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a  b  s  t  r  a  c  t

In  this  investigation,  hydrophobic  dodecylamine-modified  carbon  supports  are  prepared  for  proton
exchange  membrane  fuel  cells  by  organic  synthesis.  Well-dispersed  Pt–Ru  nanoparticles,  with  a  nar-
row size  distribution,  are  then  deposited  on  the  dodecylamine-modified  carbon  supports  by methanol
reduction  to  serve  as  cathodic  catalysts.  These  dodecylamine-modified  catalysts  are  separately  mixed
with  either  a commercial  catalyst  or unmodified  catalyst  to provide  hydrophobic  channels  to  convey
eywords:
roton exchange membrane fuel cell
atalyst
athode
arbon support
hemical modification

the  reaction  gas  to  the  active  sites  in  the  catalyst  layer.  The  best  cathode  composite  catalyst,  containing
20–40  wt%  of  modified-catalyst,  gives  approximate  30%  increase  in  the  maximum  power  density,  com-
paring  to  E-TEK  catalyst  (125  mW  cm−2). The  increase  in  the  maximum  power  density  is  attributed  to
higher  activity  and  lower  resistance.  This  result  is  discussed  in the  context  of  AC-impedance  and  proton
conductivity  analysis.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Proton exchange membrane fuel cells (PEMFCs) have been the
ubject of much interest due to their potential as power sources
or stationary and vehicular applications. With the goal of attain-
ng a high power level and reducing the amount of noble metal
sed, one strategy has been to increase catalytic activity in the
lectrode by increasing the density of active sites by ensuring that
he metal nanoparticles are highly dispersed. To achieve this, sur-
actants are often used as stabilizers to synthesize well dispersed

etal nanoparticles, with a narrow-size distribution, on carbon
upports [1,2]. Although well dispersed metal nanoparticles can be
ormed using surfactants, the removal of the surfactants from the
anoparticle surface is an important issue. In addition to the effects
esulting from the use of surfactant, the pore structure and the func-
ional group chemistry affect the dispersion of metal nanoparticles.
herefore, metal dispersion has also been investigated by modify-
ng the surface of the carbon supports by the introduction of desired
unctional groups [3,4,13].

In order to achieve a high utilization of the catalyst, other factors
part from the dispersion of metal nanoparticles, such as the struc-

ure and hydrophobicity of the catalytic layer are important. Fischer
t al. [5] reported that the addition of pore-forming additives in the
atalytic layer improved catalyst utilization and cell performance.

∗ Corresponding author. Tel.: +866 6 275 7575x62666; fax: +886 6 234 4496.
E-mail address: mcyang@mail.ncku.edu.tw (M.-C. Yang).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.04.055
The fine pore system, when made without pore-forming additives,
seemed to be almost completely filled with water at high current
densities. Wilson and Gottesfeld [6] reported that the addition of
Teflon can increase the diffusivity of gases as it provides hydropho-
bicity to an open pore, thereby helping to avoid clogging with water.
But loading the catalyst layer with PTFE lowers the utilization of
the catalyst in completely dry or Teflon-coated active sites. One
solution to the above problem has been to load PTFE on carbon
supports without metal nanoparticles, forming a PTFE-C conjugate,
and then to add this into the catalytic ink for MEA  preparation [7].
Because the PTFE-C forms dry pores in the catalytic layer, it was
able to enhance the transportation of the gas and water. However,
the thickness of the catalytic layer increased with the content of
PTFE-C in catalyst layer.

