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Abstract This paper reports the successful preparation of
catalytic electrodes based on carbon-fiber paper modified
with dendrimer-encapsulated platinum nanoparticles. The
metallic nanoparticles were first synthesized from solution
within generation-four hydroxyl-terminated PAMAM
dendrimers, which serve as a carrier for their subsequent
immobilization on the solid substrates. The carbon-fiber
surfaces were activated by means of three alternative
anodic pretreatments and then loaded with the dendrimer-
metal nanocomposites by cycling of the carbon-electrode
potential. The degree of oxidation of the carbon surface
affects the anchoring of the dendritic material, the coverage
of which is indicated by the electroactive area of the
encapsulated platinum. The modified carbon-fiber surfaces
pretreated by cyclic polarization are found to be electro-
catalytic for the oxygen reduction reaction, presenting a
good exchange-current density at low platinum loading.

Keywords Carbon-fiber electrodes -
PAMAM dendrimers - Platinum nanoparticles -
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1 Introduction

Because of their physical, chemical and electrochemical
properties, such as good electrical and thermal conductiv-
ities, low density, corrosion resistance, and low elasticity,
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carbon materials are used extensively in a wide variety of
electrochemical systems. Carbon can be produced in a
great variety of forms that are readily available and gen-
erally of low-cost. These forms are used as electrodes,
structural components, or conductive supports of electro-
catalysts in batteries and fuel cells and for analytical
applications [1-8].

Carbon-fiber is an attractive material for application as a
fuel-cell electrode because of its flexibility, durability and
high surface area. The hydrophobic and less reactive
character of the carbon-fiber, however, restricts its surface
modification, which is needed to enhance its catalytic
activity [9]. Some pretreatment is usually necessary for the
modification of carbon surfaces [10, 11]. Several oxidation
methods have been developed as pretreatments, including
both chemical oxidation [12—-14] and electrochemical oxi-
dation in aqueous and other media [9, 15].

For electrochemical activation of a carbon surface a
number of possibilities exist, such as galvanostatic, po-
tentiostatic or cyclic polarization in various electrolytes
[16]. Electrochemical oxidation of carbon-fibers, in par-
ticular, may provide a way of activating the surface
through changes in the morphology as well as increasing
the coverage by various oxygen-containing functional
groups, such as quinone, carboxylic, anhydride or lactone
species [2, 9, 17-19]. These functional groups serve as
anchors for preparing modified electrodes for analytical or
other catalytic purposes.

Maeda et al. [20-23] have reported extensive work on
the covalent modification of glassy-carbon electrodes for
analytical purposes by linking alkanol molecules via an
ether linkage produced by electrochemical oxidation in
acid media. On the basis of their work, Ye et al. [24, 25]
recently developed a strategy for grafting dendrimer-
encapsulated platinum nanoparticles to glassy-carbon
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electrodes by cycling the potential. The resulting electrodes
were studied from the point of view of their catalytic
properties.

Dendrimer-metal nanocomposites in solution are pre-
pared by absorbing metallic ions into hydroxyl- or amine-
terminated poly(amidoamine) (PAMAM) dendrimers
where they are complexed with interior amine groups. After
their absorption, chemical reduction of the metal ions yields
dendrimer-encapsulated metal nanoparticles [26-29]. The
ability to control nanoparticle size and composition makes
these [30-33] as well as other templating materials [34]
extremely attractive for use as supported catalysts.

The primary objective of this work was to examine the
preparation of activated carbon-fiber electrodes that might
be used as fuel cell cathodes for oxygen reduction. We
investigated the effects of surface oxidation of the carbon
fibers on the anchoring of hydroxyl-terminated dendri-
mers that encapsulate platinum nanoparticles (G4OHPt)
and compared several alternative pretreatment methods.
Figure 1 illustrates the electrode preparation and modifi-
cation procedures. The surfaces of carbon-fiber were first
functionalized by means of three alternative electro-
chemical pretreatments in acidic media for the purpose of
obtaining activated surfaces bearing oxidized groups of
varying characteristics (Step 1). Then platinum-dendrimer
nanocomposites were incorporated following the method
of Ye and coworkers [24, 25] (Step 2). Electrochemical
studies confirmed the presence of platinum nanoparticles
on the porous carbon material as well as their catalytic
activity for the oxygen-reduction reaction.

