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ABSTRACT Monodisperse Pt and Pt-M (M ) Co, Ru) alloy nanoparticles supported on carbon black (Pt/CB, Pt2Ru3/CB, Pt3Co/CB)
were prepared by the nanocapsule method. We have succeeded in controlling the particle size simply by changing the molar ratio of
metal precursor(s) to surfactant (M/S) in the preparation, with the other conditions being identical. The particle size was well-controlled
between 2.0 and 4.5 nm with a metal loading level of 50 wt % for all catalysts. The compositions of the alloy particles were close to
the projected values, with a small standard deviation, i.e., <3.1 atom % for Pt2Ru3 and 1.4 atom % for Pt3Co. It was also found that
these alloys were in the form of the corresponding solid solutions with the fcc structure.
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INTRODUCTION

Polymer electrolyte fuel cells (PEFCs) have been in-
tensively developed as a primary power source for
electric vehicles and residential cogeneration sys-

tems. Both the anodes and cathodes of PEFCs, however,
usually require costly platinum or its alloys as the catalyst,
having a high activity at low operating temperatures <100
°C. For the large-scale commercialization of PEFCs, it is very
important to reduce the amount of platinum catalyst used
while maintaining the durability.

The cathode catalyst must exhibit high activity for the
oxygen reduction reaction (ORR). It has been reported for
planar electrodes in acid electrolyte solutions that the ORR
activities were enhanced at Pt alloyed with nonprecious
metals such as Fe (1–4), Co (1, 4–8), Ni (1, 3–11), Mn (4), Cr
(5–7, 12, 13), and V (14).

Regarding the anode reaction in PEFCs, the overpotential
for the hydrogen oxidation reaction (HOR) at the Pt anode
is negligibly small when pure hydrogen is used as the fuel
gas. In contrast, the Pt anode operating with reformates is
seriously poisoned by trace amounts of carbon monoxide;
CO molecules strongly adsorb on the active sites, blocking
the HOR. Thus, the development of CO-tolerant anode
catalysts is important, particularly for use in residential
cogeneration systems. Among various anode catalysts de-
veloped, Pt-Ru alloys are still the best candidates; these

exhibit both high CO-tolerance and acceptable durability
under practical operating conditions.

To obtain high mass activity for Pt in PEFCs, it is essential
to disperse the Pt or Pt alloy nanoparticles described above on
high surface area supports such as carbon black (CB). Various
binary (4–6, 11, 14–21) and ternary (13, 19, 20, 22, 23) Pt-
based alloys supported on CB have been prepared. Often,
significant discrepancies have been observed between the
properties of nominally similar materials. Because the activi-
ties for the ORR and the HOR (or CO tolerances) of these
supported Pt-alloy catalysts are not always consistent with
those evaluated for bulk alloys, one of the possible reasons
could be nonuniform chemical composition within given
batches of alloy nanoparticles. For example, in the past, Pt-
based alloy/CB catalysts have been prepared by the impreg-
nation of the second metal precursors on Pt/CB, followed by
heating at temperatures above 700 °C under inert gas or
hydrogen to form the alloys (6, 13, 19–21). However, in the
latter reports, such heat treatments frequently caused the
agglomeration of the particles, as well as nonuniform com-
position, depending on the particle size, resulting in a
decrease in the mass activity and/or in accelerated degrada-
tion of the activity with operation time. By reducing the
reaction temperature to around 200 °C with the use of the
carbonyl complex process (11) or the water-in-oil micro-
emulsion method, the agglomeration of the alloy particles
was suppressed (15), but the control of the alloy composition
was still difficult. The average particle size obtained by the
conventional colloid method (17, 24–26) was usually large,
and the size distribution was also broad.

Assuming the area-specific activity to be independent of
the particle size (27), the mass activity of the catalyst
increases inversely proportionally to the particle size. In
contrast, very small particles (<2 nm) tend to agglomerate
or corrode noticeably under practical operating conditions.
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Thus, it is highly desirable to determine the appropriate
particle size of Pt-alloys for achieving both high mass activity
and high durability. However, as described above, nonuni-
form chemical composition among the alloy nanoparticles
and their broad size distribution are major impediments to
progress in the development of alloy electrocatalysts. Hence,
it is very important to control the alloy composition uni-
formly among the entire batch of supported nanoparticles,
while maintaining the particle size in a narrow range (mono-
disperse state).

