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Abstract

This research aims to improve the activity of Pt-Ru nanoparticle electrocatalysts and thus, to lower the catalyst loading in anodes for methanol
electrooxidation. The direct methanol fuel cell (DMFC) anodic Pt-Ru/C nanoparticle electrocatalysts were prepared using a chemical reduction
method. The pH values of the reductive solutions were adjusted by different buffer solutions of CH;COONa-NaOH, C¢HsNa;O;,-NaOH, and
Na,CO;3;—NaHCOs, respectively. The performance of the nanoparticle electrocatalysts were examined by cyclic voltammetry, chronoamperometry,
and amperometric i—f curves using a glassy carbon working electrode in a solution of 0.5 mol L~! CH;OH and 0.5 mol L~! H,SO,. The structures and
micro-morphology of the Pt-Ru/C nanoparticles were determined and observed by X-ray diffraction (XRD) and transmission electron microscopy.
XRD analysis showed that all of catalysts exhibited face-centered cubic (fcc) structures. No diffraction peaks indicated the presence of either pure
Ru or Ru-rich hexagonal close packed (hcp) phase. The size of the Pt-Ru/C nanoparticles prepared with a C¢HsNa3;O;—NaOH solution was relatively
small ~4.3 nm. Its size distribution in carbon was more homogeneous. The electrochemical active measurements results showed that the catalytic
activity and the stability of Pt-Ru/C nanoparticle electrocatalyst prepared with a C¢HsNa;O;—NaOH solution for methanol electrooxidation was

higher than that from the other solutions due to the citrate complexation stabilizing effect and a competing adsorption effect.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogen/air proton exchange membrane fuel cells (PEM-
FC) are receiving much interest for transportation applications
because of the high power densities that they can generate at
relatively low temperatures [1]. However, it is well known that
hydrogen as a fuel presents several technological problems of
production, storage, and transportation [2,3]. Because of this,
methanol has been considered as the most promising organic
fuel since it is more efficiently oxidized than other alcohols [4].
The past decades have viewed a significant effort to develop the
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direct methanol fuel cell (DMFC) which uses methanol directly
without prior reforming [5-8]. Although a lot of progress has
been made in the development of the DMFC, its performance
is still limited by the poor kinetics of the anode reaction and
the crossover of methanol from the anode to the cathode side
through the polymer proton exchange membrane [9-11]. For
high power applications, such as laptops, PDAs, and camcorders,
it is necessary to enhance the cell performance further in order
to compete with the lithium ion battery [12—-14].

Ru is widely known as a second metal that promotes
methanol electrooxidation. The promotion effect has been
mainly discussed based on the so-called ‘bifunctional mecha-
nism’ [15-21]. But, the activity of Pt-Ru alloy catalysts cannot
satisfy the performance requirement of a DMFC, especially at
low temperatures. There is a need to improve the activity of
catalysts for methanol electrooxidation still further [22-24].


mailto:wangzhenbo1008@yahoo.com.cn
dx.doi.org/10.1016/j.jpowsour.2006.12.110

318 Z.-B. Wang et al. / Journal of Power Sources 166 (2007) 317-323

The performance, structure, dispersivity, and morphology of
the catalysts are influenced by the preparation methods and
different technics [25-27]. At present, Pt-Ru catalysts were
often prepared by using the chemical reduction of HyPtClg and
RuCl3 as the precursors with HCHO as the reducing agent.
But, HCOOH is formed in the preparative process, and the pH
value of the reductive solution rapidly falls. This results in the
reductive ratio of Pt and Ru compound precursors decreasing,
the particle size of the catalyst increasing, and its catalytic
activity for methanol electrooxidation decreasing [28]. Based
on above literature findings, we think, it is meaningful to explore
Pt-Ru/C catalysts prepared using a buffer solution to adjust the
pH value of the reductive solution. Using this process we have
investigated methanol electrooxidation on these electrocatalysts
prepared with three different buffer solutions.

