibers. These PAN nanofibers were
first stabilized in an air atmosphere at 280 °C for 2 h at the heating
rate 5min—! and then carbonized at 700 °C for 1 h in nitrogen atmo-
sphere at the heating rate 2°Cmin~'. The resultant CNFs formed
free-standing nonwoven membranes and were directly used as a
support in the chemical deposition of PtRu nanoparticles.

2.3. 1-AP functionalization of CNFs

CNFs (0.2 g)and 1-AP (0.2 g) were added into an ethanol solution
(30 ml), which was stirred mechanically for 1 h and stored at room
temperature for 24 h. The solution was then filtered and washed
with water for several times, and the treated CNFs were dried in
a vacuum oven at 70°C for 5h and collected as 1-aminopyrene
functionalized CNFs (1-AP-CNFs). For comparison, CNFs were also
functionalized by a conventional acid treatment, i.e., CNFs (0.2 g)
were refluxed in a mixed strong acid solution (50 ml H;SO4:HNO3
in3:1(v/v)ratio) at 80 °C for 3 h. The acid-treated CNFs are denoted
as AO-CNFs.

2.4. Synthesis of PtRu/CNF catalysts

To deposit PtRu nanoparticles on 1-AP-CNFs, 1-AP-CNFs (0.3 g)
were mixed with approximate amount of H;PtClg-xH;0 +RuCl;

(with metal loadings of 25, 50, and 75 wt%, atomic Pt:Ru=3:2)
in 50 ml ethylene glycol solution under ultrasonication. The solu-
tion was then refluxed in 70°C for almost 6.0 h until the solution
changed from light yellow to dark brown, indicating the reduction
and formation of PtRu nanoparticles on CNFs. The above solution
was filtered and washed with water several times, and the resul-
tant PtRu/1-AP-CNFs were soaked in water for 12 h and then dried
in vacuum at 100 °C for 24 h to remove un-reacted 1-AP. PtRu/acid-
functionalized CNFs (PtRu/AO-CNFs) with a PtRu metal loading of
75 wt% were also prepared using the same procedure.

2.5. Structural characterization of PtRu/1-AP-CNFs

X-ray diffraction (XRD) analysis was performed with a
Philips XLF ATPS XRD 100 diffractometer using CuKo radiation
(A =1.5405 A). The operating voltage and current were 40.0kV and
60.0 mA, respectively. Raman spectra of PtRu/CNFs were obtained
using Horiba Jobin Yvon LabRam Aramis Microscope with 633 nm
HeNe Laser.

The structure of CNFs, PtRu/AO-CNFs, and PtRu/1-AP-CNFs,
which were deposited onto 200 mesh carbon-coated Cu grids, was
evaluated using a Hitachi HF-2000 TEM at 200 kV. The diameters
of Pt nanoparticles were determined by measuring 80 randomly
selected particles using Image] software.

2.6. Electrochemical properties of PtRu/CNFs

The electrochemical measurements of PtRu/CNFs were per-
formed in a three-electrode cell at 25°C on an electrochemical
workstation (AQ4 Gamry Reference 600, USA). The cell consisted
of a working electrode (PtRu/CNFs), a counter electrode (Pt), and
a reference electrode (Ag/AgCl/4.0 M KCl). Nitrogen was bubbled
through the testing solutions for at least 30 min before the measure-
ments, and then was used continually to protect the experiment
environment. All the electrochemical potentials were measured
and reported with respect to Ag/AgCl/4.0 M KCI.

Cyclic voltammetric (CV) studies of PtRu/CNFs were carried
out in 0.5M H,S04 at 50mVs~! to determine the electrochem-
ically active surface area. CV responses of PtRu/CNFs in 0.125M
CH30H +0.2 MH,S04 at 5 mV s~ ! were also measured to study their
activities on the methanol oxidation.
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Fig. 1. Schematic diagram of the deposition of PtRu electrocatalyst on 1-AP-CNFs.
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Fig. 2. TEM images of CNFs (a), PtRu/1-AP-CNFs with metal loadings of 25 wt% (b), and 50 wt% (c), high resolution TEM image and inserted electron diffraction pattern (d),

and EDS spectrum (e) of PtRu/1-AP-CNFs (metal loading: 25 wt%).