In this study, dodecylamine was  introduced on the surface of the
carbon supports using an organic synthetic method. The dodecy-
lamine chains on the carbon surface were able to act as the capping
agent for the well dispersed metal nanoparticles, as shown in Fig. 1,
which were obtained after the reduction of metal salt by methanol.
It is believed that catalytic layer with the dodecylamine-modified
catalyst contained within hydrophobic channels is beneficial to
gas diffusion. In contrast, the unmodified catalyst shows more
hydrophilic micro-pores that serve as water-flow paths. In order
to satisfy the requirements of the transportation of both, gases

and water, a composite catalyst layer comprising dodecylamine-
modified catalyst and unmodified catalyst was prepared to form
ducts in the catalytic layer to permit the transit of gases and
water.

dx.doi.org/10.1016/j.jpowsour.2011.04.055
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mcyang@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2011.04.055
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to a previous report [8].  A three-electrode membrane electrode
assembly (3E-MEA) was made by hot pressing the prepared anode
and cathode on both side of the reference-deposited membrane
at 135 ◦C at a pressure of 30 kg cm−2 for 1.5 min. This assembly
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ig. 1. Schematics of Pt nanoparticles on a dodecylamine-modified carbon support.

. Experimental

.1. Surface modification of carbon

In order to clean the carbon surface, Vulcan XC-72 carbon,
ermed carbon (raw), was pretreated in concentrated HCl (37%
charlau) at 70 ◦C for 12 h. The purified carbon was  initially mod-
fied according to a published method that introduced an amide
ond [3]. In brief, the purified carbon was stirred in concentrated
NO3 (65% Scharlau) at 70 ◦C for 5 h to form a carboxyl group. Then

he carboxyl-functionalized carbon was chlorinated by refluxing
n SOCl2. After removal of the residual SOCl2 (Aldrich 98%) by dis-
illation, the acyl chloride-functionalized carbon was  reacted with
xcess dodecylamine (ACROS) in toluene to obtain the final desired
arbon (modified).

.2. Electrocatalyst preparation

Pt–Ru nanoparticles were deposited on the carbon supports by
mpregnation of the platinum and ruthenium salts followed by

ethanol reduction [8].  H2PtCl6 (ACROS), RuCl3 (Strem) and the
arbon supports were mixed in D.I. water for 4 h. The concentration
f H2PtCl6 and RuCl3 was 0.0356 M and 0.0364 M in the mixture,
espectively. Subsequently, Pt–Ru particles were deposited by the
ddition of methanol (water:methanol = 2:1) in the mixture and
hen cooled, filtered, and washed with D.I. water several times.
fter drying, 20 wt% Pt–Ru nanoparticles on carbon was  obtained.
he resulting catalysts with unmodified and modified carbons were
ermed Pt–Ru/C (raw) and Pt–Ru/C (modified), respectively.

.3. Preparation of membrane electrode assembly

To prepare the cathodic catalytic layers, catalytic ink, compris-
ng the catalysts and an aqueous Nafion® solution (5%, Aldrich) at a
arbon/dry Nafion ratio of 7:3 and a Nafion solution/water ratio of
:1, was prepared. The catalytic ink was quantitatively deposited,
y brushing, on one side of the wet-proofed carbon papers (TGPH-
60, Toray) with a Pt loading of 0.8 mg  cm−2. Commercial Pt–Ru/C
E-TEK, 20 wt% Pt–Ru), Pt–Ru/C (raw), Pt–Ru/C (modified) and com-
osite catalysts were used to make the cathodes. Pt–Ru/C (raw)
nd E-TEK catalyst were separately mixed with Pt–Ru/C (modified)

atalyst at various ratios as composite catalysts (raw) and compos-
te catalysts (E-TEK), respectively. Similarly, the anode used in the
xperiment was composed of wet-proofed carbon paper and the
oated Pt–Ru/C (raw) catalyst. The electrodes, which were dried at
Fig. 2. The XPS spectra of C 1s region for carbon (�, raw data; —, fitting data; - - -,
deconvoluted data).

room temperature for MEA  formation, had exposed areas measur-
ing 2.5 × 2.5 cm2.