2. Experimental details
2.1. Preparation of catalysts

The Pt-Ru/C catalysts were prepared according to the method
mentioned in literature [29-31]. Carbon black powder (Vulcan
XC-72 with a specific BET area of 250 m? g~ ! and average size
of 40 nm, Cabot Corporation) was used as the support for the
catalyst. The samples contained 20% metal by weight. The Pt-
Ru (with an atomic ratio of 1:1)/C catalyst, 0.25 g, was obtained
by chemical reduction with formaldehyde solution of H,PtClg
and RuClj3 as precursors at 80 °C. The carbon black was ultra-
sonically dispersed in a mixture of ultrapure water and isopropyl
alcohol for 20 min. The Pt and Ru compounds precursors were
added to the carbon ink and then mixed thoroughly for 15 min.
The pH value of the ink was adjusted by CH3COONa-NaOH,
CgHs5Na3z07-NaOH, or NapCO3-NaHCO3 solution to 8 and
then raised its temperature to 80 °C. Ten millilitres of 1 mol L ™!
solution of formaldehyde was added into the ink drop by drop
and the bath was stirred for 1 h. The mixture was cooled, dried,
and washed repeatedly with heated ultrapure water (MilliQ,
Millipore, 18.2MS€2cm) until no Cl™ ions existed. The cat-
alyst powder was dried for 3h at 120°C and then stored
in a vacuum vessel. All chemicals used were of analytical
grade.

2.2. Preparation of working electrode and its
electrochemical measurements

2.2.1. Preparation of working electrode

Glassy carbon working electrodes, 3 mm in diameter (elec-
trode area 0.0706 cmz), polished with 0.05 pm alumina to a
mirror-finish before each experiment, were used as substrates
for the carbon supported nanoparticle electrocatalysts. For the
electrode preparation, 5 wL of an ultrasonically redispersed
nanoparticle electrocatalysts suspension was pipetted onto the
glassy carbon substrate. After the solvent evaporation, the
deposited catalyst (28 wgmetal cm~2) was covered with 5 pLof a
dilute Nafion solution (5 wt.%). The resulting Nafion film with
a thickness of <0.2 wm had a sufficient strength to attach the
carbon supported Pt-Ru nanoparticles permanently to the glassy

carbon electrode without producing significant film diffusion
resistances [32,33].

2.2.2. Electrochemical measurements

Electrochemical measurements were carried out with a con-
ventional three-electrode electrochemical cell at 25°C. The
glassy carbon thin film electrode as the working electrode (elec-
trode area 0.0706cm?) was covered with the electrocatalyst
powder. A piece of Pt foil of 1 cm? area was used as the counter
electrode. The reversible hydrogen electrode (RHE) was used
as the reference electrode with its solution connected to the
working electrode by a Luggin capillary whose tip was placed
close to the working electrode. All potential values reported are
versus RHE. All chemicals used were of analytical grade. All
the solutions were prepared with ultrapure water (MilliQ, Mil-
lipore, 18.2MSQcm). A solution of 0.5 mol L~! CH3;0H and
0.5 mol L~ ! H,SO4 was stirred constantly and purged with ultra-
pure argon gas. Electrochemical experiments were performed
using a CHI630A electrochemical analysis instrument. Cyclic
voltammograms (CV) were plotted within a potential range from
0.05 to 1.2V with a scanning rate of 0.02 V s~!. The chronoam-
perometric and amperometric i~ curves were carried out by
using CHI630A electrochemical analysis instrument controlled
by an IBM PC. The potential jumped from 0.1 to 0.8 V. Due
to a slight contamination from the Nafion film, the thin film
working electrodes were electrochemically cleaned by contin-
uous cycling at 0.05 V s~! until a stable response was obtained
before the measurement curves were recorded.

2.3. Physical measurements

2.3.1. X-ray diffraction (XRD)

XRD patterns reveal the bulk structure of the catalyst and
its support. XRD analysis was carried out for the nanoparticle
electrocatalysts with a D/max-rB (Japan) diffractometer using a
Cu Ka X-ray source operating at 45kV and 100 mA. The XRD
patterns were obtained at a scanning rate of 4° min~! with an
angular resolution of 0.05° of the 26 scan.