Fig. 1 Schematic
representation of the carbon-

2 Experimental
2.1 Materials

Carbon-fiber electrodes were constructed using Toray®™
paper (0.19 mm thick). In the pretreatment and modifica-
tion processes, circular disks of the carbon paper, 0.6 cm in
diameter, were exposed to the solutions. Generation-4
hydroxyl-terminated PAMAM dendrimers (G4OH) with
the highest available purity (10 wt% in methanol) were
obtained from Aldrich and used without further purifica-
tion. Platinum nanoparticles were prepared from K,PtCly
(Strem Chemicals) by reduction with NaBH, (J. T. Baker).
The electrolyte solutions for electrochemical experiments
consisted of 0.1 M NaF or 0.5 M H,SO, (J. T. Baker). All
aqueous solutions were prepared using deionized water
(p = 18 MQ cm). Research-grade N, and O, gases were
purchased from Infra and Praxair respectively (both
99.999% pure).

2.2 Synthesis and characterization of G4OHPt

Fourth-generation hydroxyl-terminated poly(amidoamine)
dendrimers (G40OH) were used to prepare dendrimer-
encapsulated Pt nanoparticles according to the reported
procedures [35]. The concentration of the platinum salt in
water was 6 mM, and the molar ratio between the metal-
bearing ion and the dendrimer was 60:1. The mixture was
stirred for 48 h with the purpose of forming a complex
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between interior tertiary amine groups of PAMAM G4OH
and platinum ions, which was monitored by UV-Vis
spectroscopy with an Agilent Model 8453 UV-vis spec-
trophotometer offering spectral resolution of 2 nm, using
quartz cells with 10 mm path length. A ligand-to-metal
charge-transfer (LMCT) band attributed to the Pt-dendri-
mer complex appears at 250 nm [28]. The observed
response was comparable to published data [28, 36]. Sub-
sequently, metallic Pt nanoparticles (G4OHPt) were
obtained by reducing the Pt-dendrimer complex through
addition of an excess of aqueous 0.5 M NaBH, solution
and stirring for 24 h. Finally, the G4OHPt was purified by
dialysis using benzoylated cellulose-membrane tubing
(Sigma-Aldrich) having a cut-off of 1,200 Da [37].

X-ray diffraction (XRD) patterns obtained with films of
G40OHPt deposited by solvent evaporation onto Si sub-
strates using a Philips X-Pert 3710 diffractometer
confirmed the presence of metallic Pt. The particle size was
calculated by use of the Scherrer equation [38] and con-
firmed via SEM analysis carried out on G4OHPt-modified
carbon fibers with a Philips XL 30 scanning electron
microscope.

2.3 Functionalization of carbon-fiber electrodes
by anodic pretreatment

All the electrochemical experiments were performed using
an Epsilon potentiostat, Version 1.40.67, from Bioanalyti-
cal Systems. Carbon-fiber disks (0.6 cm diameter) were
treated as working electrodes in a standard three-electrode
glass cell, using a mercury/mercurous sulfate reference
electrode and a Pt wire counter electrode. Three alternative
electrochemical pretreatments were conducted in aqueous
H,SO4 (0.5 M): (1) Cyclic polarization (CP) with 10 cycles
between + 1,000 to —1,000 mV at 50 mV s_l; (2) Anodic
polarization (AP) at + 1,500 mV for 30 min.; and (3) AP
followed by the CP (AP + CP). Potentials are reported
here relative to the reference electrode uses unless indi-
cated otherwise. A carbon-fiber electrode without
pretreatment (WEP) was used as an experimental control in
subsequent tests.