A platinum film (1.0 × 2.5 cm2) was deposited on a Nafion 117
membrane (Dupont) as a pseudo-reference electrode, according
Binding energy / eV

Fig. 3. The XPS spectra of N 1s region for carbon (modified) (�, raw data; —, fitting
data; - -, deconvoluted data). The insert shows the N 1s line for carbon (raw).
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3.1. Physical properties of modified carbon

The surface states of the carbon (raw) and carbon (modified)
were elucidated with XPS, as shown in Figs. 2 and 3 for C 1s and N
Fig. 4. Photographs of (a) carbon (raw) 

fforded the analysis of the individual electrodes during discharg-
ng and electrochemical impedance analysis.

.4. Physical characteristics

The morphological characteristics of the catalysts were exam-
ned using transmission electron microscopy (TEM, H7500,
itachi), and X-ray diffractometry (XRD, D/MAX, RIGAKU) analy-

is that was carried out using a Cu-K� source at room temperature.
he average particle size was calculated from Pt (1 1 1) peak with
he Debye-Scherrer equation fitted by a Gaussian function. The
ydrophobic property was evaluated by measuring the contact
ngle of water droplet on the surface of a carbon disk, made by
pplying a pressure of 40 kg cm−2 to 0.127 g cm−2 of carbon pow-
er. X-ray photoelectron spectroscopy (XPS) was carried out using a
G Scientific ESCALAB 210 electron spectrometer with Mg-K� radi-
tion under a vacuum of 2 × 10−8 Pa. Narrow scan photoelectron
pectra were recorded in the C 1s and N 1s regions and analyzed by
econvolution.

.5. Electrochemical measurements of single cells

The 3E-MEA was installed as a single cell. The reaction gases
hydrogen/oxygen) were fed into the cell, which was held at 70 ◦C,
t a flow rate of 100 ml  min−1 while the anode and cathode gases
ere maintained at 95 ◦C and 60 ◦C, respectively. The polariza-

ion curves of the cell at steady state were collected using an

lectronic load (model 63010 from Chroma), while the anode and
athode polarization curves were simultaneously measured against

 pseudo-reference electrode using a multimeter (model 803 from
rova). The cathodic electrochemical impedance spectrum was
) carbon (modified) dispersed in water.

analyzed at a bias of either 0.52 or 0.8 V referred to the pseudo-
reference electrode at frequencies ranging from 5 kHz  to 10 mHz.
The amplitude of the ac signal was 10 mV.  Prior to each impedance
spectrum, the cell was controlled at either 0.52 or 0.8 V for 300 s.

3. Result and discussion
Fig. 5. A droplet of water on a carbon (modified) disk.



J.D. Lu, M.-C. Yang / Journal of Power Sources 196 (2011) 7450– 7457 7453

/C (raw) and (b) Pt–Ru/C (modified).
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Fig. 6. TEM image of (a) Pt–Ru

s, respectively. The C 1s spectra show strong peaks at 284.6 eV for
raphitic carbon in both carbon samples. For both carbon, the sim-
lated curves for C 1s suggest the presence of –C O with the peak
t 286 eV and carbonyl carbons, such as –COOH and –COOR, with
he peak at 288 eV [12,13]. Fig. 3 is the XPS for the N 1s peaks in
he range 398–402 eV [13–16].  Deconvolution of the N 1s spectra of
arbon (modified) gave two peaks at 399.9 and 401.5 eV, which rep-
esent the electrostatic interaction of N with a nanoparticle surface
14,16]. The peak at 401.5 eV also can be considered as the qua-
ernary ammonium moieties [15]. However, no peak for nitrogen

pecies appears in the N 1s spectrum of carbon (raw), as shown in
he insert of Fig. 3.

Carbon (raw) and carbon (modified) were separately dispersed
n water using a vortex mixer. The carbon (raw) dispersed in water

ig. 7. Size distributions of Pt–Ru nanoparticles in Pt–Ru/C (raw) and Pt–Ru/C (mod-
fied), evaluated from TEM images.