3. Results and discussions
3.1. CNF treatment and PtRu deposition

Fig. 1 shows the schematic diagram of the synthesis procedure
of PtRu/1-AP-CNFs. Since the surface of CNFs is chemically inert and
does not have any functional groups, PtRu deposition on untreated
CNF surface is not well controlled. In order to surface treat CNFs, a
noncovalent functionalization involving a reagent 1-AP was used.
The reagent 1-AP, a bi-functional molecule with a pyrenyl group
and an amino functional group, does not have direct chemical reac-
tion with CNFs. Typically, the pyrenyl group of 1-AP can be attached
onto the basal plane of graphite via 7r-stacking [25]. As a result, 1-
AP can be immobilized on CNFs through the adsorption of pyrenyl
groups onto the inherently hydrophobic surface of CNFs. After the
immobilization of 1-AP, H,PtClg-xH,0 and RuCl; were added and
the pH value of the solution is controlled to around 6.0 (i.e., slightly

acid). After that, the amino groups of immobilized 1-AP molecules
become positively charged, which may lead to the self-assembly of
negatively charged Pt precursors, PtClg2~ ions, followed by the sub-
sequent self-assembly of positively charged Ru precursors, Ru3*. As
a result, the uniform distribution of Pt and Ru precursors can be
obtained on the surface of CNFs. After that, in the presence of ethy-
lene glycol, self-assembled PtRu precursors are reduced to form
PtRu nanoparticles on the CNF surface. Therefore, during the syn-
thesis of 1-AP-CNFs, the PtClgZ2~ and Ru3* ions are attached onto
CNF surface first, and then are reduced to PtRu nanoparticles.

3.2. TEM images of PtRu/1-AP-CNFs

Fig. 2 shows TEM images of CNFs and PtRu/1-AP-CNFs. In Fig. 2a,
CNFs exhibit long and straight fibrous morphology with relatively
uniform diameters between 100 and 300 nm. Before deposition,
the CNF surface is smooth and there are no particles loaded. How-
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Fig. 3. Diameter distributions of PtRu nanoparticles on PtRu/1-AP-CNFs with the
metal loadings of 25 wt% (a), and 50 wt% (b).

ever, PtRu nanoparticles are observed on the surface of CNFs after
deposition (Fig. 2b and c). When the metal loading is 25 wt%, PtRu
nanoparticles are evenly distributed on the surface of 1-AP-CNFs
(Fig. 2b) and the average diameter of PtRu nanoparticles is about
3.1 nm (Fig. 3a). When the metal loading increases (i.e., 50 wt%),
more PtRu nanoparticles are found on the surface of 1-AP-CNFs
and they are still evenly distributed. Although there is a rela-
tively large increase in the metal loading, the average diameter of
PtRu nanoparticles increases from 3.1 to 3.3 nm (Fig. 3b), which is
attributed to the surface treatment of CNFs by 1-AP functionaliza-
tion. A more detailed explanation is provided in Section 3.3.

Fig.2d and e shows the high resolution TEM image, inserted elec-
tron diffraction pattern, and energy dispersive X-ray spectroscopy
(EDS) of PtRu/1-AP-CNFs (metal loading: 25 wt%), respectively. In
Fig. 2d, the pattern for a crystal structure of PtRu nanoparticle with
crystal lattice of 3.877 A is shown. The EDS data in Fig. 2e also con-
firm the presence of PtRu particles on the surface of 1-AP-CNFs, and
the copper peaks belong to the TEM grid background.

3.3. Structure comparison of PtRu/1-AP-CNFs and PtRu/AO-CNFs

Fig. 4 shows TEM images and diameter distributions of PtRu/1-
AP-CNFs and PtRu/AO-CNFs. The metal loading amount is the same
(i.e., 75wt%) for both PtRu/CNFs. As shown in Fig. 4a, the sur-
face of 1-AP-CNFs is almost fully covered by PtRu nanoparticles,

Table 1
Quantitative data of Pt-Ru alloy particles on PtRu/CNFs from XRD and XPS analysis.
The metal loading is 75 wt%.

