
Engineering Preformed Cobalt-Doped
Platinum Nanocatalysts For
Ultraselective Hydrogenation
Shik Chi Tsang,†,* Nick Cailuo,† William Oduro,† Adam T. S. Kong,† L. Clifton,† K. M. Kerry Yu,†

Benedicte Thiebaut,‡ James Cookson,‡ and Peter Bishop‡

†Wolfson Catalysis Centre, Inorganic Chemistry, University of Oxford, Oxford, OX1 3QR, U.K., and ‡Johnson Matthey Technology Centre, Sonning Common, Reading RG4
9NH, U.K.

I
t is long known that specific sites are re-
sponsible for different molecular reac-
tions taking place on the surface of a

catalyst. By understanding the molecular in-
terrelations, one may be in a position to ma-
nipulate the catalyst’s selectivity on an
atomic basis. It is noted that achieving
100% selectivities is one of the key goals
for present and future research in the field
of catalysis. Thus, in order to enhance the
reaction selectivity, the nature of the sur-
face sites (which are size and shape de-
pendent) must be carefully defined and
controlled. The recent tailoring of metal
nanostructures with controlled size and
shape by lithographic techniques1 and by
nanochemistry synthetic skills2 provides in-
teresting approaches, but little investiga-
tion has been undertaken using bimetallic
nanostructures. This would be particularly
advantageous, since in selective catalytic
hydrogenations bimetallic catalysts have
proven to exhibit superior performance as
compared to their monometallic counter-
parts.3

In the fields of flavor and fragrance
chemistry and pharmaceuticals, the selec-
tive hydrogenation of unsaturated carbonyl
intermediates (such as �,�-unsaturated al-
dehydes) to their corresponding unsatur-
ated alcohols is a vitally important reaction.
Although the reduction can be achieved us-
ing stoichiometric amounts of reducing
agents, such as metal hydrides, there are in-
creasing stringent requirements on mod-
ern industrial processes regarding atom ef-
ficiency, energy consumption, waste
product disposal, and sustainability. Conse-
quently, a new heterogeneous catalysis pro-
cess achieving 100% selectivity toward de-
sirable hydrogenated products without any
side-product formation would be preferred

to avoid any loss of energy efficiency and
waste post-treatment. Solid supported bi-
metallic catalysts have been extensively in-
vestigated in recent years,3�6 and these ap-
pear to be the promising candidates for
the hydrogenation of �,�-unsaturated alde-
hydes to the corresponding unsaturated al-
cohols. The addition of a second metal to ei-
ther supported Pt or Pd metals (that are
synthesized via conventional routes, that
is, coprecipitation, coimpregnation, surface
organometallic reactions, etc.) results in a
higher selectivity toward the unsaturated
alcohol, which is generally attributed to the
active interface created. Thus, a wide vari-
ety of catalysts with two or more metallic
components, on different support materi-
als, have been studied. It has been pro-
posed that the second metal provides geo-
metric and electronic modifications to the
surface.3�6 However, the traditional ap-
proaches for these catalyst preparations do
not produce well-defined samples (with
problems including uncontrolled metal/
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ABSTRACT Bimetallic heterostructures are used as industrial catalysts for many important transformations.

However, conventional catalysts are primarily prepared in cost-effective manners without much appreciation in

metal size control and metal�metal interaction. By employing recent nanotechnology, Pt nanocrystals with

tailored sizes can be decorated with Co atoms in a controlled manner in colloid solution as preformed nanocatalysts

before they are applied on support materials. Thus, we show that the terminal CAO hydrogenation can be

achieved in high activity, while the undesirable hydrogenation of the CAC group can be totally suppressed in

the selective hydrogenation of �,�-unsaturated aldehydes to unsaturated alcohols, when Co decorated Pt

nanocrystals within a critical size range are used. This is achieved through blockage of unselective low coordination

sites and the optimization in electronic influence of the Pt nanoparticle of appropriate size by the Co decoration.

This work clearly demonstrates the advantage in engineering preformed nanoparticles via a bottom-up

construction and illustrates that this route of catalyst design may lead to improved catalytic processes.

KEYWORDS: size effect · catalytically active site · bimetallic ·
hydrogenation · electronic effect · site blocking
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metal morphology and interface, poor control in par-

ticle size, support effects). A poor understanding of

these parameters hinders future development. As a re-

sult, further intensive efforts in exploring new formula-

tions of supported metallic catalysts, prepared using

traditional synthesis, may not be justified in solving this

intrinsic problem unless some fundamental under-

standing on the mechanism can first be obtained. It is

noted that no catalyst has previously been identified

that produces �,�-unsaturated alcohols as exclusive

products.