2 Theta / degree
80706050403020

I

Pt-Ru/C(modified)

Pt (220)

Fig. 8. XRD spectra of Pt–Ru/C (raw) and Pt–Ru/C (modified).

Fig. 9. Cross-sectional schematics of the cathode.
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Fig. 10. (a) Cell performances and (b) individual polarization curves with 0 (�), 20
454 J.D. Lu, M.-C. Yang / Journal of P

fter stirring, as shown in Fig. 4a. In contrast, the carbon (mod-
fied) continued to float, as shown in Fig. 4b, demonstrating the
ydrophobicity of the material formed. Fig. 5 shows the image of a
ater droplet on the surface of a carbon chip made by pressuring

.127 g cm−2 of carbon (modified) with a pressure of 40 kg cm−2.
he contact angle measurement was made by fitting a tangent to
he point where the water surface touched the solid surface. The
ontact angle (128◦) on the surface of the carbon disk implied that it
etained the desired hydrophobic behavior of the carbon powders.
owever, it was difficult to determine the surface contact angle for
arbon (raw), due to surface penetration of water droplets; thus,
t was obvious that carbon (modified) was more hydrophobic than
arbon (raw).

.2. Characterization of electrocatalysts

Fig. 6a and b shows the typical TEM images of Pt–Ru/C (modified)
nd Pt–Ru/C (raw), respectively, with the 2–4 nm Pt–Ru nanoparti-
les being well dispersed. Detailed size distributions, derived from
he images are presented in Fig. 7. The average grain sizes were
lso calculated from the Pt (1 1 1) peaks of the XRD data, presented
n Fig. 8, using the Debye-Scherrer equation. The Pt–Ru contents

ere evaluated by TGA. Detailed catalytic characteristics are listed
n Table 1. The average diameters of the Pt–Ru nanoparticles on
t–Ru/C (modified) and Pt–Ru/C (raw) were determined as 2.2 nm
nd 2.9 nm,  respectively, from TEM measurements, and the corre-
ponding average grain sizes were determined as 3.3 nm and 3.7 nm
rom XRD measurements. The Pt–Ru/C (modified) shows smaller
t–Ru nanoparticles on the carbon surface. Two plausible explana-
ions for this are: (i) that the nitric acid oxidation produced dense
unctional groups on the surface of the carbon supports and that
hese functional groups supplied enough sites for metal ions and (ii)
hat the dodecylamine chains on the surface of the carbon supports
cted as a capping agent and thus prevented Pt–Ru nanoparticle
ggregation. Irrespective of the mechanism, it was apparent that
mall Pt–Ru nanoparticles were synthesized in situ on the modified
arbon supports via methanol reduction of ionic Pt–Ru in solution.

.3. Optimization of composition of catalyst on cathode

A schematic cross section of a cathode, consisting of Pt–Ru/C
modified), Pt–Ru/C and Nafion ionomer, is shown in Fig. 9. The cat-
lyst of Pt–Ru/C is either Pt–Ru/C (raw) or E-TEK. Uchida et al. [7]
eported that the reaction gas could be transported to the catalyst
hrough ducts made of PTFE-C that would function simultaneously
s a conduit for the removal of product water. In our MEA  we  believe
hat, in addition to the electrochemical activity, the hydrophobic
t–Ru/C (modified) functioned as the duct-making material to facil-
tate the supply of the reaction gases to the reaction sites in catalyst
ayer.