Recently, there has been great progress in the synthesis
of monodisperse Pt-Fe-based alloy nanoparticles for per-
manent magnetic materials via the simultaneous reduction
of platinum(II) acethylacetonate, Pt(acac)2 and FeCl2, and/
or cobalt acetylacetonate Co(acac)3 in reverse micelles. The
use of such nanocapsules as highly confined reaction cham-
bers should provide monodisperse alloy particles with uni-
form composition. Liu et al. examined this method for the
preparation of anode catalysts for direct methanol fuel cells
(DMFCs) (28, 29), where Pt or Pt-Ru alloy particles in
nanocapsules were once precipitated by removing the or-
ganic moieties consisting of the capsules, followed by the
addition of the CB powder support. However, we found in
careful inspections that such naked particles without any
protection by the organic moieties were partially aggregated
on the CB. Therefore, we developed the “nanocapsule
method”, in which metal precursor(s) within reverse micelles
(nanocapsules) were reduced in diphenyl ether in the pres-
ence of CB as the support. We succeeded in preparing
monodisperse Pt/CB and Pt-M/CB (M ) V, Ni, Cr, Co, and
Fe) with very uniform alloy compositions, and demonstrated
their enhanced ORR activities (30).

In the present research, we examined ways to control the
particle size of Pt and Pt-M alloys (M ) Ru and Co)
supported on CB while maintaining the monodisperse state
and uniform composition among entire batches of particles.
We have succeeded in controlling the particle size of Pt,
Pt-Ru, and Pt-Co alloys in monodisperse state simply by
changing the molar ratio of metal precursor(s) to surfactant
(M/S) in a modified nanocapsule method. These catalysts
were characterized by X-ray diffraction (XRD), scanning
transmission electron microscopy (STEM), and energy-
dispersive X-ray microanalysis (EDX). The compositions of
the alloy particles were found to be close to the projected
values, with a small standard deviation, i.e., less than 3.1
atom % for Pt2Ru3 and 1.4 atom % for Pt3Co. It was also
found that these alloys were in a form corresponding to the
solid solutions with the fcc structure.

EXPERIMENTAL SECTION
Preparation of Particle-Size-Controlled Carbon-Supported

Pt and Pt-M Nanoparticle Catalysts. Figure 1 shows the
preparation protocol of Pt and Pt-M (M ) Ru and Co) particles
highly dispersed on a carbon black support (CB, Ketjen Black
EC, specific surface area ) 800 m2 g-1, Lion Co, Ltd.) support.
In addition to our conventional nanocapsule method, reported
earlier (Scheme 1) (30, 31), we also employed a modified
protocol (Scheme 2). The difference between Scheme 1 and
Scheme 2 is the timing of the addition of CB to the solution.
Both syntheses were performed in a reaction flask (volume )
100 mL) under a N2 atmosphere with magnetic stirring. First,
Pt(acac)2 and metal acetylacetonate, M(acac)x were dissolved
in a mixed solvent of 1,2-hexadecanediol (260 mg) and diphenyl
ether (12.5 mL). The projected value of total metal loading on
CB was 50 wt % for all samples. The mixture was heated at 110
°C for 20 min in a N2 atmosphere with magnetic stirring,
followed by an addition of a given amount of surfactant (oleic

FIGURE 1. Illustration of the preparation protocol for Pt/CB and Pt-M/CB catalysts.
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acid and oleylamine). The molar ratios of metal salt(s) to
surfactant (M/S) were adjusted at 0.1, 0.5, and 1.0 in order to
control the particle size. CB was then added to the mixed
solution in the case of Scheme 1, whereas CB was added after
the reduction reaction step in Scheme 2. The temperature was
elevated to 220 °C. After maintaining this temperature for 30
min, LiBEt3H (1.0 mL) was added dropwise into the mixture.
The reduction reaction was performed by refluxing the mixture
at 270 °C for 30 min. The mixture was then cooled to room
temperature. In Scheme 1, the mixture (metal nanoparticles
adsorbed on CB with organic moiety) was filtered. In contrast,
in Scheme 2, CB was ultrasonically dispersed into diphenyl ether
at ca. 30 °C, and the mixture obtained (metal nanoparticles
protected by organic nanocapsules) was added dropwise into
the CB suspension, followed by elevating the temperature to
270 °C and maintaining that temperature for 30 min. Finally,
the mixture was cooled to room temperature and filtered. The
powders thus obtained in both Schemes 1 and 2 were dried at
60 °C in a vacuum and were heat-treated at 400 °C for 4 h in
flowing N2 to remove the organic moieties completely.

