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bstract

Different Pt-based electrocatalysts supported on carbon nanofibers and carbon black (Vulcan XC-72R) have been prepared using a polymer-
ediated synthesis. The electrocatalysts have been characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD) and cyclic

oltammetry. The effect of carbon nanofibers treatment with HNO3 solution on Pt particle size and electroactive area has been analyzed. Highly
ispersed Pt with homogeneous particle size and an electroactive area around of 100 m2 g−1 is obtained in raw carbon nanofibers. The oxidizing

reatment of the carbon nanofibers produces agglomeration of the platinum nanoparticles and an electroactive area of 53 m2 g−1. Durability studies
ndicate a decrease of 14% in the electroactive area after 90 h at 1.2 V in 0.5 M H2SO4 for platinum supported on raw carbon nanofibers and Vulcan
C-72R. The electrocatalyst supported on oxidized carbon nanofibers are stable under similar conditions.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Low-temperature fuel cells, using either hydrogen or
ethanol as feed, are an efficient alternative to combustion

ngines in the means of transport. An important factor in the fuel
ells commercialization is the catalyst cost. This cost has been
educed by using carbon-supported platinum; however, more
fforts have to be done in the development of more efficient
atalysts with a smaller load in precious metal. It is recognized
hat the form of carbon can affect the dispersion of the Pt par-
icles [1–3]. Carbon nanofibers are such an important carbon
orm in the industry, and the study of the platinum dispersion
n this material and its comparison with carbon black may lead

o the development of improved electrocatalysts. The catalytic
anoparticles on the external walls of the carbon nanofibers
as in the case of carbon nanotubes) are easier to react with
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he fuel than those in the inter-particle pores of carbon black
2,4,5].

In the last decade, carbon nanotubes CNTs and nanofibers
NFs have been proposed as Pt supports for proton exchange
embrane fuel cells [6–10] and direct methanol fuel cells

10–14]. Frequently, CNTs and CNFs were treated with HNO3
cid or H2SO4–HNO3 mixed acids for purification or function-
lization [6,8,11]. The functionalization produces high density
f oxygen-containing species on the CNT surface. The results of
lectrocatalytic activity in oxygen reduction reaction for Pt/CNT
atalysts showed a positive effect of the fuctionalization [6]. Sur-
ace modifications of multiwalled carbon nanotubes (MWNTs)
ere found to be a key factor in controlling the particle size

nd distribution of Pt particles deposited on the MWNT support
11].

Recently, the effect of carbon supports treatment with oxida-

ive acids in the electrocatalytic oxidation of H2 [15] and CO
15,16] has been investigated. Treating carbon Vulcan XC-72R
ith HNO3 [15], an enhancement of the amount of oxygen
roups was observed. However, neither large amount of Pt, nor

mailto:morallon@ua.es
dx.doi.org/10.1016/j.jpowsour.2007.06.078
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etter Pt dispersion was observed during the preparation of Pt/C
amples. Li et al. [16] observed a wider Pt size distribution for
NTs treated with HNO3 acid in comparison to the as received
NTs.

The objective pursued in this work was to prepare platinum-
ased electrocatalysts using carbon nanofibers as support. For
omparative purposes electrocatalysts prepared with carbon
lack (Vulcan XC-72R) as support has been carried out. Fur-
hermore, the effect of the oxidizing treatment with HNO3 of the
arbon nanofibers on the metal dispersion and catalytic activity
or hydrogen oxidation has been investigated.

. Experimental

.1. Materials

The materials used were: hexachloroplatinic acid
H2PtCl6·H2O), sulfuric acid 98%, nitric acid 65%, hydrochlo-
ic acid 37%, ethylenglycol, polivinylpirrolidone (PVP) AW
0,000, Nafion solution (5%, w/w) from Aldrich, carbon black
Vulcan XC-72R) supplied by Cabot Corporation and carbon
anofibers supplied by Grupo Antolin. Water used in this work
as obtained from a PureLab Elga purifier with a resistivity of
8 M� cm.

.2. Carbon nanofibers treatments

Original carbon nanofibers were treated at 500 ◦C in N2 flow
200 mL min−1 g−1) during 3 h (sample denoted NF). In addi-
ion, two acid treatments were conducted on NF sample.

