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ABSTRACT:

Alloying degree is an important structural factor of PtRu catalysts for direct methanol fuel cells
(DMFC). In this work, carbon supported PtRu catalysts were synthesized by reduction method using
anhydrous ethanol as a solvent and NaBHy, as a reducing agent. Using anhydrous ethanol as a solvent
resulted in high alloying degree and good dispersion. The morphological structure and crystallanity
of synthesized catalysts were characterized by X-ray diffraction (XRD), high resolution transmission
electron microscope (HR-TEM). CO stripping and methanol oxidation reaction were measured.
Due to high alloying degree catalyst prepared in anhydrous ethanol, exhibited low onset potential
for methanol oxidation and negative peak shift of CO oxidation than commercial sample. Conse-
quently, samples, applying ethanol as a solvent, exhibited not only enhanced CO oxidation, but also
increased methanol oxidation reaction (MOR) activity compared with commercial PtRuw/C (40 wt%,

E-tek) and 40 wt% PtRu/C prepared in water solution.
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1. Introduction

A fuel cell is an electrochemical device that can convert
the chemical energy of a reaction directly into the electrical
energy. It has many advantages, for example low emission
of pollutants, higher energy efficiency and reliability. The
reaction mechanism of fuel cell system is between hydrogen
and oxygen. DMFC consists of an anode where methanol
is electro-oxidized to CO, through the reaction (CH;0OH +
H,O — CO, + 6H" + 6¢") and a cathode at which oxygen
(usually as air) is reduced to water (3/20, + 6e~ + 6H"
— 3H,0)

The conditions required for the anode catalyst of
DMEFC are as follow; (i) rapid oxidation of methanol in
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anode catalyst (ii) high CO oxidation. Initially, pure Pt has
received a grave matter of concern as the anode fuel cell
catalyst. However, Pt is an expensive catalyst compared
with other metallic catalysts and it is weak to depress the
adsorption of CO formed during the methanol oxidation.
Hence, solution to reduce the adsorption of CO were found
in the alloying of Pt with other metals such as Rh," Ru,”
and Sn.* This resulted in significant increases of the CO
tolerance of the Pt-alloy anode catalysts. Recently, PtRu
alloys are still commonly acknowledged as the best anode
electrocatalyst for both the oxidation of CO and for the
oxidation of methanol in DMFCs. In case of methanol
electrooxidation, the adsorbed CO, generated by methanol
adsorption, has an adverse effect on the electrocatalytic
activity of the anode catalyst. The removal of adsorbed
CO is the rate-determining step at potentials under 0.5 V
(vs. reference hydrogen electrode (RHE)). Conversely, at
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higher potentials, the adsorption of methanol commences
to determine the overall rate.”)

The catalytic effect of PtRu, the ‘bifunctional mech-
anism’ and ‘ligand (electronic) effect’ is mainly discussed.
The role of Ru is to supply oxygen pertaining species to
CO adsorbed Pt sites. The bifunctional mechanism, a system
suggested by Watanabe and Motoo,” shows a maximized
CO molecule oxidation on a Pt surface modified by alloyed
Ru. In comparison with pure Pt, the onset of the CO oxida-
tion current of Ru commences at considerably more
negative potential (0.25 V). The CO oxidation difference
between these two metal catalysts is due to the intrinsic
characteristic of oxygen adsorption. Ru adsorbs oxygen
containing species at potentials as low as 0.2 V and Pt
adsorbs that at around 0.7 V.¥

The ligand effect is verified from Ru adsorbed on Pt
surfaces which modies the electronic structure of nearby
Pt atoms, with consequences for electrocatalysis on Pt/Ru
surfaces.*!” These changes in electronic structure have
anumber of implications for electrocatalysis. For instance,
methanol dehydrogenation on Pt sites (before oxidation
to CO,) has been shown to occur at lower potential on
Pt/Ru surfaces.'*!" Also, CO adsorption on Pt sites near
Ru is weakened as compared with pure Pt, which may
decrease the uptake of CO when the electrode is exposed
to small quantities of CO gas and may also facilitate
oxidative removal of CO. The emerging consensus seems
to be that the ligand effect is less important than the bifunc-
tional mechanism.'?>!'” Masel and Wieckowski groups
concluded that about 20% of the enhancement in CO
oxidation contributed by Ru deposition is ascribed to the
ligand effect, while the remaining 80% of the enhance-
ment is due to the bifunctional mechanism.'>'>