In this work, we exploited nanochemistry prepara-

tive skills; the use of a modified colloid preparative

technique,2,7�10 for the syntheses of unsupported Pt

nanoparticles and the Co atoms decorated Pt nanopar-

ticles of controlled and well-defined sizes. The latter was

achieved via a sequential chemical reduction in the

presence of the preformed Pt nanoparticles as seeds

(see Methods). Subsequently, we investigated the size

effects of these unsupported, unmodified-Pt and

codecorated-Pt nanoparticles for the hydrogenation of

�,�-unsaturated aldehydes (such as cinnamaldehyde

and citral) to the corresponding alcohols.

RESULTS AND DISCUSSION
The resulting Pt nanoparticles displayed uniformed

Pt particle distributions; a typical TEM micrograph (Fig-

ure 1a) shows small, nearly monodispersed Pt particles

(confirmed by EDX) of around 3.3 nm (�0.5 nm) (Fig-

ure 1b). This diameter agrees well with our evaluation

from the line broadening of Pt�111� XRD peak using the

Scherrer equation. Under a careful examination of the

TEM micrograph, all of the particles appear to be spheri-

cal or slightly faceted nanocrystals with the Pt (111)

and (200) lattice fringes clearly visible from the imag-

ing (Figure 2). Varying the concentration of the stabiliz-

ers enabled the size of nanocrystals to be controlled,

while maintaining their similar morphology and nar-

row size distribution. Therefore, this process can pro-

duce nearly monodispersed nanocrystals of well-

defined sizes. These are listed in Table 1 together with

their associated selectivity toward the reduction of cin-

namaldehyde. For example, the 2.8 nm particles gave

24.8% selectivity, while the 14.4 nm particles showed

85.6%. This suggests that this reaction is structure sen-

sitive, according to Boudart’s classification.4 It has been

demonstrated that different surface metal sites (i.e., cor-

ners, steps, and terraces) on the Pt crystal give differ-

ent selectivities for this hydrogenation reaction. The

proportion of sites available can be greatly varied by

changing the crystal size: with selectivity being in-

versely dependent on size of crystal.3�6 This result is

therefore consistent with earlier studies of gas-phase

hydrogenation of �,�-unsaturated aldehydes on well-

defined single crystal surfaces, which showed the im-

portance of specific modes of adsorption on metal crys-

tal faces and structure of the substrate molecule on

the overall selectivity. According to theoretical calcula-

tions from Delbeccq et al.,11 flat surfaces, such as

Pt(111), adsorb the �,�-unsaturated aldehyde in a ter-

minal di-�co mode. This leads to the preferential termi-

Figure 1. (a) A TEM showing 3.3 nm Pt nanocrystals made from chemical re-
duction at elevated temperature; (b) a sharp particle-size distribution de-
rived from TEM micrograph, illustrating that most Pt particles are within 3.5
� 0.5 nm.

Figure 2. High resolution TEM showing typical 3.3 nm Pt
nanocrystals (2.27 and 1.96 Å lattice fringes correspond to
Pt (111) and (200) planes, respectively).