2.4 Modification of the pretreated carbon-fiber
electrodes

Modification of previously functionalized carbon-fiber
surfaces with G4OHPt was carried out by scanning the
carbon potential at 10 mV s~ ! between 0 and + 1,000 mV
[21-24] in aqueous 0.1 M NaF + 40 uM G4OHPt. Ag/
AgCl (3 M NaCl) was used as the reference electrode here,
and the counter electrode was a platinum wire. The

concentration of the G4OHPt was calculated assuming that
all of the original G4OH was loaded with Pt and that all of
the product was retained in the dialysis treatment.

3 Results and discussion

3.1 Characterization of the dendrimer-encapsulated Pt
nanoparticles

The XRD analysis of the electrocatalysts showed a very
high degree of crystallinity and the existence of an fcc
metallic phase with an average particle size of 2.7 nm.
Line-broadening analysis of the primary XRD peak [111]
was conducted using the Scherrer treatment of the data
[38]. The resulting lattice parameter showed a value of
3.9207, which corresponds closely to that reported for other
Pt-based electrocatalysts [39].

3.2 Electrochemical characterization of the pretreated
and modified surfaces

Carbon-fiber surfaces functionalized by means of the three
alternative electrochemical methods described previously
were subjected to several electrochemical tests prior to
modification with G4OHPt. Relative surface capacitance
values for the three specimens and the carbon-fiber control
(WEP) were determined by observing the background
currents produced by cyclic voltammetry in sulfuric acid at
several scan rates between 10 and 50 mV s~'. A narrow
potential range (£50 mV from open-circuit potential, E,.)
was used to minimize the contribution of faradaic currents
[2, 40]. From the currents observed in the anodic and
cathodic scans in the CVs, the capacitance C at E,. was
calculated from the CV data using the relation, C = i/,
where i and v are the current and the scan rate, respectively
[41]. The relative values of surface capacitance are shown
in Fig. 2. The relative capacitance values depend of the
method of activation, which could be related directly to the
formation of various oxidized groups on the surface that
increase double-layer capacitance. Figure 2 indicates that
the surface pretreated by CP alone exhibited lower capac-
itance than that exposed to the longer-term anodic
polarization (AP) and barely more than the untreated
material.

Cyclic voltammetry in aqueous H,SO4 (0.5 M) con-
firmed the presence of metallic platinum on the modified
carbon-fibers. Figure 3 compares the electrochemical
responses of three carbon-fiber electrodes functionalized
by means of CP in acid media. Curve i corresponds
to unmodified carbon-fiber, and curve ii represents an
electrode modified with only G40OH dendrimer, while
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Fig. 2 Variation of the relative surface capacitance with the method
of oxidative pretreatment. Cgp is the capacitance of the pretreated
carbon-fiber electrodes (F gfl), and Cwegp is the capacitance of the
untreated carbon-fiber (F g’l)

curve iii gives the response with the G4OHPt composite on
the surface. Voltammogram i#ii shows hydrogen adsorption
and desorption peaks occurring at the more cathodic
potentials as well as the formation and reduction peaks of
platinum oxide [42-44] as well as those of superficial
groups on the carbon-fiber surface [45], which occur in the
same range of potential.

The electroactive area of the Pt nanoparticles encapsu-
lated in the PAMAM dendrimer anchored on the carbon-
fibers was determined from the charge attributed to the
desorption of one hydrogen atom per Pt site, which for a
polycrystalline Pt surface amounts to approximately
210 pC cm™2 The area under the desorption peak was
estimated in the region prior to evolution of molecular
hydrogen and adjusted by subtraction of the double-layer
charging current [46—48]. The charges passed during each
method of electrochemical pretreatment were also calcu-
lated. The cathodic currents in the surface-reduction peak
were integrated to obtain the surface charge density. A
baseline correction for capacitance was applied in the case
of CP pretreatment. The resulting charge densities should
reflect the number of functional groups formed on the

2
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Fig. 3 Cyclic voltammograms of CP-pretreated carbon-fiber elec-

trodes in N,-purged 0.5 M H,SOy: (i) unmodified, (ii) modified with
G40H and (iii) modified with G4OHPt. Scan rate: 50 mV s !
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carbon support during the oxidation process in each case.
Figure 4 presents the surface-charge densities (Q) gener-
ated by pretreatment and the electroactive area (A.) of the
dendrimer-encapsulated Pt obtained with each method of
pretreatment as well as values for the control. These sur-
face-charge densities are based on the superficial area of
the carbon-fiber.