Soxhlet extraction with HCl 37% during 8 h, followed by
washing with water in Soxhlet for 8 h (sample denoted NF1).
Microwave treatment with nitric acid solution. Two hundred
fifty milligrams of carbon nanofibers and 10 mL HNO3 69%
were heated by MW (570 W) for 35 min. The sample was
washed after treatment with water in Soxhlet for 8 h (sample
denoted NF2).

Both treated materials were dried after treatment in a con-
entional oven at 120 ◦C overnight.

.3. Electrocatalysts preparation

The experimental procedure for the electrocatalysts prepa-
ation is based on the method described by Chen and Xing
17]. This method is a reduction-by-solvent type, which involves
sing PVP to achieve small and uniform platinum particles. The
olvent used was an ethylene glycol–water mixture in a vol-
me ratio 3:1. Theoretical platinum content in the catalysts was
xed in 20%. Some modifications were introduced in order to
ake this method suitable for carbon nanofiber supports. The
upport was previously dispersed in ethylene glycol, with the
im to improve the fiber–solvent contact. The Pt precursor (hex-
chloroplatinic acid) was added as a solution (1 wt% Pt). The
repared catalyst was washed with acetone and ultra pure water
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nstead of ethanol, since the latter may contaminate the platinum
urface.

The catalysts notation is Pt/support name.

.4. Characterization

Ash content in carbon supports was determined by ther-
ogravimetry (TG) in air (80 mL min−1) flow, heating the

ample from 25 to 920 ◦C (heating rate: 10 ◦C min−1) using a
hermobalance Stanton Redcroft STA-780. TEM images were
btained using a JEOL microscope (model JEM-2010). The
-ray diffraction (XRD) equipment used was a Seifer JSO-
ebyeflex 2002. Temperature programmed desorption (TPD)
f carbon supports were carried out using a thermobalance SDT
A Instruments 2960, coupled to a mass spectrometer Balzers
SC 200 Thermostar (heating rate: 20 ◦C min−1; gas flow: He,

00 mL min−1).
To determine the metal content, 0.1 g of the catalyst were

igested with 20 mL H2SO4 (98%) and 10 mL HNO3 (65%).
he suspension was heated at 573 K (under reflux) until a clear
olution was obtained (after about 24 h). After solvent evapora-
ion, 1 mL HNO3 (65%) and 3 mL HCl (37%) were added. The
btained solution was transferred into a 100 mL calibrated flask
nd the volume completed with deionized water. The solutions
ere then analyzed using inductively coupled plasma atomic

mission spectroscopy (ICP-AES), Perkin-Elmer Optima 3000
nd 4300.

X-ray photoelectron spectroscopy (XPS) of the catalysts was
arried out by means of a spectrometer VG-Microtech Multilab,
sing Mg K� (1253.6 eV) radiation from a double anode with
n energy flow of 50 eV.

For the cyclic voltammetry (CV) measurements a three-
lectrode electrochemical cell was used. The reference electrode
as a reversible hydrogen electrode (RHE), whereas a spiral-

olled platinum wire was used as the counter electrode. The
quipment used for the voltammetric measurements was an
G&G potentiostat (model 263A). For the voltammetric char-
cterization, 5 �L of dispersion of the powder samples were
eposited on a glassy carbon surface of a 3 mm of diameter pre-
iously sanded and cleaned with water. The support dispersions
ere made using 8 mg of the carbon nanofibers and 1 mL of

cetone, whereas for the catalysts dispersions in acetone and
afion (5%, w/w) solution were used. The concentration of the

atalysts dispersions was 10 mg mL−1, and Nafion content (as
olid) was 33% of the total solid content (catalyst + Nafion). All
ispersions were homogenized in an ultrasonic bath for at least
0 min.

. Results and discussion

.1. Characterization of the carbon nanofibers

Table 1 shows the ash content (in weight percentage) of the

arbon supports. As already known, Vulcan XC-72R has very
ow ash content. In carbon nanofibers, the ash content is mainly
onstituted of the metal compounds used in their synthesis. It can
e observed that treatment with HNO3 completely removes these



304 F. Zaragoza-Martı́n et al. / Journal of Power Sources 171 (2007) 302–309

Table 1
Ash content, quantification of oxygen surface groups by TPD and XPS analysis for all carbon supports