PtRu/CNFs Pt/Ru ratios Pt/Ru ratios Nominal Pt/Ru
obtained by obtained by ratios (at.%)
XRD (at.%) XPS (at.%)

PtRu/AO-CNFs 68/32+5 54/46+2 60/40

PtRu/1-AP-CNFs 64/36+5 52/48+£2 60/40

however, no large aggregates of PtRu particles are found. More-
over, at 75 wt% metal loading, more PtRu nanoparticles are evenly
distributed on the surface of 1-AP-CNFs and the particle size of
PtRu electrocatalysts on 1-AP-CNFs increases slightly to 3.6 nm,
as compared to those with metal loadings of 25 and 50 wt%. For
AO-CNFs, which were oxidized in a mixed strong acid solution
(50ml HySO4:HNO3 in 3:1 (v/v) ratio) at 80°C, PtRu nanoparti-
cles can also be found on the fiber surface. However, the average
size of PtRu nanoparticles increases to 5.4 nm, and the particles are
aggregated significantly. The relatively small size of PtRu nanopar-
ticles on PtRu/1-AP-CNFs could be caused by the immobilization
of bi-functional 1-AP molecules, which offer large and uniformly
distributed active sites for anchoring PtClg2~ and Ru3* ions and
subsequently Pt and Ru nanoparticles (Fig. 1). Thus, compared
with conventional acid-oxidized CNFs, 1-AP-functionalized CNFs
are more effective for use as catalyst supporting materials.

3.4. XRD patterns of PtRu/1-AP-CNFs and PtRu/AO-CNFs

X-ray diffraction (XRD) profiles of PtRu/1-AP-CNFs and
PtRu/AO-CNFs are presented in Fig. 5. For comparison, the XRD
profile of untreated CNFs is also shown. The diffraction peak at
around 25° can be assigned to the diffraction of the (002) plane
of graphite layers in CNFs. The XRD profiles of PtRu/AO-CNFs and
PtRu/1-AP-CNFs also confirm that the PtRu phase is formed on both
CNFs and can be indexed to the reflections of crystal structure of
PtRu nanoparticles at 39.9° (111), 45.8° (200), 68.3° (220), and
82.0° (22 2), respectively. The diffraction peaks of PtRu/1-AP-CNFs
are stronger than those of PtRu/AO-CNFs due to their smaller PtRu
particle size that makes the XRD measurement more sensitive.

Moreover, the Pt-Ru alloy compositions of PtRu/CNFs were cal-
culated from the simple mathematical expression of Vegard’s law
[26,27]:

aptru = (1 — X)ap; + XaRy (2)

where apry, apt, and agy are the lattice parameters of Pt-Ru alloy,
pure Pt, and pure Ru, respectively, and x the mole fraction of the
component Ru. The lattice parameters of pure Pt and pure Ru are
3.92 and 3.79 A [28], respectively. When the composition of Ru is
lower than 60 at.%, Pt and Ru form a face-centered cubic (fcc) struc-
ture. Based on the XRD profiles in Fig. 5, a value of 3.879 +0.005 A
for the lattice parameter of Pt-Ru alloy on PtRu/AO-CNFs and a
value of 3.873 +0.005 A for Pt-Ru alloy on PtRu/1-AP-CNFs were
determined by the peak profile fitting of the (2 2 0) reflection shown
in Fig. 5, which correspond to 32+5 and 36+5at.% of Ru in the
Pt-Ru alloy (Table 1).

3.5. XPS spectrum of PtRu/1-AP-CNFs

X-ray photoelectron spectroscopy (XPS) spectrum obtained
from PtRu/1-AP-CNFs is presented in Fig. 6. One characteristic peak
of 4d for Pt appears at about 315 eV, two characteristic peaks of 3p
for Ru appear at around 461 and 484 eV, and one 1s peak of carbon
appears at about 285 eV, respectively. Since the oxidation state of
Ru is important for its catalytic activity, the high resolution XPS
data wereinvestigated and the results show that the oxidation state
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Fig. 4. TEM images and PtRu diameter distributions of PtRu/1-AP-CNFs (a), and PtRu/AO-CNFs (b). The metal loading is 75 wt%.

of Ru is zero-valent, which confirms the formation of Pt-Ru alloy.
Moreover, based on the intensities of XPS peaks of Pt 4d and Ru 3p,
the atomic ratios of Pt/Ru on PtRu/1-AP-CNFs and PtRu/AO-CNFs
were calculated to be 52.3/47.7 and 55.4/45.6, respectively, which
are comparable to the molar ratio of Pt and Ru precursors used in
the preparation of PtRu/1-AP-CNFs and PtRu/AO-CNFs (Table 1).