2.3.2. Transmission electron micrographs (TEM)

TEM for the nanoparticle electrocatalysts samples were
taken by a Japan JEOL JEM-1200EX transmission electron
microscope with a spatial resolution of 1nm. Before taking
the electron micrographs, the nanoparticle samples were finely
ground and ultrasonically dispersed in isopropyl alcohol, and a
drop of the resultant dispersion was deposited and dried on a
standard copper grid coated with a polymer film. The applied
voltage was 100kV with a magnification of 200,000 for the
nanoparticles.

3. Results and discussion

3.1. Effect of buffer solution on structure of the
nanoparticle electrocatalysts

Fig. 1 shows the XRD patterns of the nanoparticle electrocat-
alysts prepared with three different buffer solutions. The curves
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Fig. 1. XRD patterns of the Pt-Ru/C nanoparticles prepared with different
buffer solutions: (A) CH3COONa-NaOH, (B) C¢Hs0O7Na3—NaOH, and (C)
Nap,CO3-NaHCOs3.

A-C in Fig. 1 are XRD patterns of nanoparticles which were
prepared with CH3COONa-NaOH, C¢Hs5Na307;-NaOH, and
Na;CO3-NaHCOs3 solutions, respectively. It can be seen that
the first peak in the XRD pattern is associated with the carbon
support. The other four peaks are characteristic of face-centered
cubic (fcc) crystalline Pt, corresponding to the planes (11 1),
(200), (220), and (31 1) at 20 values of ca. 39.8, 46.5, 67.8,
and 81.2°, respectively, indicating that the alloy nanoparticles
are principally single-phase disordered structures. But, the Pt
(200) plane of the nanoparticles with Na,CO3—-NaHCO3 solu-
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tion is indistinguishable as shown by curve C in Fig. 1, which
indicates that the nanoparticles do not form a good crystal state.
It is important to note that no diffraction peaks indicate the pres-
ence of either pure Ru, or Ru-rich hexagonal close packed (hcp)
phase, which suggests that Ru atoms either form an alloy with
Pt or exist as oxide in amorphous phases. Relative to the same
reflections in bulk Pt (cf. the reference vertical lines of Pt in
Fig. 1); the diffraction peaks for Pt-Ru alloy nanoparticles are
slightly shifted to higher 20 values. The higher angle shifts of the
Pt diffraction peaks reveal the formation of an alloy involving
the incorporation of Ru atom into the fcc structure of Pt.

The Pt (22 0) peak was selected to calculate the average par-
ticle size of Pt-Ru/C nanoparticles according to Debye—Scherrer
formula [34,35] because it is isolated from the diffraction peaks
carbon supports. The average particle sizes of Pt-Ru/C nanopar-
ticle electrocatalysts prepared with CH3zCOONa-NaOH,
CgHs5Na3z07-NaOH, and Na;CO3-NaHCO3 solutions are 4.2,
4.3, and 3.3 nm, respectively. They are smaller than that with
NaOH solution [28].

3.2. Effect of buffer solution on dispersion of the
nanoparticle electrocatalysts

Fig. 2 shows the TEM images of Pt-Ru/C nanoparticles
prepared with different buffer solutions. Fig. 2A—C are TEM
images of nanoparticles prepared with CH3COONa-NaOH,
CgHs5Na307-NaOH, and Na,CO3-NaHCO3 solutions, respec-
tively. The dark black portions are Pt-Ru grains, and the grey

Fig. 2. TEM micrographs of the Pt-Ru/C nanoparticles prepared with different buffer solutions: (A) CH;COONa-NaOH, (B) C¢Hs07Na3—NaOH, and (C)

Naz CO3—NaHCO3 .
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Fig. 3. Size distribution of the Pt-Ru particles of the Pt-Ru/C nanoparticle electrocatalysts prepared with different buffer solutions: (A) CH3COONa-NaOH, (B)

C6H5O7Na3—NaOH, and (C) Na2C03—NaHCO3.
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Fig. 4. TEM micrographs of the Pt-Ru/C nanoparticles prepared with different buffer solutions: (A) CH3COONa-NaOH and (B) C¢Hs507Na3—NaOH.

portions are carbon support grains. It can be seen that the disper-
sion of the nanoparticles prepared with CH3 COONa-NaOH and
CsHsNa3O7—-NaOH solutions are homogeneous and without
agglomeration. The particle sizes of the Pt-Ru/C nanopar-
ticles are small. The dispersion of the nanoparticles with
Nay; CO3-NaHCOs solution is uneven with a certain extent of
agglomeration.