According to the results shown in Fig. 4, the anodic
polarization (AP) pretreatment methods increased the
density of oxidized groups on the surface compared to the
simple CP pretreatment. On the other hand, use of CP alone
for pretreatment provided the maximum electroactive Pt
area relative to the other methods. This result may indicate
the formation by CP of a population of oxygen-containing
functional groups on the carbon surface different from that
obtained with AP and one that is more favorable for
anchoring the dendrimers. The differences in the chemistry
of the surfaces were examined by means of IR
spectroscopy.

3.3 Surface characterization of the carbon-fiber
electrodes

The nature of the superficial functional groups produced by
each pretreatment method was investigated by infrared (IR)
spectroscopy. Specular-reflectance IR measurements were
carried out on the modified carbon-fiber surfaces using a
Thermo Nicolet spectrophotometer provided with Omnic
32 software, Version 6.1. Spectra were taken with an
incidence angle of 45° at four or more randomly selected
points on each surface.

Figure 5a shows the IR spectra of untreated carbon-fiber
electrodes and of those exposed to the pretreatments. It was
found that the carbon-fibers pretreated in acidic media
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Fig. 4 Relationship between surface-charge density Q (M) and the
electroactive area A, (@) determined for the carbon-fiber surfaces
according to each type of pretreatment used. CP indicates cyclic
polarization, AP corresponds to anodic polarization. WEP is the
unpretreated carbon-fiber included as a control
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presented absorption bands at 1,660 and 1,710 cm_l; these
signals are attributed to IR absorption by quinone and
carboxylic species, respectively [17, 49]. Furthermore, it
was found that the surface pretreated by CP alone produced
a much stronger signal at 1,660 cm™'. This difference in
peak intensity suggests that the CP treatment produces a
relatively greater amount of quinone species on the surface
of the carbon fibers. This conclusion is supported by the
voltammetric response obtained with an unmodified car-
bon-fiber, curve i in Fig. 3, which exhibits a cathodic and
the reverse anodic peak between 0.5 and 0.8 V (NHE)
corresponding to the creation and destruction of quinone-
like species [50-52].

Further IR results are shown in Fig. 5b, which compares
the spectra of an unmodified CP-pretreated surface with
one that had been subsequently modified with the Pt-den-
drimer composite. These spectra reveal that the absorption
band at 1,660 cm™' is decreased considerably when the
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Fig. 5 (a) Specular-reflectance IR spectra of unpretreated (WEP) and
pretreated carbon-fiber surfaces (CP, AP and AP + CP). (b) Com-
parison of the spectra of unmodified and of G4OHPt-modified carbon-
fiber electrodes (both CP-functionalized)

carbon-fiber was loaded with the G4OHPt. On the other
hand, the band at 1,710 cm™ ' associated with carboxylate
species was not affected greatly. In the case of the carbon
fibers pretreated by AP or AP + CP the decrease in the
band located at 1,660 cm™! was lower than with CP. This
suggests that the oxidative activation of the carbon-fiber
surface by CP alone promotes primarily the formation of
quinone species on the electrode. According to Maeda and
coworkers, such species favor the anchoring of hydroxyl-
terminal dendrimer groups by means of an ether linkage
[20-23].

It appears that the anodic polarization (AP) pretreatment
produces a higher degree of surface oxidation of the carbon
surface, generating several types of carboxylic, anhydride
or lactone species [17—19], on which nucleophilic attack of
hydroxyl-terminated dendrimer groups is not favored. On
the basis of these results we identified CP alone as the
electrochemical pretreatment of choice for the modification
of the carbon-fiber electrodes with G4OHPt. Accordingly,
that material was chosen for testing as an oxygen-reduction
electrode.