3.6. Raman spectra of PtRu/1-AP-CNFs and PtRu/AO-CNFs

Raman spectra of untreated CNFs, PtRu/1-AP-CNFs, and
PtRu/AO-CNFs are shown in Fig. 7. Raman spectra of carbon
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Fig. 5. XRD profiles of CNFs (a), PtRu/AO-CNFs (b), and PtRu/1-AP-CNFs (c). The
metal loading is 75 wt%.

materials reflect the electronic structure and electron-phonon
interactions and allow clear identification of graphite layers [29].
The peak at 1335 cm™! is assigned to the disordered graphite struc-
ture (D-band), and the frequency peak at 1587cm~! (G-band)
corresponds to a splitting of the E, stretching mode of graphite,
which reflects the structural intensity of the sp2-hybridized car-
bon atoms [30]. Therefore, the intensity ratio of D- and G-bands
(Ip/lg) can be used to evaluate the extent of the modification or
defects on CNF surface and a higher Ip/I; ratio typically indicates
a higher degree of disorder. From Fig. 7, the Ip/I; ratio of PtRu/AO-
CNFs increases from 1.30 to 1.49 as compared to untreated CNFs.
This indicates that the harsh acid treatment produces carboxylic
acid sites on the surface, causing significant structural damage on

Intensity (CPS)

550 500 450 400 350

Binding Energy (eV)

300 250

Fig. 6. XPS spectrum of PtRu/1-AP-CNFs in the binding energy range of 550-250 eV.
The metal loading is 75 wt%.
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Fig. 7. Raman spectra of CNFs (a), PtRu/AO-CNFs (b), and PtRu/1-AP-CNFs (c). The
metal loading is 75 wt%.

the ordered structure of CNF surface. PtRu/1-AP-CNFs have slightly
lower Ip/I¢ ratio (i.e., 1.16, Fig. 7) than untreated CNFs, which indi-
cates that the immobilization or wrapping of 1-AP on the surface of
CNFs via r-stacking has no detrimental effect on the ordered struc-
ture in CNFs. Rather, the slightly decreased ratio may suggest the
coverage of the original defect sites by 1-AP molecules.

3.7. Electrochemical characterization of PtRu/1-AP-CNFs and
PtRu/AO-CNFs

CV measurements of PtRu/AO-CNFs and PtRu/1-AP-CNFs
between —0.2 and +1.0V at 50mVs~! in 0.5M H,SO, were
employed to examine whether PtRu particles on CNF surface are
electrochemically active (Fig. 8). The redox current density peaks
can be observed, which are due to the adsorption and desorption
of hydrogen at the surface of PtRu nanoparticles on CNFs.

The integration of CV curves from hydrogen desorption peaks
from —0.2 to +0.2V gives electrochemical active surface area
(EASA), which can be calculated according to the following formula

1.0
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Fig. 8. Current-potential curves of PtRu/AO-CNFs (a), and PtRu/1-AP-CNFs (b) in
0.5M H,S0,4 at 50mV s~!. The metal loading is 75 wt%.
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Fig. 9. Stabilized current-potential curves of PtRu/AO-CNFs (a), and PtRu/1-AP-
CNFs (b), in 0.125M CH30H +0.2 M H,S04 at 5mV s~'. The metal loading is 75 wt%.

[31]:

Q(mC mg™1)

EASA= ——  — ° ‘~
0.22(mC cm~2)

(3)
where Q is the electric charge for hydrogen desorption and
0.22mCcm~2 is the hydrogen adsorption constant (based on Pt).
Table 2 shows the calculated EASA values for both PtRu/AO-
CNFs and PtRu/1-AP-CNFs. The EASA for PtRu/1-AP-CNFs is
327+5cm?mg~!, much higher than that of PtRu/AO-CNFs
(233+5cm?2mg-!), which is due to the smaller PtRu particle
size and less agglomerate formation on the surface of 1-AP-CNFs.
Therefore, the PtRu nanoparticles deposited on 1-AP-CNFs are
electrochemically more accessible, which is important for electro-
catalyst applications in fuel cells.