The catalyst powders thus prepared were characterized by
X-ray diffraction (XRD, Rigaku RINT2000) with CuKR radiation
(50 kV, 300 mA) and scanning transmission electron micros-
copy (STEM, Hitachi HD-2300C, acceleration voltage ) 200 kV)
with an energy-dispersive X-ray analysis (EDX, EDAX Genesis).
The loaded amounts of the catalysts on carbon were quantified
from the weight loss by combustion of the CB at 600 °C in air.

Electrochemical Measurement. A conventional three-elec-
trode cell was used for all of the electrochemical measurements.
Each working electrode consisted of the catalysts uniformly
dispersed on a glassy carbon substrate (diameter ) 10 mm,
geometric area ) 0.785 cm2) at a constant loading of carbon
support (5.5 µg cm-2), which corresponds to nominal mono-
layer height of carbon black particles. Nafion solution (DE521,
E.I. du Pont de Nemours & Company Inc.) diluted with ethanol
was pipetted on top of the catalyst layer, yielding an average
film thickness of 0.05 µm, and was dried under an ethanol-rich

atmosphere at room temperature. Finally, the Nafion-coated
electrode was heat-treated at 130 °C for 30 min in air. A
platinum wire and a reversible hydrogen electrode (RHE) were
used as the counter and reference electrodes, respectively. The
electrolyte solution of 0.1 M HClO4 was prepared from reagent
grade chemicals (Kanto Chemical Co., Japan) and Milli-Q water
(Millipore Japan Co., Ltd.) and further purified by conventional
pre-electrolysis methods (32, 33).

RESULTS AND DISCUSSION
Characterization of Pt/CB Catalysts Prepared

with Various M/S Ratios. Figure 2 shows STEM images
of several Pt/CB samples, which were prepared with M/S
ratios of 0.1, 0.5, and 1.0 by the two different protocols,
Scheme 1 and 2. The particle size distribution histograms
among ca. 500 Pt particles are also shown. Typical proper-
ties of these catalysts are summarized in Table 1. The
platinum metal loading levels in these catalysts prepared by
both Scheme 1 and 2 were close to the projected values and
nearly independent of the M/S. For the case of Scheme 1,
the average particle size (dSTEM) and the standard deviations
σd of the Pt particles prepared at M/S ) 0.1, 0.5, and 1.0
were 2.2 ( 0.4, 2.9 ( 0.4, and 3.3 ( 0.8 nm, respectively.
The values of dSTEM are found to accord well with the
crystallite size (dXRD) calculated from Scherrer’s equation for
the XRD peak assigned to Pt(220). Hence, it is clear that the
Pt particle size increased with increasing M/S. However, the
σd values for the particle size increased abruptly at M/S )
1.0.

When the Pt/CB catalysts were prepared according to
Scheme 2, the average Pt particle size also increased with
M/S, but the σd values remained small, within 0.4 nm (less

FIGURE 2. STEM images and particle size distribution histograms of Pt/CB catalysts prepared by Scheme 1 (column A) and Scheme 2 (column
B) at various M/S ratios: (a, d) M/S ) 0.1, (b, e) M/S ) 0.5, (c, f) M/S ) 1.0. The histograms were obtained among 500 particles in the STEM
images.
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than 10% of each dSTEM), regardless of M/S, i.e., the values
of dSTEM (with ( σd value) were 2.0 ( 0.2, 3.1 ( 0.3, and 4.5
( 0.4 nm at M/S ) 0.1, 0.5, and 1.0, respectively. The dSTEM

and dXRD values agreed. It is clearly seen in the STEM images
that the Pt nanoparticles are uniformly dispersed on the CB
support, regardless of the M/S. Thus, by employing Scheme
2 in the preparation, we succeeded in controlling the Pt
particle size from 2.0 to 4.5 nm by changing the M/S from
0.1 to 1.0, while maintaining the monodisperse state. It was
reported that the size of Pt particles dPt produced by a
method similar to our nanocapsule method corresponded
to that of the reverse micelles dRM, as measured by the
dynamic light scattering method (34); dPt was slightly smaller
than dRM. It is quite reasonable to consider that dRM can
increase with increasing M/S, since the size of the “water
pool” containing the metal salts increases when the surfac-
tant concentration is higher than the critical micelle concen-
tration and the reverse micelles are stable in the solvent. The
fact that the dPt values (dSTEM and dXRD in Table 1) increased