Fig. 3 presents the size distribution of Pt-Ru particles of Pt-
Ru/C nanoparticle electrocatalysts prepared with different buffer
solutions. Fig. 3A—C shows the size distributions of the nanopar-
ticles prepared with CH3COONa—NaOH, C¢HsNa3zO7—-NaOH,
and Nap,CO3-NaHCOj3 solutions, respectively.

The values of Pt-Ru particle mean diameter are the number
averaged diameters of the Pt-Ru nanoparticles in samples, which
can be calculated from TEM measurements of individual particle
diameters, d;, using the following equation [36]:

n
d, = M )
n
where d,, is the number averaged diameter of Pt-Ru particles in
nanometer. The averaged particle sizes of Pt-Ru/C nanoparticles
prepared with CH3COONa-NaOH, C¢Hs5Na307;-NaOH, and
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Na;CO3-NaHCOs3 solutions are 4.5, 4.6, and 3.7 nm, respec-
tively. It is consistent with the particle sizes calculated from
XRD patterns. Fig. 3 shows that the range of size distribution of
Pt-Ru/C nanoparticles prepared with CH;COONa—-NaOH and
CeHs5Na3zO7-NaOH solutions are relatively narrow, whereas,
its of nanoparticles prepared with Na,CO3-NaHCO3 solution
is relatively wide.

Fig. 4 shows the representative TEM images of Pt-
Ru/C nanoparticles prepared with CH3COONa-NaOH and
CeHsNa3zO7-NaOH after electrochemical measurements. It can
be seen from the TEM images that the size of Pt-Ru nanoparticles
increases after long time measurements in both cases. The Pt-
Ru particle size distributions obtained from image analysis are
shown in the histograms in Fig. 5. Comparing with the original
ones (Fig. 3), the Pt-Ru particle sizes distribution are enlarged
for the catalysts after long time. The number of Pt-Ru particles
with small diameters (2.0 nm) largely decreases or disappears,
and larger Pt-Ru particles (larger than 6 nm) appear. It can be
believed that the small Pt particles were “swallowed up” by the
larger ones through the migration of small Pt-Ru particles on the
carbon surface [37,38] or through the Ptions (e.g., Pt2*) dissolu-
tion/redeposition process [39,40]. The mean sizes (diameter) of
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Fig. 5. Size distribution of the Pt-Ru particles of the Pt-Ru/C nanoparticle electrocatalysts prepared with different buffer solutions: (A) CH3COONa—-NaOH and (B)

CgHs507Naz—NaOH.



Z.-B. Wang et al. / Journal of Power Sources 166 (2007) 317-323 321

-2

i /mA-cm

1 i 1 " 1 " 1

n 1 "
0.0 0.2 0.4 0.6 0.8 1.0 102
E !V (vs.RHE)

Fig. 6. Cyclic voltammograms of methanol electrooxidation in a solution
of 0.5molL~! CH3OH and 0.5 mol L~ H,SO4 at 25°C on the Pt-Ru/C
nanoparticle electrocatalysts prepared with different buffer solutions: (A)
CH3COONa-NaOH, (B) C¢Hs07Na3-NaOH, and (C) Na,CO3-NaHCO3.
Scan rate: 0.02Vs~1,

the Pt-Ru/C nanoparticles prepared with CH;COONa-NaOH
and CgHs5Na3O7-NaOH solutions after electrochemical mea-
surements are 5.8 and 5.0 nm, respectively.