TABLE 1. Nanocrystal Particle Size and Selectivity toward
Cinnamyl Alcohola

Particle size (nm) cinnamyl alcohol selectivity %

2.8 24.3
3.1 30.2
3.3 44.6
4.8 49.1
6.0 80.8
14.4 85.6
24.8 (sintered) 85.3

aAverage particle size was deduced by TEM; 37 mg of unsupported Pt nanocrystals,
5 mL of 12.5% vol/vol cinnamaldehyde in IPA, 20 bar H2, 100 °C for 2 h were placed
in 25 mL stainless steel autoclave. The liquid sample was analyzed with GC-FID and
GC�MS to identify and quantify all products, which showed a total consumption of
cinnamaldehyde under the reaction conditions. Only two main products, the unsat-
urated alcohol (cinnamyl alcohol) and the saturated aldehyde (hydrocinnamalde-
hyde) were obtained with only traces of phenylpropanol detected.
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nal aldehyde being reduced to unsaturated alcohol. In
contrast, low coordination sites (such as corners, kinks,
adatoms, and defective sites) favor � interactions with
CAC, which account for unselective products. The frac-
tion of low coordination sites decreases with the in-
crease in the size of Pt crystals,12 thus accounting for
the corresponding increase in the selectivity to the un-
saturated alcohol. With our accurate control in Pt crys-
tallite size, this present work clearly underpins the size
effect on selectivity of this hydrogenation, which can be
separated from the effects of support and chemical pro-
motion. However, it is interesting to observe that the
selectivity to unsaturated alcohol converges to around
85%, despite further enhancement in particle size. De-
tailed analysis also reveals that the selectivity depends
on the coverage of the substrate molecule (with high
concentrations of the substrate favoring the terminal al-
dehyde hydrogenation, due to steric effects that in-
hibit the hydrogenation of the CAC bond of cinnamal-
dehyde6). These results gave two implications: First,
the nature of adsorption mode that dictates the
chemoselectivity is dynamic, depending on both the
surface coverage and crystal planes. Therefore using
larger unmodified Pt crystals may not further raise the
selectivity to 100%. Second, the use of larger crystallites
is commercially less attractive regarding atom effi-
ciency (maximizing productivity per gram of catalyst
used). The effect of atomic decorations on these Pt
nanocrystals was then studied.

Modification of Pt by adding a second metal for the
same reaction over conventional catalysts has previ-
ously been extensively studied. It has been reported
that significant improvements in the selectivity can be
achieved, but this selectivity rarely exceeded 90%. For
example, one report described the preparation of a
platinum�cobalt bimetallic catalyst on carbon sup-
port, prepared by a coimpregnation method. This dis-
played a selectivity of 90% to cinnamyl alcohol, which
is among the highest value reported in the literature.3

A cobalt�boron catalyst has also been shown to exhibit
high activity and selectivity (87.6%), for the same reac-
tion.13 Following this precedent, the Pt nanocrystals
prepared by our method were decorated with Co and
other metals.

Co decoration of Pt nanocrystals was achieved by
the reduction of Co(acac)2 at elevated temperatures, in
the presence of the preformed 4.8 nm Pt nanoparticles.
Table 2 displays the dramatic effect that this decora-
tion bestows upon the reaction selectivity. The selectiv-
ity to the unsaturated alcohol initially increases with in-
creasing content of the Co precursor added to the
reaction mixture. After the addition of approximately
one molar equivalent of cobalt the selectivity levels off
at �99.8% selectivity, with a complete conversion of
the substrate. TEM revealed that there was no appar-
ent change in the Pt morphology, but both EDX and ICP
analyses showed a small level of Co deposited onto

the Pt (leveling off at a 0.18 Co/Pt ratio), despite a large

excess of Co precursor added to the reaction mixture

(it is attributed to the fact that only the low coordinated

Pt sites can selectively take up Co atoms from solu-

tion). Under the same conditions, we demonstrated

that Co2	 could not be reduced without the presence

of Pt seeds. This implies that catalytic deposition onto Pt

nanocrystal was occurring, by this technique.

It is noteworthy that using Co decoration gave the

optimum selectivity in cinnamaldehyde hydrogena-

tion. The preformed 4.8 nm Pt nanoparticles were also

decorated by the addition of a range of other second

metals, including the first row transition elements.

While the addition of Mn and Fe gave rise to increased

selectivities (not shown) in comparison to the undeco-

rated Pt nanoparticles, overall lower selectivities were

observed, with Co appearing at the optimum point of

a volcano plot.

Our remarkable result, with virtually 100% selectiv-

ity at the complete cinnmaldehyde conversion, is very

intriguing and interesting. Similarly, remarkably high se-

lectivities in the hydrogenation of more challenging

�,�-unsaturated aldehydes to corresponding unsatur-

ated alcohol such as citral (
96% selectivity to the iso-

mers nerol and geraniol, not shown) at decent conver-

sions is also found; thus highlighting the versatility of

the catalyst. As far as we are aware, these selectivities

are the highest, among all those reported in the litera-

ture, for this reaction using Pt-based catalysts. It is

therefore interesting to explore further the Co atoms

decorated Pt synthesized by our method.