Fig. 10a  shows the cell performance with various mass frac-
ions of Pt–Ru/C (modified) in composite catalysts (E-TEK) on
he cathodes. The optimum composition with the highest max-
mum power density (i.e. about 162 mW cm−2) was 20–40 wt%
t–Ru/C (modified) in the composite catalysts (E-TEK). This result
howed an approximate 30% increase in the maximum power den-
ity, compared to the maximum power density of 125 mW cm−2

ith E-TEK catalysts (0 wt% Pt–Ru/C (modified)). Although no mass
ransfer limitation was observed in the polarization curves, the
athode without Pt–Ru/C (modified) catalyst showed a higher
otential decay with current increase in high current region
han that with 20–40 wt%  Pt–Ru/C (modified). As the mass frac-

ion of the Pt–Ru/C (modified) increased from 60 to 100 wt%,
he cell performance in the high current region degraded signif-
cantly. Fig. 10b  shows the individual polarization curves with
arious mass fractions of Pt–Ru/C (modified) in composite cat-
(�),  40 (�), 60 (�), 80 (�) and 100 wt% (�) Pt–Ru/C (modified) in cathode composite
catalysts (E-TEK). All of the anode electrode used Pt–Ru/C (raw) as catalysts. The Pt
loading for anode and cathode were 0.8 mg cm−2.

alysts (E-TEK) on the cathodes. The anodic polarization curves
were independent of the composition of cathode, and the cath-
ode polarization curves were close to the cell polarization curves.
The variation, due to different compositions of cathode, in cell
resistance eventually was  the variation in cathode overall resis-
tance.

In this report, the polarization data of the cathodes were ana-
lyzed with the semi-empirical equation proposed by Srinivasan
et al. [9]

E = Eo − b log i − iR (1)

and

Eo = Er − b log i0 (2)

where b, R, Er and i0 are Tafel slope, overall resistance, reversible
potential and the exchange current for the oxygen reduction reac-
tion (ORR) which is the rate determining step in a PEMFC. The
overall resistance includes electrolyte (proton), electrode (elec-
tron) and mass transfer resistances. Fig. 11 shows the Tafel slope
and the overall resistance vs. the mass fraction of Pt–Ru/C (mod-
ified) on the cathode. The Tafel slope and the overall resistance
were calculated from cathode polarization curve fitted by Eq. (1).

It is noted that Tafel slope decreased slightly with an increase in
the mass fraction of the Pt–Ru/C (modified). In a fuel cell system,
a lower Tafel slope means a smaller potential dependence on cur-
rent, resulting smaller charge transfer resistance, which dominates
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Table  1
Characteristics of Pt–Ru catalysts on various types of carbon supports.

Type of catalyst Pt–Ru content from
TGA (wt%)a

Atomic ratio of
Pt/Rub from EDX

Grain size from
XRD (nm)

Particle size
from TEM (nm)

Pt–Ru/C (modified) 20.4 0.94 3.3 2.2
Pt–Ru/C (raw) 21.4 1.21 3.7 2.9
E-TEK 22.2 0.97 3.6 3.2

a Nominal Pt–Ru content = 20 wt%.
b Nominal atomic ratio of Pt/Ru = 1.
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Table 2
Resistances of cathodes with 40 wt%  composite catalyst and E-TEK catalyst.

Mass fraction of Pt–Ru/C
(modified) (wt%)

Resistance (�)

Calculated from
cathode
polarization curves

Calculated
from Nyquist
plots

0 0.14 0.04
ig. 11. Tafel slope and resistance vs. the mass fraction of Pt–Ru/C (modified) cata-
yst in composited catalyst (E-TEK) on the cathode.

he overall resistance at low current density. Therefore, the lower
afel slope with composite catalysts (E-TEK) gave lower charge
ransfer resistance that will be also discussed in electrochemical
mpedance spectrum later. Fig. 11 also shows that the mass frac-
ion of Pt–Ru/C (modified) in the composite catalysts (E-TEK) in the
ange 20–40 wt% gave lower overall resistance.