3.3. Effect of buffer solution on catalytic activity of the
nanoparticle electrocatalysts

Fig. 6 presents the cyclic voltammograms on the Pt-Ru/C
nanoparticles prepared with different buffer solutions in a solu-
tion of 0.5mol L~! CH30H and 0.5mol L~! H,SO4 at 25°C.
The curves A-C in Fig. 6 are CV curves of nanoparticles
prepared with CH3COONa-NaOH, C¢Hs5Na3O7;-NaOH, and
NayCO3-NaHCO3 solutions, respectively.

It can be seen from Fig. 6 that the onset potential of a cur-
rent rise for methanol electrooxidation on the three Pt-Ru/C
nanoparticles are almost the same, i.e., about 0.55 V. The peak
potential for methanol electrooxidation, at which the peak cur-
rent occurs is 0.86 V (versus RHE), and the peak current density
is 19.1 mA cm~2 during positive potential scanning on the Pt-
Ru/C nanoparticles prepared with CH;COONa—NaOH solution
as shown by curve A. The peak potential for methanol electroox-
idation and the peak current density on the Pt-Ru/C nanoparticles
prepared with C¢HsNa3zO7;-NaOH solution are about 0.87 V
(versus RHE) and 17.2 mA cm™2, respectively, during positive
potential scanning as shown by curve B. The peak potential for
methanol electrooxidation and the peak current density on the Pt-
Ru/C nanoparticles prepared with Na; CO3—-NaHCOj3 solution
are about 0.86 V (versus RHE) and 11.9 mA cm™2, respectively,
during positive potential scanning as shown by curve C. The peak
potential on the Pt-Ru/C nanoparticles with CH; COONa-NaOH
and NapCO3-NaHCO3 solutions during potential scanning is
10 mV lower than that with C¢Hs;Na3zO7-NaOH solution. But,
the peak current density on the Pt-Ru/C nanoparticles with
CH3COONa—NaOH solution is only 1.9 mA cm~2 higher than
that with C¢H5Na307;—-NaOH solution. The peak current density
on the Pt-Ru/C nanoparticles with NapCO3-NaHCO3 solution
is the smallest.
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Fig. 7. Chronoamperometric curves of methanol electrooxidation in a solu-
tion of 0.5mol L~! CH30H and 0.5mol L~! H,SOy4 at 25°C on the Pt-Ru/C
nanoparticle electrocatalysts prepared with different buffer solutions: (A)
CH3COONa—NaOH, (B) C6H507Na3—NaOH, and (C) Na2C03—NaHC03.
Potential jumps from 0.1 to 0.8 V.

The catalytic activities of the nanoparticle electrocatalysts
for methanol electrooxidation measured as steady-state cur-
rent densities at a constant potential were used to compare the
performance of the electrocatalysts. Fig. 7 shows the current
densities measured at a constant potential jumping from 0.1 to
0.8V in an Ar-saturated solution of 0.5 mol L~! CH30H and
0.5mol L~ H,SOy4 at 25 °C. Initial high current mainly corre-
spond to double layer charging. The currents decay with time
in a parabolic style, and reach an apparent steady-state within
500s. The current density of methanol electrooxidation on the
Pt-Ru/C nanoparticles prepared with C¢HsO7Na3—NaOH solu-
tion, which is a 11.0 mA cm ™2 at 1000 s as shown by curve B, is
almost the twice as high as that on the Pt-Ru/C nanoparticles with
Nay;CO3-NaHCO3 solution by curve C at the same potential
and the same time, is evidently higher than that on the Pt-Ru/C
nanoparticles with CH;COONa—-NaOH solution by curve A. It
can be seen that the catalytic activity of Pt-Ru/C nanoparticles
with CH3COONa-NaOH solution for methanol electrooxida-
tion is higher than that with C¢HsO7Na3—NaOH solution during
initial reaction stages (within 500 s). But with running time, the
current density of the nanoparticles with CH;COONa-NaOH
solution is rapidly decreasing. Its current density is lower than
that with C¢gHs07Na3—NaOH solution at 500 s later. The cat-
alytic activity of Pt-Ru/C nanoparticles with Na;CO3-NaHCO3
solution for methanol electrooxidation is the lowest during the
whole running time. The results are a little different from those
of cyclic voltammetry measurement.