Carbon support Ash (wt%) TPD XPS

CO (�mol g−1) CO2 (�mol g−1) %O %C %O O/C

NF 7.9 166 2603 8.6 95.6 3.8 0.04
N 1042
N 4512
V 677
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F1 2.6 0
F2 0 331
ulcan XC-72R 0 0

ompounds, whereas the treatment with HCl is not so effective in
etal removal. Table 1 also shows the quantification of the TPD

xperiments and the XPS analysis of the samples. These carbon
aterials contain mainly groups desorbing as CO2. According

o literature [18] they correspond to carboxylics, lactones and
nhydrides. Acid treatments modify the amount of these groups
n the carbon nanofibers. The oxygen content estimated from the
mount of CO + 2CO2 (�mol g−1) is included in Table 1. HCl
educes the oxygen content while HNO3 considerably increases
he oxygen surface groups. The oxygen content results from XPS
gain show that sample NF2 has the higher value. However, for
he other samples some differences are observed in comparison
o TPD results. The values for NF and NF1 are similar while sam-
le Vulcan XC-72R having the lower value from TPD presents
uch higher oxygen content. The apparent discrepancy among
PD and XPS results must be a consequence of the depth limi-
ation of XPS analysis while oxygen from TPD corresponds to
he sample bulk. The differences observed from both techniques
re a consequence of the different distribution of oxygen groups
n the carbon materials.

7
u
s
v

ig. 1. Cyclic voltammogram for the different carbon supports at (- -) 1.2 V and (–) 1
0 mV s−1.
3.3 95.1 3.8 0.04
15.0 90.8 9.2 0.10

2.2 91.7 8.0 0.08

The NF materials are highly graphitic, stacked-cup-type car-
on nanofibers having a wide hollow core, without amorphous
arbon coatings [19]. The oxidizing treatment produces oxygen
roups at the edges of graphitic planes, increasing the number
f defects at the surface.

Fig. 1 shows the steady voltammograms obtained for the
arbon supports in 0.5 M H2SO4 solutions. As it can be seen,
amples NF, NF1 and Vulcan XC-72R mainly show capacitative
ehaviour when cycling between −0.3 and 1.2 V (dotted lines in
ig. 1a, b and d). In the case of sample NF2, in the same poten-

ial range, shows a clear reversible peak around 0.65 V related
o the existence of oxygen surface groups as consequence of the
NO3 treatment. When cycling up to 1.6 V, the steady voltam-
ograms of samples NF and NF1 change becoming similar to

hat of NF2, since surface oxygen groups are being created due to
lectrochemical oxidation. The voltammogram for Vulcan XC-

2R support also shows an increase in the current after oxidation
p to 1.6 V, but this increase is lower than for the NF and NF1
amples. Contrarily, when the potential increases to 1.6 V, the
oltammogram shape of sample NF2 does not change signif-

.6 V. (a) NF, (b) NF1, (c) NF2 and (d) Vulcan XC-72R. 0.5 M H2SO4 solution;
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ple Vulcan XC-72R is very poor. All the electrocatalysts display
the characteristic patterns of Pt fcc diffraction. The 2θ values
of the (1 1 1), (1 0 0) and (1 1 0) peaks appear at around 39.6◦,
46.0◦ and 67.7◦, respectively, for all the catalysts. The broader

Table 2
Platinum nanoparticle sizes measured by different techniques

Catalyst TEM (nm) DRX (nm) Cyclic voltammetry
(nm)
Fig. 2. TEM images of platinum nanoparticles on: (a)

cantly showing the redox couple in the same potential range.
hen, the electrochemical treatment in NF2 sample does not
roduce additional surface oxygen groups at these conditions.

Then, the characterization of the carbon nanofibers indicates
hat HCl acid removes most metal content without creating sur-
ace groups. HNO3 acid treatment provides the formation of
xygen surface groups as well as removal of the initial metal
ontent, the important amount of surface oxygen groups pro-
ucing the redox processes in the voltammogram. NF1 and NF
amples show a very similar electrochemical behaviour.

.2. Characterization of the Pt electrocatalysts

.2.1. Physicochemical characterization
Fig. 2 shows the TEM images of the different Pt electrocat-

lyts showing a uniform distribution of the platinum particles
n the carbon surface. Pt particles are also very uniform in
ize. However, as observed in Fig. 2c the metal particles in
ample Pt/NF2, although not very different in diameter com-
ared to other samples, are agglomerated forming long clusters.
he metal particle size distribution in the supported catalysts
as obtained by measuring the size of ∼1000 randomly chosen

articles in the magnified TEM images. For sample Pt/NF2, con-
idering the particular shape of the clusters, the criterion used
or particle sizing was the average of diameter and length. Fig. 3
hows the histograms obtained for the four platinum supported