Figure 3 reveals a very interesting size effect of Co

atom-decorated Pt nanocrystals (synthesized using an

equimolar Co/Pt ratio), which has not previously been

observed. The figure shows that crystal sizes smaller

than 6 nm were found to give 
99.6% while larger crys-

tal size such as 22.5 nm only resulted in selectivities of

�85%. It is interesting to note that the latter particle

TABLE 2. Co Decoration on Pt Nanoparticles (4.8 nm)a

molar ratio
Co/Pt recipe

(EDX Co/Pt ratio of solid product)

% cinnamaldehyde
conversion

% selectivity to
cinnamyl alcohol

0 (0) 18.82 41.4
0.24 (0.17) 58.38 61.2
0.49 (0.18) 81.77 73.6
0.98 (0.18) 91.06 99.6
1.47 (0.18) 90.83 99.1
3.91 (n.d) 76.40 98.1

aInitially, 4.8 nm Pt seeds were prepared using a solution mixture of platinum
acetyl acetonate (99.99%, Aldrich, 0.30 g), 1,2-hexadecanediol (90%, Aldrich,
0.20 g), 120 �L of oleic acid, (99	%, Aldrich), and 120 �L of oleylamine (98%, Al-
drich) in 10 mL of octylether (99%, Aldrich) refluxed at 250 °C for 40 min in a three-
necked round-bottom flask in an inert environment. This was followed by adding co-
balt acetyl acetonate, Co(acac)2, (min 97%, Merck) with the quantity shown in the
table relevant to Pt in 5.0 mL of octylether, 64 �L of oleic acid, and 1,2-
hexadecanediol (90%, Aldrich, 0.50 g) at room temp before the mixture was heated
to 250 °C for 20 min.
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size yielded the same selectivity as the large unmodi-

fied Pt crystals (Table 1).

From this work, several fundamental questions arise:

Why is the selectivity dependent on Pt size, but in-

versely dependent on Co-decorated Pt size? What is

the role of Co in determining the remarkably high selec-

tivities? If it has more than one function, then how can

we differentiate its effects? Why do Co-decorated Pt

nanocrystals, prepared by our nanochemical tech-

niques, display significantly superior selectivities com-

pared to those catalysts prepared by conventional

techniques?

To address these questions, the Pt surface of the
catalyst was carefully examined using a probe mol-
ecule; CO was adsorbed onto the Pt surface and this
was subsequently examined by infrared spectroscopy.
Figure 4 shows CO adsorption spectra of different-sized
Pt nanocrystals, using a surface sensitive ATR-IR tech-
nique at 1 atm under a flowing stream of CO. The IR
spectra obtained gave rise to at least two distinctive
c�o bands; the first, appearing between 2090 and 2040
cm�1 (peaked at 2060 cm�1) is attributed to linearly ad-
sorbed CO on one Pt atom, and the second, at around
1860�1780 cm�1 (a broad peak at 1830 cm�1), is as-
signed to CO bridging on two or more Pt atoms.14,15

This assignment was corroborated by results obtained
on single crystal planes and supported metal particles.
This suggests that platinum adsorbs CO predominantly
in a linear manner, with a low occupancy of bridged
sites at high CO coverage.14 However, when the Pt
nanocrystals become smaller, a new band arises at ap-
proximately 1925 cm�1, and this peak is more prevalent
with decreasing particle size. This band is characteristic
of the stretching mode of multi-CO, in which more than
one CO molecules are bound to a low coordination Pt
atom, and is typically found in spectra of molecular Pt
carbonyl complexes.16 It is noted that finely dispersed
supported noble metals can also give rise to multicar-
bonyl species, particular the dicarbonyl on lower coor-
dination metal atoms (such as corners, steps, adatoms,
or defective sites).17 This can therefore explain our ob-
servation of the increasing intensity of this peak in
smaller particles. However, one important point that
should be noted is that the predominance of this
multicarbonyl species at 2.8 nm in our case, as com-
pared with the principal linear mode on supported Pt
nanoparticles, is rather unusual and surprising. On the
other hand, the surfaces of small Pt nanocrystals pre-
pared under the mild conditions used in colloidal metal
preparations have not been exposed to conditions
that would cause annealing to the most stable surface
structure. As a result of this they differ from most con-
ventional prepared supported platinum particles in het-
erogeneous catalysts which are often subjected to ther-
mal treatment before use. We attribute this to the fact
that because the nanochemistry synthesis used mild re-
action conditions, the smaller nanocrystals contain
higher proportions of defected and low-coordinated
metal surfaces, despite the exceptional geometrically
regular crystalline Pt nanocrystals, as observed by the
TEM. Thus, the increasing occupancy of these low coor-
dination surface sites at smaller size accounts for the de-
crease in reaction selectivity. In contrast, larger-sized
Pt particles with an increasing proportion of flat sur-
faces contain a relatively lower abundance of these de-
fective sites, which would enhance the reaction selec-
tivity. However, it is interesting that the selectivity
converges at a maximum of 85% for large Pt crystals. It
clearly appears that the dynamic adsorption of the un-

Figure 3. Selectivity to cinnamyl alcohol (at virtually 100% conversion) de-
pendent on size of Co-decorated Pt nanocrystals.