3.4. Effect of buffer solution on stability of the nanoparticle
electrocatalysts

Fig. 8 shows the Amperometric current-time (i—f) curves
measured at a constant potential 0.8 V on the Pt-Ru/C nanopar-
ticle electrocatalysts prepared with different buffer solutions in
a solution of 0.5mol L™' CH30H and 0.5mol L™! H,SO4 at
25 °C. The curves A—C in Fig. 8 are the i~ curves of the nanopar-
ticle electrocatalysts prepared with CH3COONa-NaOH,
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Fig. 8. Amperometric i—t curves of methanol electrooxidation in a solution
of 0.5molL~! CH30H and 0.5molL~' H,SO4 at 25°C on the Pt-Ru/C
nanoparticle electrocatalysts prepared with different buffer solutions: (A)
CH3COONa—NaOH, (B) C6H507Na3—NaOH, and (C) Na2C03—NaHCO3.
Potential is 0.8 V.

CsHsNa307-NaOH, and Na,CO3-NaHCO3 solutions, respec-
tively. The current density of methanol electrooxidation on the
Pt-Ru/C nanoparticles prepared with C¢HsO7Na3;—NaOH solu-
tion is the highest, which is 4.8 mA cm~2 at 10,000 s as shown
by curve B, i.e., its catalytic activity and stability is the best.
The stability for methanol electrooxidation on the nanoparticles
with CH3COONa—-NaOH solution is relatively bad. Its current
density is very small, which is 1.3mAcm™2 at 10,000s by
curve A. However, the current density of curve A is higher
than that of curve B during the initial running stage (400 s ago).
The decreasing rate of current density of curve A is faster than
that of curve B during the running time (the amplified parts of
curves as shown in Fig. 8). The stability of the nanoparticles with
NayCO3-NaHCO3 solution is the lowest. Its current density is
smallest, which is a 0.32 mA cm~2 at 10,000s. The results are
similar to those of chronoamperometric curve measurements.

Following reaction equations that formaldehyde reduces
H;,PtClg and RuCls as precursors, the medium reactions should
happen in alkaline medium [28,29].

H,P(Clg +2NaOH — Na,PtClg + 2H,0 2)

Na,PtClg +4NaOH + 2HCHO — 2HCOOH + Pt
+6NaCl + 2H,O0  (3)

Na;PtClg +4NaOH + 2HCOOH — 2CO, 4Pt
+6NaCl + 4H,O (4)

Overall reaction:
H,PtClg + HCHO + 6NaOH — CO, + Pt
+ 6NaCl + 5H;0 @)

RuCl; + 3NaOH — Ru(OH); | +3NaCl 6)

2Ru(OH)3 +3HCHO — 2Ru + 3HCOOH + 3H,O (7)
2Ru(OH)3 +3HCOOH — 2Ru + 3CO; 4+ 6H,0 ®)
Overall reaction:
4RuCl; 4 12NaOH + 3HCHO — 4Ru + 3CO; +9H,0

+ 12NaCl C))

It can be seen from Eq. (4) and (7) that HCOOH is formed
during the reductive reaction process, meanwhile the pH value of
reductive solution is decreasing rapidly. The effect of the buffer
solution directly relates to the chemical equilibrium of buffer
solution. If the buffer solution is used to adjust the pH value of
reductive solution, the chemical equilibrium can be kept because
the buffer solution can ionize enough OH™ ions. The H* ions
from HCOOH ionization are neutralized by OH™ ions which
are provided by the buffer solution during reductive reaction.
Due to sufficient OH™ ions being provided, the pH value of the
reductive solution changes little [28]. The reductive ratio of Pt
and Ru compounds precursors are relatively fast. The formation
rate of the Pt and Ru nuclei is higher. The particle sizes of the
nanoparticle electrocatalysts decrease and their active surface
specific areas increase, i.e., their catalytic activity for methanol
electrooxidation enhance.