The Nyquist plots from electrochemical impedance analysis for
he cathode with E-TEK catalysts and 40 wt% composite catalysts

E-TEK) are shown in Fig. 12.  There is only a single impedance
rc for each spectrum. This single semicircle loop, often called the
inetic loop, is a good indicator of the activity of the electrode [17].
he diameter of the kinetic loop is a measurement of the charge

ig. 12. Nyquist plots for the cathodic electrodes with E-TEK catalysts and 40% com-
osite catalysts (E-TEK) at 0.8 V and 0.52 V (vs. pseudo-reference electrode). The Pt

oading for anode and cathode was 0.8 mg  cm−2.
40 0.11 0.06

transfer resistance of the ORR. It was  believed that the 40 wt% com-
posite catalysts (E-TEK) had a lower charge transfer resistance than
E-TEK catalysts: indicating a higher activity for the 40 wt%  com-
posite catalysts (E-TEK). Referring to the Nyquist plots in Fig. 12,
the high-frequency intercept of the semicircle loop on the real axis
represents the ohmic resistance from the electrode and electrolyte.
These Nyquist plots in Fig. 12 show that the cathode with 40 wt%
composite catalysts (E-TEK) had a higher ohmic resistance and
activity than the E-TEK catalysts. However, Fig. 11 reveals that the
cathode with 40 wt%  composite catalysts (E-TEK) gave lower over-
all resistance than that with E-TEK catalysts. Table 2 summarizes
the overall resistances and the ohmic resistance from the polariza-
tion curves (Fig. 11)  and the Nyquist plots (Fig. 12), respectively,
with the 40 wt% composite catalysts (E-TEK) and the E-TEK cat-
alysts. The difference between the resistances from polarization
curves and Nyquist plots attributes to mass transfer resistance on
cathode. Apparently, the E-TEK catalyst had higher mass transfer
resistance than 40 wt%  composite catalyst (E-TEK).

Giorgi et al. [10] reported that diffusion layer porosity influ-
ences the cell performance as the rate of mass transport of reactant
gases increases with the porosity of the diffusion layer. In this
case, the increase of porosity enhances the mass transport rate,
as well as the performance, at high current density. It is sug-
gested that the decrease of resistance calculated from Eq. (1),  as
shown in Fig. 11,  was  attributable to the decrease of the mass
transfer resistance in catalytic layer created by adding the opti-
mum  amount of hydrophobic Pt–Ru/C (modified). Dodecylamine is
generally expected to be a barrier that should increase the ohmic
resistance; however, no significant effect was  shown in this case.
That is probably because the mass fraction of Pt–Ru/C (modified)
was  only 40%. As the mass fraction of Pt–Ru/C (modified) increased
to more than 60 wt%, the overall resistance increased significantly.

The stability of the functional group of dodecylamine on carbon
surface is under investigation. But in a preliminary test, the polar-
ization curve of the cell with composite catalyst (E-TEK) remained
unchanged after 100 h of cell performance test and electrochemical
impedance analysis.

3.4. Electrolyte resistance measurement of electrode
To investigate the electrolyte resistances of the catalytic layers
with various mass fractions of Pt–Ru/C (modified), the electrode
with an additional resistant layer was fabricated between the
Nafion membrane and the catalytic layer of cathode [11], as shown
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trode), the cathode with a composite catalyst (E-TEK) showed a
ig. 13. Schematic diagram of the MEA  with an additional resistant layer for the
valuation of electrolyte resistance.

n Fig. 13.  The resistant layer comprised carbon powders and Nafion
onomer, without any Pt–Ru catalysts. This layer provided a path-

ay only for protons, while not allowing any electrochemical
eaction to take place. The content of the Nafion ionomer in the
esistant layer was the same as that in the catalytic layer. Fig. 14
hows the cell performances highlighting the effect of the resistant
ayers with various mass fractions of carbon (modified). Eventually,
he cell performances are seen to be the same regardless of the mass
raction of carbon (modified) in the resistant layer. As the resistance
ayer played as a proton transport barrier between the Nafion mem-
rane and the cathodic catalyst layer, the overall resistances with a
esistant layer were higher than that without a resistance layer, as
hown in Fig. 15.  The resistant layers with various mass fractions
f carbon (modified) revealed the same electrolyte resistance, i.e.
bout 0.12 � (the difference in the resistance with and without a