Bifunctional effect can be enhanced by high allyoing
degree of the Pt and Ru. There were many methods for
further improvement of high alloying degree of PtRu
performance: (i) colloidal chemistry method (ii) impreg-
nation method (iii) polyol method. In this work, PtRu/C
was prepared by reduction method using NaBH, as a
reducing agent. Reduction method has some merits;
easy process to prepare the catalyst, synthesis available
at low temperature compared to polyol method and
shortening of the reaction time. In traditional NaBH,4
reduction method, water was used as a solvent. However,
in the reaction system if water reacts with Ru precursors
RuOH come into existence as a byproduct. Thus, it is
believed that this rapid reaction of Ru catalyst with water
leads to a poor alloying degree.'® To overcome this problem,
water was replaced to anhydrous ethanol. 40 wt% PtRu/C

prepared in anhydrous ethanol showed higher CO
oxidation and MOR activities than commercial PtRu/C
(40 wt%, E-tek) and 40 wt% PtRu/C prepared in water
solution. In particular, the alloying degree and morphology
of the catalyst was investigated by XRD. and the enhance-
ment of CO oxidation and MOR was elucidated by CV.

2. Experimental

2.1. Synthesis of PtRu/C

The carbon supported 40 wt% PtRu alloy nanoparticles
were prepared by using a chemical reduction process.
Metal chemicals were purchased from Aldrich and sodium
borohydride (NaBH4) was obtained from Samchun
chemicals. To prepare PtRu catalyst with atomic ratio of
1 : 1 and the total content of 40 wt%, the appropriate
amounts of metal precursors were applied. H,PtClg-xH,0
(0.1125 g) and RuCl;-xH,0 (0.0483 g) were dissolved
into the 300 ml of anhydrous ethanol. The solution was
stirred for several minutes. After several minutes, NaBH,
(0.0851 g) was poured into the vigorous stirring precursor
solution. After 5 hrs of reducing the prepared catalyst was
filtered and washed with D.I. water, and then dried in an
air oven at 60°C for 24 hr. 40 wt% PtRu/C catalyst was
synthesized by D.I. water in comparison with anhydrous
ethanol. H,PtClgxH,O as Pt precursors and RuCl;-xH,O
as Ru precursor were dissolved in 300 ml D.I. water.
Further procedure is same as the synthesis in anhydrous
ethanol. The prepared samples were tabulated in Table 1.

2.2. Characterization

Transmission electron microscopy (TEM) images were
obtained from a JEOL 2010 operated at 200 kV. Exam-
ination samples were prepared by dispersing the catalyst
powder into the ethanol. Subsequently, 10 ul of catalyst
solution was dropped onto a carbon-coated copper grid
and then dried in an oven at 60 for a day. A powder X-ray
diffraction (XRD) patterns were recorded by Rigaku
D/MAX 2500 operated with a Cu Ka source (. = 1.5414)
at 40 kV and 200 mA. The angle extended from 20°to
80°and the scan rate was 2° per minute. Cyclic voltam-
mogram was obtained in a conventional three-electrode
electrochemical cell using a glassy carbon (GC) electrode

Table 1. Naming of the samples

sample solvent Pt precursor  Ru precursor
Al Water H,PtClsxH,O RuCl;xH,O
A2 Ethanol HthC]Q{HzO RUCl;XHzO
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as a working electrode, and Pt wire and saturated calomel
electrode as a counter and a reference electrode, respec-
tively. Electrochemical measurements were all recorded
and reported vs. normal hydrogen electrode (NHE). The
ink slurry was prepared by mixing carbon-supported
nanoparticles, a 5 wt% Naon solution (Aldrich Chem. Co),
and 2-propanol. The ratio of contents in the catalyst
ink was 20 ul of DI water, 100 ul of Naon solution and
1 ml of 2-propanol per 0.01 g of catalysts. The 10 ul of
catalyst ink was dropped onto a glassy carbon electrode
using a micropipette, and then dried in a vacuum oven for
15 min. Electrochemical experiments were performed
with an Autolab general purpose electrochemical system
(Eco Chemie). Electrochemical measurement was con-
ducted in 0.5 M H,SOy solution that was purged with
nitrogen gas for 30 min prior to each test. Subsequently,
three consecutive scans were performed in the potential
range 0.05-0.8 V vs. NHE at a scan rate of 20 mV/s.
Solutions of 0.5 M H,SO,4 and 1 M CH;OH + 0.5 M H,SO,
were purged with Ar gas prior to taking measurements.
Platinum wire and saturated calomel electrode (SCE) were
used as the counter and reference electrode, respectively.
In order to identify the activities of the electrocatalysts,
cyclic voltammetry (CV) was conducted at potentials
between 0.05 and 0.8 V vs. NHE at a scan rate of 20 mV/s.
CO stripping voltammetry and methanol oxidation were
performed at potentials between 0.05 and 1.0 V vs. NHE
at a scan rate of 20 mV/s. The CO stripping was observed
by measuring desorption efficiency of pre-adsorbed CO.
CO gas was adsorbed on the catalyst at a potential of
0.1 V vs. NHE by bubbling a 0.5 M H,SO, solution with
10% CO/He gas for 30 min and then the dissolved CO
gas in the solution was removed by bubbling with Ar
gas for 30 min. All electrochemical experiments were
performed at room temperature.