P
P
P
P

F, (b) Pt/NF1, (c) Pt/NF2 and (d) Pt/Vulcan XC-72R.

atalysts. The average diameters obtained (included in Table 2)
re 3.4, 2.7 and 2.6 nm for Pt/NF, Pt/NF1 and Pt/Vulcan XC-72R
espectively, which are accompanied by a relatively narrow par-
icle size distribution (1–5 nm). The polymer-mediated synthesis
17] facilitates the formation of small and uniform Pt particles
n the different carbon nanofibers supports. However, for the
t/NF2 catalyst the average size is larger and also the particle
ize distribution is wider than for the other supports. Fig. 4 shows
he powder XRD patterns for the different platinum supported
lectrocatalysts. The clear diffraction peak at 26.3◦ in carbon
anofibers is associated with the (0 0 2) graphitic planes. The
raphitic structure of the carbon nanofibers wall is also observed
n the micrograph of Fig. 2b. Contrarily, the crystallinity of sam-
t/NF 3.4 2.4 3.3
t/NF1 2.7 2.2 2.9
t/NF2 5.2 3.5 5.4
t/Vulcan XC-72R 2.6 2.0 3.1
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Fig. 3. Histograms of Pt particle size distribution on

iffraction peaks for the Pt/NF, Pt/NF1 and Pt/Vulcan XC-72R
ed to smaller average particle size as calculated by the Scherrer
quation [20]. Table 2 compares the estimated average size of
he platinum particles for the different electrocatalysts obtained
y TEM and DRX. The values obtained with both techniques
re in good agreement with the exception of sample Pt/NF2.
s stated previously, the method used for TEM particle sizing
n this sample introduces some arbitrary decisions resulting in
he impossible comparison with average crystal size from XRD.
n any case, XRD confirms that the platinum particle size is

Fig. 4. X-ray diffraction patterns of Pt/carbon-supported catalysts.
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F, Pt/NF1, Pt/NF2 and Pt/Vulcan XC-72R catalysts.

igher for the Pt/NF2 catalyst. Thus, the oxidizing treatment
ith HNO3 facilitates the platinum nanoparticles agglomera-

ion. As already mentioned the oxidizing treatment produces
xygen groups and creates defects at the surface of the carbon
anofibers. The surface oxygen groups or defects on the carbon
anofibers surface probably act as anchorage sites for Pt parti-
les. The long clusters observed in catalyst Pt/NF2 must be a
onsequence of the surface oxygen groups or defects distribu-
ion at the nanofibers surface. A similar effect can be found in the
iterature, although this fact is not mentioned by the authors [16].
t supported in multiwall carbon nanotubes treated in HNO3 and
2SO4 + HNO3 solutions exhibit agglomeration of Pt particles
ot present in the as received CNTs.

XPS has been used to determine the surface oxidation states
f the platinum. Table 3 shows the percentage of Pt and Pt(II)
etected in the metal surface. As it can be seen, some amount
f oxidized platinum was found in all samples. This fact is not
nusual as the samples were prepared and dried in air. When
omparing these values with those for the particle size, it can be
een that the percentage of Pt(II) increases when the particle size
ecreases. Table 3 also shows the amount of platinum measured
y ICP showing that the amount of platinum in all the samples
s around 20-wt% in agreement with the theoretical amount in
he sample preparation.
.2.2. Electrochemical characterization
Fig. 5 shows the steady voltammograms for the different

lectrocatalysts in 0.5 M H2SO4 solutions. It can be clearly
bserved the characteristic profile for a platinum electrode
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Table 3
Characterization of the different prepared Pt/carbon catalyts: Pt content by XPS and ICP and electroactive surface areas

Catalyst % Pt(0) % Pt(II) Pt (wt%) (ICP) Electroactive surface area (m2 g−1 Pt)

Pt/NF 79.6 20.4 20.6 86
Pt/NF1 72.9 27.1 20.2 96
Pt/NF2 81.5 18.5 22.1 53
P
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t/Vulcan XC-72R 70.4 29.6

n the potential range between 0.05 and 0.4 V, corresponding
o the adsorption–desorption processes (hydrogen and anion
dsorption–desorption) on the platinum surface, and in the
otential range between 0.75 and 1.2 V corresponding to the
ormation of surface platinum oxide. The electrical charge mea-
ured between 0.05 and 0.4 V can be used (after doing the double
ayer correction) for the determination of the surface active area
f platinum considering that the value of 210 �C cm−2 corre-
ponds to the adsorption of one electron per surface platinum
tom. Table 3 shows the platinum electroactive surface area (SPt)
f the catalysts referred to the grams of platinum. The results are
ery similar for samples Pt/NF, Pt/NF1 and Pt/Vulcan XC-72R
hich have an electroactive area of 91 ± 5 m2 g−1 Pt. This value

s among the higher found in literature [10,16,17]. However,
ample Pt/NF2 shows much lower electroactive area (nearly half

f that for sample Pt/NF1).