esistance layer). This phenomenon indicated that the resistance
f the resistance layer due to proton transport was  independence
f the mass fraction of carbon (modified) in the resistant layer. It

ig. 14. Cell performances without (�) and with resistant layers containing 0 (�),
0 (�), 60 (�) and 100 wt% (�) of carbon (modified). The Pt loading for anode and
athode were 0.8 mg  cm−2.
Fig. 15. Overall resistances calculated from the polarization curves as a function of
the mass fraction of carbon (modified) in resistant layer.

depicted that the functional groups on the modified carbon did not
affect the resistance of the resistant layer. Based on these results, it
is apparent that the electrolytic resistance in the catalytic layer was
independent of the mass fraction of the Pt–Ru/C (modified). The
resistances of electron and gas diffusion, excluding proton trans-
fer, were the only two  resistances which were affected by the mass
fraction of Pt–Ru/C (modified) in the catalytic layer.

3.5. Effect of the Pt–Ru/C (modified) catalyst in various catalyst
layers

The anode and cathode performances of the MEA  with vari-
ous types of catalysts for the cathode were compared as shown
in Fig. 16.  In the low current density region, the cathodes with
composite catalysts had superior performances to either E-TEK
catalyst or Pt–Ru/C (raw). It is believed that the improvement in
performance arose from the addition of the highly active Pt–Ru/C
(modified) to the catalytic layer. At 0.5 V (vs. pseudo-reference elec-
current density of 373 mA  cm−2 which was 33.7% higher than that
of the E-TEK catalyst (279 mA cm−2). The enhancement in the cell

Fig. 16. Polarization curves of anode and cathode for E-TEK catalyst (�), 40 wt%
composite catalyst (E-TEK) (©), Pt–Ru/C (raw) (�) and 40 wt% composite catalyst
(raw) (�) in cathode. All of the anodes used Pt–Ru/C (raw) as catalysts. The Pt loading
for  anode and cathode was 0.8 mg cm−2.



ower S

p
c
(
t
t
P
c

4

d
t
f
o
P
m
c
c
o
p
r
A
t
(
c
e

[

[

[

[
[

J.D. Lu, M.-C. Yang / Journal of P

erformance also could be seen in the composite catalyst (raw)
ompared to the Pt–Ru/C (raw). The 40 wt% composite catalyst
raw) reached 508 mA  cm−2 at 0.5 V (vs. pseudo-reference elec-
rode), which is higher than Pt–Ru/C (raw) by 18.5%. It is believed
hat the improvement mainly arisen from the higher activity of
t–Ru/C (modified) and the lower mass transport resistance in the
atalytic layer.

. Conclusions

This study introduced a hydrophobic catalyst with well-
ispersed Pt–Ru nanoparticles on the surface of carbon supports
hat were first modified with dodecylamine. An improved cell per-
ormance with a maximum power density of 162 mW cm−2 was
btained with the cathode made of a 20–40% mass fraction of
t–Ru/C (modified) in a composite catalyst (E-TEK). The improve-
ent in the maximum power density by 30% arose from the lower

harge transfer resistance, due to the smaller Pt–Ru nanoparti-
les and lower mass transport resistance. When the mass fraction
f Pt–Ru/C (modified) was higher than 60%, the degrade of cell
erformance was mainly attributable to the increase of electron
esistance resulting from the dodecylamine on the carbon surface.
t the cathode potential of 0.5 V (vs. pseudo-reference electrode),
he 40 wt% composite catalyst (E-TEK) gave a higher current density
373 mA  cm−2) than E-TEK catalyst by 33.7%. The 40 wt%  composite
atalyst (raw) reached 508 mA  cm−2 at 0.5 V (vs. pseudo-reference
lectrode), higher than Pt–Ru/C (raw) by 18.5%.
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