with M/S in both Scheme 1 and Scheme 2 strongly supports
such a mechanism for controlling the particle size. However,
when CB was mixed during the reduction reaction in Scheme
1, the stability of the reverse micelles may decrease at high
M/Sg 1.0, probably because of a steric hindrance, which may
result in a larger σ value than that observed in Scheme 2.

The electrochemically active surface areas (ECA) of the
Pt/CB catalysts prepared by Scheme 2 were examined by
cyclic voltammetry. Figure 3 shows typical cyclic voltam-
mograms (CVs) at Nafion-coated Pt/CB in 0.1 M HClO4

solution deaerated with N2 gas at 30 °C. First, the working
electrodes were electrochemically stabilized by potential
cycling from 0.05 to 1.0 V at a sweep rate of 0.5 V s-1 until
a steady-state CV was obtained. The ECA of Pt was calculated
from the electrical charge of the hydrogen desorption wave
QH in each CV obtained by potential sweep from 0.05 to 1.0
at 0.1 V s-1, assuming QH

o ) 210 µC cm-2 for smooth
polycrystalline Pt (32, 35). The ECA was found to increase
with decreasing Pt particle size. The values of ECA for the
Pt/CB catalysts with dSTEM ) 2.0, 3.1, and 4.5 nm were 115.0,
79.4, and 64.6 m2 g-1, respectively (see inset of Figure 4),
which are close to the specific surface area (SA) calculated
from dSTEM, assuming a spherical shape for the particles. This
indicates that all Pt catalyst surfaces were sufficiently clean
to adsorb the expected amounts of hydrogen. Hereinafter,
we employed Scheme 2 to prepare various catalysts.

Characterization of Pt-Alloy/CB Catalysts
Prepared with Various M/S Ratios. Pt-Ru/CB
Catalysts. Figure 4 shows the STEM images of Pt2Ru3/CB
prepared with various M/S values and a commercial Pt2Ru3/
CB together with the particle size distribution histograms.
Typical properties of these catalysts are summarized in Table
2. Nanoparticles were uniformly dispersed on the CB sup-
port, and their size distribution histograms were fairly
narrow in all of our samples, whereas large particles (>5 nm)
were frequently observed in the commercial samples. The
average particle sizes dSTEM and σd values for the catalysts
prepared with M/S ) 0.3, 0.6, and 1.2 were 2.6 ( 0.2, 3.6
( 0.3, and 4.5 ( 0.5 nm, respectively; the value of σd was
less than 10% of each dSTEM. The amounts of metal loaded
were close to the projected values and nearly independent
of the M/S. We examined the alloy composition by EDX
spot analysis for 20 randomly selected particles from the
STEM observation. Regardless of the M/S values, the
average compositions of the catalysts were very close to
the projected values (40 atom % Pt and 60 atom % Ru),
with a small standard deviation in the composition: σcomp

< 2.2-3.1 atom %.

It should be noted that the average particle size itself of
the commercial sample, dSTEM ) 3.5 nm, was close to that
of our catalyst at M/S ) 0.6, but the standard deviation for
the commercial one (σd ) 0.9 nm) was three times larger
than that for our catalyst (σd ) 0.3 nm). The average alloy
composition in the commercial one was also close to the
nominal value (given by the manufacturer), but the standard
deviation in the composition among particles (σcomp ) 5.7
atom %) was larger than that of our catalysts (σcomp ) 3.1

Table 1. Typical Properties of Pt/CB Catalystsa

catalyst
(M/S)

metal
loadedb

(wt %)
dXRD

c

(nm)
dSTEM

d

(nm)

ECAe

(from CV)
(m2 g-1)

SAf

(from STEM)
(m2 g-1)

lattice
constantg

(pm)

Scheme 1
0.1 46.4 1.9 2.2 ( 0.4 392 ( 1
0.5 48.5 2.7 2.9 ( 0.4 393 ( 1
1.0 47.6 2.9 3.3 ( 0.8 393 ( 1