3.4 Evaluation of the modified carbon-fiber electrode
as an oxygen cathode

The kinetics parameters of the oxygen-reduction reaction
(ORR) on the G4OHPt-modified carbon-fiber electrodes
pretreated by CP, were determined by means of rotating
disk electrode (RDE) polarization measurements. For these
experiments, carbon-fiber disk electrodes were prepared
from the Toray™ carbon-fiber paper (0.19 mm thick),
which was pasted onto a glassy-carbon disk substrate with
conductive carbon paint (Spi®). This disk electrode was
washed with HNO3 (10%), rinsed, and dried. The surface
was then functionalized by the CP pretreatment and mod-
ified with G4OHPt as described in Sect. 2.4. The RDE
experiments were carried out at 5 rotation rates (between
100 and 900 rpm) in aqueous 0.5 M H,SO, solution satu-
rated with pure oxygen at 25 °C. The cathodic scan rate
was 5 mV s~

The catalytic activity of the G4OHPt-modified carbon-
fiber surfaces for the ORR was compared with that of the
bare carbon-fiber material. Figure 6 shows the polarization
curves for O, reduction on a G4OHPt-modified carbon-
fiber (a-i) and on a carbon-fiber surface (b), both surfaces
previously pretreated by CP. It is clear in the figure that the
modified electrode does catalyze oxygen reduction
(Fig. 6a-i), exhibiting a half-wave potential E;,, of 0.65 V
versus NHE approximately. The unmodified carbon-fiber
electrode (Fig. 6b) presents at potentials 0.5-0.8 V only
the response that corresponds to reduction of the quinone-
like surface species, for which the current does not depend
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of the rotation rate. At more cathodic potentials (< 0.2 V)
oxygen reduction is observed, but the current densities are
much lower than those on the modified electrode. Figure 6
includes as a comparison the polarization curve for oxygen
reduction on a commercial electrocatalyst (E-Tek®™
30 wt% Pt/C) impregnated on glassy carbon electrode
(a-ii).

Kinetics parameters (Tafel slope b and the exchange-
current density Jj, based on superficial electrode area) were
obtained from the modified-electrode polarization curves
shown in Fig. 6a by means of a Koutecky—Levich analysis
[53-57] according to the relation:

11 L 1 (1)
J B Jp

where J is the measured current density, Jx is the kinetic
current density given by the cathodic Tafel expression

Ji = Jo exp(—bn) (2)

where 7 is the overpotential, and Jp, is the diffusion-limited
current density, given by

Jp = 0.62nFD*3w'/?y=1/0Cy, (3)

The polarization data from Fig. 6a are plotted in Fig. 7
according to the form of Eq. 1. The current densities were
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Fig. 6 Cathodic RDE voltammograms for the ORR at various
rotation rates on (a-i) G4OHPt-modified, (a-ii) 30 wt% Pt/C and
(b) unmodified carbon-fiber electrodes in O,-saturated 0.5 M H,SOj,.
Scan rate: 5 mV s~
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Fig. 7 Koutecky-Levich plots for the ORR on G4OHPt-modified
carbon-fiber electrodes from the data of Fig. 6a-i taken at different
values of potential

based on the superficial area of the disk electrode, and the
parameters for 0.5 M H,SO, in Eq. 3 were taken to be an
oxygen saturation concentration C,, of 1.1 x 107° mol
cm > [58] and a diffusion coefficient D of 1.4 x 107>
cm? s~ ! [53]. The data were fitted with the value of n, the
number of electrons involved in the reaction, set at 2 and at
4. It was found that the Koutecky-Levich slopes of our
experimental data were about 0.39 mA cm 2 - (rad/s)fl/ 2
while the theoretical values for n = 4 and n = 2 are 0.33
and 0.16, respectively. Thus, n = 4 fits the experimental
data better, indicating an O,-reduction process via the
4-electron pathway [59].