3. Results and Discussion

3.1. Preparation and Structural Characterization
Anhydrous ethanol was used as a solvent for synthesis
of the Pt-Ru bimetallic catalyst, which contains properties
of low oxide and high degree of alloying. It is known that
carbon particle dispersion is better in anhydrous ethanol
rather than water. The reason for different degree of
dispersion of carbon between these two solvent can be
deduced from higher donor number of alcohol in compari-
son with water.?” To promote reduction in anhydrous
solvent H,PtClsxH,O and RuCl;-xH,O was chosen as
a Pt and Ru precursors. TEM images of the PtRu/C
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Fig. 1. TEM image of particle size distribution of A1, A2,
and E-tek.

catalysts were obtained in order to survey morphological
structures of nanoparticles, and are shown in Fig. 1.
The nanoparticles prepared in water solution and the
commercial nanoparticles were harshly agglomerated
on the carbon support with a particle size of 2-5 nm. By
contrast, the catalyst synthesized in anhydrous ethanol
solvent shows a good dispersion of nanoparticles. Mean
diameters of commercial, A1 and A2 examined from TEM
are 4.1 nm, 3.2 nm and 2.4 nm, repectively. XRD profiles
of the prepared 40 wt% PtRu/C samples are shown in
Fig. 2. The average particle size was obtained by applying
the Debye-Scherrer equation (E1);

0.94 x A,

= (ET)
B(ze) x cos0,, .

d is the mean size of the PtRu particles. Ak, is the wave-
length of X-ray (1.5418A), 8. indicates the angle at
the maximum, and By is the width of the peak at half
height. . and PB,e were determined with OriginPro
8.0 program. The (220) peak was chosen to evaluate the
particle size and shift of the peak. Because it is obvious
that (220) peak does not have any neighboring peaks
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Fig. 2. X-ray diffraction patterns of as-synthesized and com-
mercial 40 wt% PtRu/C.

such as a carbon peak. As shown in Fig. the 20 of the
(220) peak for A1, A2 and commercial are 68.01, 68.88,
and 68.27, respectively. Comparing the (110) peak
positions of the PtRu with (110) peak position of Pt
XRD profile manifests that Pt and Ru did form alloy
structures. The as prepared samples showed peak shifts
to higher angle than commercial sample. Sample A2
exhibited the highest peak angle. A simple method to
obtain the alloying degree of PtRu/C catalysts is to cal-
culate the lattice constant changed by alloying. To
confirm the change in the lattice parameter, XRD mea-
surements were thoroughly performed as explained in
the experimental section. Antolini et al. have proposed
that the alloying degree of PtRu catalyst is the Ru

atomic fraction (xRu) in the PtRu alloy.'*?"
20
a(220) = sin® — (E2)

max

(o = 1.54056 A)
a=ay—0.124xRu (E3)

Table 2. Summary of the XRD analysis of PtRu/C samples

sample Peak Lattice Mgy Alloying
position  parameter (%) degree
(26) ) (%)
40 wt% E-tek ~ 68.27 3.883 26.53 36.11
Al 68.01 3.896 16.05 19.12
A2 68.77 3.858 46.53 87.02

The proposition was xRu in the PtRu alloy is indis-
pensable term when defining the alloying degree of PtRu,
which is related to the lattice parameter through the
equation described above. In the equation E3 aj is the lattice
constant of pure Pt. Value of a; constant is classified in two
cases. First in the case of unsupported Pt, ay=0.39231 nm
second for carbon supported Pt, ag = 0.39155 nm. There-
fore, in this study ap = 0.39155 nm was chosen. The level
of alloying degree was verified by equation 3.

_ xRu
ad =5 ~xp)(Ru/PD), (E4)

(Ru/Ptynom =1 nominal Ru/Pt atomic ratio
While adjusting E4 to the 40 wt% PtRu/C samples
(Ru/Pt)pom is 1.8 Table 2 summarizes the alloying
degree of samples, the lattice parameter values obtained
from the XRD data, and the average particle diameters
obtained from HR-TEM. It can be interpreted that,
whereas the only trace change of the particle size, sub-
stantial change of the alloying degree. Comparing sample
A2 with the 40 wt% E-tek, the peak angles are shifted
to higher angle approximately 0.5 degree. This means that
A2 alloying degree is better than that of 40 wt% E-tek.