Scheme 2
0.1 46.5 2.0 2.0 ( 0.2 115 137 392 ( 1
0.5 48.8 2.9 3.1 ( 0.3 79.4 89.2 393 ( 1
1.0 48.7 4.5 4.5 ( 0.4 64.6 60.9 393 ( 1

a Projected loading levels (wt %) of all Pt catalysts were 50 wt %.
b Metal weight percent in Pt/CB catalysts estimated by weight loss
using thermogravimetry (TG). c Average crystallite size calculated
from Scherrer’s equation. d Average particle size and the standard
deviations σd based on the STEM observation. e Specific surface area
evaluated from the electric charge of hydrogen desorption wave in
each CV in Figure 3. f Electrochemically active surface area evaluated
from STEM images. g Average lattice constants and standard
deviations.

FIGURE 3. Cyclic voltammograms to determine the electrochemi-
cally active surface areas, ECA, at a Nafion-coated Pt/CB electrode
in 0.1 M HClO4 solution purged with N2 at 30 °C. Scan rate ) 0.1 V
s-1.
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atom %). The uniform alloy composition in our nanocapsule
catalysts is one of the essential characteristics for the reac-
tion(s) within the nanoscale volume under identical condi-
tions except for the M/S ratio.

Figure 5 shows XRD patterns for various Pt-Ru/CB
catalysts, together with Pt/CB (M/S ) 1.0). The broad peak
at 2θ ) ca. 25° for all samples was assigned to amorphous
carbon (CB). The diffraction peaks for Pt-Ru/CB were shifted

FIGURE 4. STEM images (left column, low-magnification; middle column, high-magnification images) and particle size distribution histograms
of Pt2Ru3/CB catalysts (right column) prepared with various M/S ratios of (a) M/S ) 0.3, (b) M/S ) 0.6, and (c) M/S ) 1.2, and (d) commercial
Pt2Ru3/CB catalyst. The histograms were obtained among 500 particles in the STEM images.

Table 2. Typical Properties of Pt2Ru3/CB Catalystsa

compositionc

catalyst
(M/S)

metal
loadedb

(wt %)
Pt

(atom %)
Ru

(atom %)
dSTEM

d

(nm)

lattice
constante

(pm)

0.3 47.4 40.2 ( 2.2 59.8 ( 2.2 2.6 ( 0.2 387 ( 2
0.6 46.4 40.3 ( 3.1 59.7 ( 3.1 3.6 ( 0.3 387 ( 2
1.2 48.6 41.0 ( 2.2 59.0 ( 2.2 4.5 ( 0.5 387 ( 2
commercial 52.9 40.4 ( 5.7 59.6 ( 5.7 3.5 ( 0.9 387 ( 2

a Projected loading levels (wt %) of all Pt2Ru3 catalysts were 50 wt
%. b Metal weight percent in Pt2Ru3/CB catalysts estimated by weight
loss using TG. c Average composition and the standard deviations
σcomp on the Pt2Ru3 particles analyzed by spot-analysis with EDX at
20 particles randomly selected. d Average particle size and the
standard deviations σd based on the STEM observation. e Average
lattice constants and standard deviations calculated from (111),
(200), (220), and (311) diffraction peak in Figure 5.

FIGURE 5. X-ray diffraction patterns of (a) Pt/CB (prepared with M/S
) 1.0), (b) commercial PtRu/CB, and nanocapsule PtRu/CB prepared
with (c) M/S ) 0.3. XRD of (d) commercial Pt2Ru3/CB, and nanocap-
sule Pt2Ru3/CB prepared with M/S ) (e) 1.2, (f) 0.6, and (g) 0.3 are
also shown.
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to higher angles than the fcc phase of pure Pt. For example,
the peak at 2θ ) 39.8° is assigned to Pt(111) for Pt/CB, while
the corresponding peak for our Pt2Ru3 catalysts was ob-
served at ca. 40.4°, irrespective of M/S. No extra peaks
assigned to Ru or Ru oxides were identified. The average
lattice constant for these Pt-Ru catalysts calculated from
(111), (200), (220), and (311) are summarized in Table 2.
Figure 6 shows the lattice constant as a function of Ru atom
% (analyzed value in Table 2). The average lattice constant
of our Pt2Ru3/CB and Pt50Ru50/CB catalysts (open symbols)
and commercial ones (closed symbols) are located on the
regression line based on Vegard’s law, indicating that the
fcc solid solution was formed from Pt and Ru because of the