The values of the kinetics parameters obtained from a
Tafel plot of the kinetic current densities obtained from
the intercepts in Fig. 7 are shown in Table 1, along with
the values of the open-circuit potential Eqc and E;),, for
the G4OHPt-modified carbon-fiber electrode in 0.5 M
H,SO, saturated with O,. Table 1 also presents the cor-
responding values for oxygen reduction obtained with
a glassy-carbon electrode coated with a commercial
E-Tek® composite of 30 wt% Pt/C nanoparticles [5, 60,
61]. The exchange-current density obtained with the
modified carbon-fiber electrode, 3.3 x 1077 mA cm_z, is
comparable to values reported for massive-platinum sur-
faces, e.g., 1.5 x 107" mA cm™? [62, 63], but it is 75%
lower than that for the E-Tek™ nanoparticle catalyst,
15 x 107 mA cm™2. On the other hand, the value of J,
obtained with the dendrimer-supported Pt is achieved with
only 12% as much electroactive area. It is notable also
that the Tafel slope is higher for the modified carbon-fiber
electrode, which indicates that the electrode presents less
polarization at higher currents. Another factor to consider
in comparing the two electrodes is the effect of diffusion
in the porous carbon-fiber support. Diffusional effects can
reduce the observed value of current compared to that
which would be obtained if all of the Pt were exposed to
an oxygen concentration equal to that at the outer surface
of the porous layer.
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Table 1 Oxygen-reduction kinetics parameters from the Koutecky—Levich analysis obtained with the G4OHPt-modified carbon-fiber electrode
(n = 4) and for a commercial Pt-impregnated glassy-carbon electrode

Electrode Eo/V vs. NHE Ei»/V vs. NHE b/V dec™! 107 Jo/mA cm ™ A, mp,lg cm™?
G40HPt-modified carbon-fiber 0.87 0.65 —0.130 3.3 14.8 142 x 1076
30 wt% Pt/C (E-Tek™) 0.98 0.82 —0.103 15 125.3 1.11 x 107*

Also given are the electroactive areas and platinum loadings of the two electrodes. Exchange-current density and Pt loading are based on the

superficial electrode area

The platinum loading mp, (g cm™2) on each type of
electrode may be carbon-fiber and electrode was estimated
with the equation given by Geniés and coworkers [64].
This calculation involves the average particle diameter d,
estimated by means of XRD (2.7 nm), the Pt density p
[65], and the electroactive area A, of Pt nanoparticles
supported by the PAMAM dendrimer. According to our
results and to the value reported for E-Tek™, the Pt
nanoparticles on both types of electrode are of roughly the
same size. Thus the Pt-loading values should be propor-
tional to the electroactive areas determined from hydrogen
desorption. Estimated loading values, calculated with a
particle diameter of 2.7 nm for the carbon-fiber material
and 2.5 nm for the E-Tek™ composite, are given in Table 1
along with the experimental values for A,. area values for
both cases were estimated from hydrogen desorption.

The results reveal that mp, on the G4OHPt-modified
carbon-fiber electrode is smaller, by nearly 8 times, than
that present on the commercial nanoparticle catalyst.
Taking into account this difference in Pt loading, it appears
that the true exchange current density on the platinum
surface is 70% higher for the Pt supported by dendrimer.
This result might be attributed to the local chemical envi-
ronment established by the dendrimers or to the
predominance of oxidized species on the pretreated carbon-
fibers, which could contribute some alteration in the ORR
mechanism. Finally, it is noted that the results shown here
were reproducible in replicated experiments run after the
modified carbon-fiber electrode was left in water for sev-
eral days; thus, the surfaces were stable.

4 Conclusions

In summary, we have described the preparation and char-
acterization of carbon-fiber-paper electrodes with
electrocatalytic surfaces based on platinum nanoparticles
supported by PAMAM dendrimers. Anodic pretreatment
of the substrate in acidic media, specifically by means of
cyclic polarization (CP), facilitated the immobilization of
the metallic nanocomposites prepared in solution from a Pt
salt and monodisperse macromolecular dendrimers, which
serve as nanoreactors for the synthesis of encapsulated
nanoparticles. This interesting electrode concept offers a

promising approach for the development of electrocatalytic
surfaces for application in fuel-cell technology because
good catalytic activity for oxygen reduction can be obtained
with metal loadings lower than those used by currently
available commercial catalysts. Based on the good perfor-
mance of the new electrode material when expressed on the
basis of the mass of Pt used, there exists an opportunity to
produce superior catalytic electrodes if higher loadings of
the dendrimer-Pt composite can be achieved.
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