3.2. Electrochemical characterization

The surface characteristic of PtRu/C was defined by using
cyclic voltammetry in an Ar saturated 0.5 M H,SO, solu-
tion as shown in Fig. 18. Current/potential curves were
obtained by electrodes cycled between 0.05 and 0.8 V
at the scan rate of 20 mV/s and were normalized by the
PtRu mass in the catalysts. The peaks for the adsorption/
desorption of hydrogen (normalized by PtRu mass) are
clearly shown in Fig. 3. The perimeter of hydrogen peaks,
compared with Pt/C, proves the existence of Ru on the
surface, which initiates the oxygenation of Ru in low
potential (0.05-0.3 V). Thus PtRu nanoparticle electrodes
have a very thick double layer due to the RuOH.?? Pt
precursor reduction rate is whole lot faster than Ru
precursor reduction rate. Due to the difference of this
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Fig. 3. Cyclic voltammograms of 40 wt% PtRu/C in the Ar
purged 0.5 M H,SO, with scan rate of 20 mV/s.

reaction rate Ru particles tend to cover the surface of Pt.
Hence, well poised reduction rate method can render the
PtRu catalyst into a higher alloyed form. A2 exhibits the
largest hydrogen adsorption/desorption area compared
with the rest of the samples. This means that anhydrous
ethanol reduces reduction sample A2 are well alloyed cata-
lysts. CO stripping analysis was carried out in 0.5 M H,SO,
to investigate the CO tolerance and the electrochemical
active surface area (EAS) of the catalysts. The results nor-
malized by PtRu mass are shown in Fig. 4. The CO
stripping peak positions and electrochemical surface
areas (normalized by PtRu mass) calculated using CO
stripping area are tabulated in Table 3. The peak positions
and onset potentials of the 40 wt% PtRu/C synthesized in
ethanol solvent were lower than that of commercial
PtRu/C and PtRu/C synthesized in water solvent. This result
indicates that alloying degree affects the catalytic activity
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Fig. 4. CO stripping analysis: 40 wt% PtRu/C samples
(0.5 M H,SO, scan rate: 20 mV/s).

Table 3. Peak potential and EAS of all PtRu/C samples

sample peak potential (V) EAS,, (g/cm?)
40 wt% E-tek 0.529 553
Al 0.536 625
A2 0.516 781

of CO oxidation.® Because the well alloyed PtRu catalyst
can form surface oxygen containing species at lower poten-
tial in comparison with other not well alloyed PtRu catalysts.
The difference in peak current can be explained by the sur-
face composition of PtRu catalyst. PtRu catalyst which
surface is formed with Pt and Ru metal a lot of CO can
adhere to the metal surface in contrast with that of PtRu
catalyst formed with Pt and Ru oxide. Therefore, sample
Al has less Ru oxide than A2 and E-tek.

3.3 Methanol electro-oxidation

Methanol oxidation on 40 wt% PtRu/C was compared
in the following aspects to elucidate the catalytic perfor-
mance; onset potential of methanol oxidation and the peak
current density of methanol oxidation. The methanol
electrocatalytic activity of PtRu on carbon support was
measured in a solution of 0.5 M H,SO4 + 1 M CH;0H.
The oxidation current was normalized by PtRu mass
and potential was given in the range of 0.05-1 V. Specific
activities for methanol oxidation have been known, to be
influenced by CO stripping characteristics and mass
specific active areas. Higher PtRu alloying degree and an
optimum surface structure are desirable for obtaining
better CO tolerance and enhanced mass specific activity
for methanol oxidation.??
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Fig. 5. Cyclic voltammetric ananlysis of 40 wt% PtRu/C for
methanol oxidation reaction. (0.5 M H,SO, + 1 M MeOH scan
rate: 20 mV/s)
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As shown in Fig. 5 the MOR activities for 40 wt%
PtRu/C can therefore be ordered as A2 > A1 > commercial.
Sample A2 manifests the best MOR performance and
the lowest onset potential compared with the other samples.
This result can be interpreted as A2 is the most well
alloyed sample.

4. Conclusions

40 wt% of PtRu nanoparticles supported on carbon were
prepared by NaBH, reduction method in anhydrous ethanol
solvent to achieve high alloying degree. The size of the
nanoparticles prepared in this method was determined by
Debye-Scherrer equation. The as synthesized electro-
catalyst 26 (220) peak shift to higher angle is notable
from XRD analysis data. The alloying degree of each
samples were measured by applying equation Antolini
et al. have proposed. The result was perceived that using
ethanol as a solvent showed greater alloying degree.
Cyclic voltammograms analysis manifest that PtRu alloys
were formed in comparison with pure Pt cyclic volta-
mmogram. The CO stripping peak position of the ethanol
synthesized PtRu/C shifted to the negative potential in
comparison with commercial sample and water synthe-
sized PtRu/C. Therefore, from the results of CO stripping it
can be clarified that CO poisoning of anode catalyst of
DMEFC can be inhibited using ethanol reduction method.

40 wt% PtRu/C synthesized in anhydrous ethanol showed
considerable increase in CO oxidation and methanol
oxidation reaction than commercial sample.
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