closely matching atomic radii (139 pm for Pt and 134 pm
for Ru), even though pure Ru metal belongs to the hexagonal
closest packing (hcp) structure. Even though there is a
theoretical prediction that ordered Pt-Ru crystal structures
exist, e.g., Pt3Ru and PtRu (36), and experimental evidence
for Pt2Ru3 (37), it appears that such structures might not lead
to a significant difference in lattice constant compared to the
corresponding solid solution. Summarizing this section, we
have succeeded in controlling the Pt2Ru3 alloy particle size
from 2.6 to 4.5 nm by changing the M/S ratio from 0.3 to
1.2 while maintaining both the monodisperse state and the
uniform alloy composition.

Pt3Co/CB Catalysts. Figure 7 shows STEM images of
the Pt3Co/CB samples, which were prepared with M/S ratios
of 0.3, 0.7, and 1.3, and a commercial Pt3Co/CB sample,
together with the particle size distribution histograms. Typi-
cal properties of these catalysts are summarized in Table 3.
It is clearly seen for our catalysts in the STEM images that
the Pt3Co nanoparticles are uniformly dispersed on the CB
support, and their size distribution histograms are fairly
narrow, regardless of M/S. The average particle sizes of these
catalysts increased with increasing M/S ratio, i.e., the values
of dSTEM (with ( σd value) were 2.0 ( 0.2 (M/S ) 0.3), 2.9 (
0.3 (M/S ) 0.7), and 4.2 ( 0.6 nm (M/S ) 1.3). Similar to
the cases of Pt/CB and Pt2Ru3/CB, dSTEM increased with M/S.
The metal loading levels were close to the projected value
of 50 wt %. The alloy compositions of our catalysts exam-

FIGURE 6. Relationship between lattice constant and Ru content
(analyzed atomic percent) of Pt2Ru3 alloys prepared with (O) M/S )
0.3, (0) M/S ) 0.6, and (∆) M/S ) 1.2. Data for PtRu alloy prepared
with (3) M/S ) 0.3 and commercial one are plotted by symbols 2
and1, respectively. Symbols (b) and (() indicate the lattice constant
of pure Pt and Ru.

FIGURE 7. STEM images and particle size distribution histograms of Pt3Co/CB catalysts prepared with various M/S ratios of (a) M/S ) 0.3, (b)
M/S ) 0.7, and (c) M/S ) 1.3, and (d) commercial Pt3Co/CB catalyst. The histograms were obtained among 500 particles in the STEM images.
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ined by EDX spot analysis were very close to the projected
value of Pt:Co ) 3:1, regardless of M/S. The values of σcomp

among 20 randomly selected particles were less than 1.5
atom %, whereas that of commercial sample was relatively
large: σcomp ) 8.2 atom %. Thus, the Pt-Co alloy composi-
tion was well controlled in our preparation method. The
average particle size itself of the commercial one (dSTEM )
3.3 nm) was close to that of our Pt3Co/CB catalyst prepared
at M/S ) 0.7, but the σd value for the commercial one (σd )
1.3 nm) was four times larger than that of our catalyst (σd )
0.3 nm).

Figure 8 shows the XRD patterns for our Pt3Co/CB cata-
lysts, together with that for Pt/CB (M/S) 1.0). The diffraction
peaks for Pt3Co/CB were shifted to slightly higher angles than
the fcc phase of pure Pt, without any extra peaks assigned
to Co or Co oxides. The average lattice constant for these
Pt3Co catalysts calculated from (111), (200), (220), and (311)
in the XRD pattern are summarized in Table 3. Figure 9
shows the lattice constant as a function of Co atom.%. In
our previous work (31), we found that the change in the
lattice constant of PtxCo (x ) 1-3) supported on the CB was
smaller than that expected from simple Vegard’s law, be-
cause the atomic radius (125 pm) of pure Co metal (belong-
ing to the hcp structure) is significantly smaller than that of
Pt (139 pm) or Ru (134 pm). However, up to 45 atom %, a
nearly linear relationship was observed, as shown by the
solid line in Figure 9. The average lattice constant of the

present Pt3Co/CB catalysts (open symbols) and commercial
Pt3Co/CB are located on such a regression line. Summarizing
this section, we have succeeded in controlling the Pt3Co alloy
particle size from 2.0 to 4.2 nm by changing the M/S from
0.3 to 1.3, while maintaining both the monodisperse state
and uniform alloy composition.