3.8. Electro-oxidation of methanol on PtRu/CNFs

Fig. 9 shows the stabilized current density-potential curves
of PtRu/AO-CNFs and PtRu/1-AP-CNFs in 0.125M CH30H+0.2M
H,S04 (pH 0.45 +0.05) solution at 5mVs~!. Both PtRu/AO-CNFs
and PtRu/1-AP-CNFs present the electro-oxidation of methanol,
which starts at around +0.40V and then the current density
increases to a maximum at about +0.63 V; moreover, another cur-
rent peak is found at about +0.43V when scanning back. The
mechanism for the methanol reaction is: first, methanol is adsorbed
on the freshly reduced PtRu nanoparticles surface produced after
the removal of non-reacting PtRu-0 species, and then transformed
to different reactive intermediates, such as (CH,0),4s and (CHO),q4s,
and poisoning species (CO),q4s. Both reactive and poisoning species
can be further oxidized to CO,, however, a relatively higher poten-
tial is required to oxidize the poisoning species (CO),q4s [32-35].

In order to study the efficiency of methanol oxidation, the
electrochemical characteristic data of PtRu/AO-CNFs and PtRu/1-
AP-CNFs are summarized in Table 2. The efficiencies of methanol
oxidation were compared in terms of forward onset potential, CO-
tolerant current density at +0.45V, forward peak current density
(Ir), and the ratio of forward to backward peak current densi-
ties (Ig/Ip) [36,37]. From Table 2, compared with PtRu/AO-CNFs,
PtRu/1-AP-CNFs have larger CO-tolerant current density and for-
ward peak current density due to their reduced PtRu particle size
and increased EASA. The I/}, ratio of PtRu/1-AP-CNFs is also larger
than that of PtRu/AO-CNFs, which may be related to the smaller
PtRu particles in PtRu/1-AP-CNFs. In addition, a smaller forward
onset potential is obtained at PtRu/1-AP-CNFs, indicating the better
catalytic activity of PtRu/1-AP-CNFs than that of PtRu/AO-CNFs.
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Table 2

Electrochemical characteristics of PtRu/AO-CNFs and PtRu/1-AP-CNFs. Solutions: 0.5 M H,SO4 for EASA and 0.125M CH3OH +0.2 M H,SO4 (pH 0.45 £ 0.05) for other charac-

teristics. Scanning rate: 5mVs~'. The metal loading is 75 wt%.

Catalysts Average particle EASA (cm?mg~')  Onset potential (V vs. CO-tolerant current density at Forward peak current Iy

size (nm) Ag/AgCl/4.0 M KCI) +0.45V (mAmg') density (I, mAmg~')
PtRu/AO-CNFs 54+ 03 233+5 0.42 + 0.02 0.13 + 0.01 1.58 £ 0.02 1.08 + 0.01
PtRu/1-AP-CNFs 3.6 &+ 0.3 327 +£5 0.39 + 0.02 0.52 + 0.01 3.93 + 0.02 2.07 +£ 0.01

4. Conclusions

The preparation and characterization of PtRu/CNFs by the
combination of 1-AP functionalization and a polyol processing
technique were studied. PtRu nanoparticles with well-defined mor-
phology and good catalyst activity were obtained on functionalized
CNFs. Compared with the conventional acid-treated CNFs, the
simple synthesis process of 1-AP-functionalization treatment can
preserve the integrity and the electronic structure of CNFs. The
diameter of PtRu nanoparticles on 1-AP functionalized CNFs is
around 3.5 nm, which is smaller than that of PtRu/CNFs prepared
from the conventional acid-treated CNFs. Moreover, PtRu nanopar-
ticles are much more evenly distributed on 1-AP functionalized
CNFs and do not form agglomerates. The resulting PtRu/1-AP-CNFs
possess the properties of higher active surface area and better
performance towards the oxidation of methanol. Therefore, the
chemical deposition of PtRu nanoparticles on 1-AP-CNFs provides
an alternative method to obtain an effective catalyst toward the
oxidation of methanol. However, investigations into the catalytic
ability of such composites in membrane electrode assembly in
direct methanol fuel cells are needed for future applications.
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