The platinum particle size in nanometres (diameter, nm) can
e calculated from the electroactive surface area (SPt) assuming
hat this value is the ratio between the area and the weight of

t
a
X
a

ig. 5. Steady cyclic voltammograms of the different Pt/carbon catalysts at 1.2 V. (a) P
0 mV s−1.
21.8 90

ne Pt particle of spherical shape (Eq. (1)):

= 6000

ρPt × SPt
(1)

here ρPt is the platinum density (21.4 g cm−3).
The values obtained from the voltammetric results are pre-

ented in Table 2. A very good agreement exits between the
article size obtained from cyclic voltammetry the other two
echniques (TEM and DRX), showing that the electroactive sur-
ace area has been properly measured and no contamination of
he platinum surface exists.

.2.3. Stability test
The electrocatalysts have been tested at 1.2 V during long

eriod time in 0.5 M H2SO4 solution. Fig. 6 shows the elec-

roactive surface area determined by cyclic voltammetry plotted
gainst the time at 1.2 V. It can be observed that the Pt/Vulcan
C-72R and Pt/NF catalysts show a very similar behaviour with
decrease of 14% after 90 h. The electroactive surface area of

t/NF, (b) Pt/NF1, (c) Pt/NF2 and (d) Pt/Vulcan XC-72R. 0.5 M H2SO4 solution;
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ig. 6. Plots of electroactive surface areas versus test time at 1.2 V in 0.5 M

2SO5 solution for the different Pt/carbon catalysts.

t/NF1 decreases a 19% after 75 h. The Pt/NF2 catalyst shows
better stability than the others catalysts however its electroac-

ive surface area is considerably lower. The results obtained for
s are better than those obtained for other authors in the same
onditions using carbon black and carbon nanotubes as catalysts

upports [21]. These authors show a decrease of 35.2 and 20.2%
or the Pt/Vulcan XC-72 and Pt/CNTs, respectively, after 95 h
n the same experimental conditions. The decrease in the elec-
roactive area can be ascribed to several factors like Pt particle

ig. 7. TEM images after 165 h at 1.2 V in 0.5 M H2SO5 solution for: (a) Pt/NF
nd (b) Pt/Vulcan XC-72R catalysts.
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ize growth, the oxidation of the carbon support, and Pt dissolv-
ng into the solution. The TEM images (Fig. 7) show a sintering
f the platinum particles as the main reason of the decrease in
he electroactive surface area. Then, the oxidation of the car-
on support by electrochemical treatment favours the platinum
anoparticles aggregation. Then, for electrocatalysts supported
n carbon nanofibers a direct relation is found between stabil-
ty and oxygen content of the support (see Table 1). The lower
tability is for sample Pt/NF1 while the highest is for Pt/NF2.

. Conclusions

A polymer-mediated synthesis of platinum nanoparticles
upported on carbon nanofibers have been used for the elec-
rocatalysts preparation. Several techniques have been used for
he characterization of the support and the electrocatalysts. This
ynthesis method produces highly dispersed Pt nanoparticles on
he carbon nanofibers with an average diameter around 2.5 nm.
he electroactive surface areas obtained with the nanofiber sup-
orts (NF and NF1) are similar to that obtained with carbon black
Vulcan XC-72R) and near to 100 m2 g−1 Pt. However, the oxi-
izing treatment of the nanofibers produces oxygen groups and
reates defects on the carbon nanofibers acting as anchorage
ites for Pt particles. Thus, the oxidizing treatment favours the
ggregation of the platinum nanoparticles considerably reduc-
ng the electroactive surface area. Electrocatalysts supported on
arbon nanofibers exhibits a stability at 1.2 V in sulfuric acid
olution similar to Pt/Vulcan XC-72R. The slight decrease in
he electroactive surface area results from Pt particle aggrega-
ion that can be produced by the effect of the applied potential
nd the electrochemical oxidation of the carbon support.
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