It is usually considered that the PtClg>~ ions are firstly
reduced to PtCl4>~ ions by surface active sites on carbon sup-
port when the Pt and Ru compounds precursors are adsorbed
[41]. The latter is reversibly adsorbed on the carbon support
surface and can shift through diffusion. Pt nuclei grow when
the PtCl4>~ ions meet the reduced Pt crystalline nucleus. The
PtCl42~ ions have two species of strongly and weakly adsorp-
tions due to the surface functional group of carbon. The diffusion
rate of the weakly adsorption PtCl4>~ ions is relatively rapid on
the carbon surface. They favor crystalline particle growth, rather
than forming new crystalline nuclei. But, it is just the opposite
when the diffusion rate of the strongly adsorption PtCl4>~ ions
is relatively slow and favors forming new Pt crystalline nucleus,
which yields small size and highly dispersed Pt-Ru nanoparticles
[41]. The NayCO3—NaHCO3 solution can only ionize OH™ ions
which keep the pH value of reductive solution in this paper, so the
performance of the Pt-Ru/C nanoparticles prepared with it is rel-
atively bad. The CH3COONa-NaOH and C¢HsO7Na3—NaOH
solutions, not only keep the pH value of reductive solution,
but also play an important role in which the CH3COO™ and
CgHs07 ™~ ions can compete with the PtCl4>~ ions for the active
sites on the carbon support surface, which can decrease or elim-
inate the number of the weakly adsorbed PtCl42_, and then the
strongly adsorbed PtCl;*>~ ions dominate the carbon support
surface. So, the particle sizes of the Pt-Ru/C nanoparticles are
relatively small, and their distribution on carbon surface are very
even. On the other hand, the radius of the CH3COO™ ion is dif-
ferent from that of the C¢H507~ ion. The competition between
CH3COO™/CgH507 ™ ions and the PtCl4%~ ions results in a dif-
ferent distance between the PtC142’ ions, i.e., the distance of the
reduced Pt-Ru nanoparticles on the carbon surface is different.
The distance of the Pt-Ru nanoparticle electrocatalyst prepared
with the C¢Hs507Na3z—NaOH solution is relatively farther than
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that with CH3COONa—NaOH solution because the radius of the
CeHs507 7 ion is bigger than that of CH3COO™ ion. The distri-
bution of the nanoparticles with the former is more even than
that of the latter. The growth rate of the Pt-Ru nanoparticles
prepared with a C¢H507Na3—NaOH solution is slow i.e., its sta-
bility is relatively better (see Figs. 4 and 5). On the contrary, the
catalytic activity of the electrocatalyst with CH3COONa—-NaOH
solution is high during the initial run time, but, the growth rate
of the Pt-Ru nanoparticles is relatively fast, so its activity for
methanol electrooxidation decreases markedly with time, i.e.,
its stability is bad. In addition, the C¢HsO7~ ions also play a
role in stabilizing the Pt-Ru metal nanoparticles [42,43], which
is another reason why the stability of the Pt-Ru nanoparticles is
better.

4. Conclusions

The Pt-Ru/C nanoparticle electrocatalysts prepared with dif-
ferent buffer solutions were investigated for their methanol
electrooxidation. The distribution of the nanoparticle elec-
trocatalysts with CgHsO7Naz—NaOH solution was very
homogeneous, the distance of the Pt-Ru nanoparticles from each
other on the carbon surface was relatively far, due to the citrate
complexation stabilizing effect and the competing adsorption
effects, its catalytic activity for methanol electrooxidation was
the highest, and its stability was the best during a lifetime
measurement. Although the distribution of the nanoparticle elec-
trocatalyst with a CH3COONa—NaOH solution was very even,
its catalytic activity for methanol electrooxidation was higher,
the distance of the Pt-Ru nanoparticles between each other was
relatively small, and the Pt-Ru particles size rapidly grew during
lifetime measurement, and so its stability markedly decreased.
The catalytic activity and the stability of the electrocatalyst using
a NapyCO3—NaHCOj3 solution were the lowest for methanol elec-
trooxidation.
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