Figure 10 shows the average particle size of Pt, Pt2Ru3,
and Pt3Co catalysts supported on the CB prepared by
Scheme 2. In all samples, the particle size increased nearly
in proportion to the M/S value. It is also shown that the
particle size of Pt3Co was somewhat smaller than those of
pure Pt and Pt-Ru alloy at a give M/S value, the reason not
being clear at the present stage. However, by using these
lines as the reference, we can control the particle size with
the appropriate M/S for these catalysts. We are performing
experiments for the evaluation of the electrochemical activi-
ties of these catalysts by using the channel flow double
electrode (CFDE) method (27, 30, 31, 38, 39) and attenuated
total reflection Fourier transform infrared reflection absorp-
tion spectroscopy (ATR-FTIRAS) (40–42).

CONCLUSIONS
We have succeeded in preparing monodisperse Pt, Pt-Ru,

and Pt3Co supported uniformly on carbon black with well-
controlled particle size, alloy composition, and loading level
with the nanocapsule method. The particle size was well-
controlled by changing the molar ratio of metal precursor(s)
to surfactant (M/S); the average particle size increased with

Table 3. Typical Properties of Pt3Co/CB Catalystsa

compositionc

catalyst
(M/S)

metal
loadedb

(wt %)
Pt

(atom %)
Co

(atom %)
dSTEM

d

(nm)

lattice
constante

(pm)

0.3 46.0 74.2 ( 1.4 25.8 ( 1.4 2.0 ( 0.2 387 ( 1
0.7 48.1 76.0 ( 1.3 24.0 ( 1.3 2.9 ( 0.3 385 ( 2
1.3 50.8 76.6 ( 1.2 23.4 ( 1.2 4.2 ( 0.6 386 ( 1
commercial 47.7 75.7 ( 8.2 24.3 ( 8.2 3.3 ( 1.3 385 ( 1

a Projected loading levels (wt %) of all Pt3Co catalysts were 50 wt
%. b Metal weight percent in Pt3Co/CB catalysts estimated by weight
loss using TG. c Average composition and the standard deviation
σcomp on the Pt3Co particles analyzed by spot-analysis with EDX at 20
particles randomly selected. d Average particle size and the standard
deviations σd based on the STEM observation. e Average lattice
constants and standard deviations calculated from (111), (200),
(220), and (311) diffraction peak in Figure 8.

FIGURE 8. X-ray diffraction patterns of Pt3Co/CB catalysts prepared
with (a) Pt/CB catalyst prepared with M/S ) 1.0, (b) commercial, (c)
M/S ) 1.2, (d) M/S ) 0.6, and (e) M/S ) 0.3.

FIGURE 9. Relationship between the lattice constant and Co content
(analyzed atomic percent) of Pt3Co alloys prepared with (O) M/S )
0.3, (0) M/S ) 0.7, and (∆) M/S ) 1.3, together with (1) a commercial
one and (() pure Pt and Co. Data for PtxCo/CB (x ) 1, 2, and 3) cited
from ref 31 are also shown (b).

FIGURE 10. Relationship between metal/surfactant mole ratio (M/
S) and particle size of (O) Pt, (0)Pt2Ru3, and ()) Pt3Co (prepared by
Scheme 2 in Figure 1).
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increasing M/S while maintaining the standard deviation
much smaller than that of the corresponding commercial
one.

It was clearly observed that the compositions of the alloy
particles were close to the projected values, with very small
standard deviations. So far, particle size was controlled by
changing the heat-treatment temperature (or time) and/or
the metal loading levels on the support. However, this
conventional technique resulted in large standard deviations
of both particle sizes and compositions. In contrast, in our
nanocapsule method, all of the preparation conditions (con-
centration of metal precursors, heat treatment and metal
loading level) were identical, except that the M/S ratio was
used to control the particle size. The present research
certainly contributes to the development of synthetic meth-
ods for electrocatalysts with finely tuned particle size and
alloy composition, with which high catalytic activity and
durability for PEFCs may be attainable, as well as other
applications such as catalysts for various chemical reactions.
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