Figure 4. ATR-FTIR spectra of CO adsorbed at room temperature (a
flowing stream of 1 atm CO gas using golden gate reactor) on Pt
nanocrystals of different sizes and Co-decorated Pt nanocrystal.
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saturated aldehyde on the remaining terrace sites for
the large crystals cannot further enhance the reaction
selectivity, without the promotion of a second metal.
On the other hand, it is very remarkable to find that Co
atoms preferentially segregate at the sites of low coor-
dination on the surface of the Pt crystal. This can totally
suppress the formation of multicarbonyl peak in the
CO adsorbed ATR-IR spectra in all the Co-containing
samples, despite their low surface coverage (see EDX,
ICP, XPS data).

Electrochemical techniques have previously been
used to elucidate their structures of Pt surfaces.18 Cy-
clic voltammograms (CVs) indicated the disappearances
of Pt{111} � {111} and Pt{100} � {111} steps (distinc-
tive features in CVs of Pt/graphite that correspond with
single crystal data19) upon the decoration of Co atoms.
This site blocking (coverage) on platinum nanoparticles
by Co atoms was also confirmed using pulse CO chemi-
sorption (CV and chemisorption data not shown). Thus,
the preferential site blocking by Co atoms reinforces
our earlier postulation of catalytic deposition on low co-
ordination, and highly reactive sites, and the subse-
quent reduction of Co2	 in the presence of Pt nanocrys-
tals. As a result, we believe that a significant
contribution toward enhanced selectivity must arise
from the blocking of unselective Pt metal sites by Co
as the second metal, which decreases the extent of
CAC hydrogenation, particularly for those smaller Pt
sizes. However, this explanation is not comprehensive,
since further enhancement in selectivity beyond the
85% limit of undoped large Pt crystals cannot be
achieved. There is also a clear promotion effect in
boosting selectivity as well as activity upon Co decora-
tion. The apparent selectivity dependent nature of the
second metal and the spectacular size-dependent ef-
fect clearly suggest another concurrent role of the Co
decoration.

It is interesting to observe, from Table 3, the progres-
sive red shift in the c�o (linear mode), with decreasing
size of Co-decorated Pt nanocrystals. Bearing in mind
that the Co atoms are preferentially decorated on the
low coordination sites at low surface coverage, the re-
sults therefore clearly imply that the exposed Pt atom

bearing a CO ligand must experience an increasing de-

gree of back-bonding of its d-electrons (increasing �- on

the Pt) to the �* of the CO, when it is placed closer to

the Co atoms on smaller size Pt crystals. Examination of

the XPS spectra of these samples indeed reveals that

there are more significant and progressive shifts in Pt

Auger peaks NNN and Co LMM peaks than their core

peaks (Co exerts a greater electronic influence to Pt on

the outermost electrons and vice versa, as reported in

PtCo alloy20). This is indicative of the local electronic

properties of the Pt is influenced by increasing Co at-

oms content placed in a close proximity to the Pt en-

semble. A similar local electronic effect was reported by

Janssens et al.21 who calculated that the binding en-

ergy shifts on Rh (111), due to the variation of local work

function, as a function of the distance from a potas-

sium adsorption site. They observed that the lowering

of work function at longer distances depends on the

potassium coverage. The catalytic significance of our

work is that it represents the differences in the elec-

tronic properties that a substrate (�,�-unsaturated alde-

hyde) experiences at different positions on the surface

from the doped Co atoms on the low coordination sites.

The �	 of the deposited Co atoms will attract the car-

bonyl group aligning the substrate as head-on attack,

while the �- of the neighboring surface Pt atoms desta-

bilizes the adsorption of the CAC bond and thus fur-

ther enhances selectivity in small crystals. In contrast,

the local electronic influence of doped Co atoms can-

not cover the entire Pt surface atoms at low coverage

in large crystals, hence accounting for the effect of criti-

cal size dependence (see models in Figure 5).

Figure 5. Pictorial models accounting for the critical size effect: (a) model showing Co atoms decorating on corner sites of Pt crystal.
(b,c) Models accounting the critical size effect: (b) Co atoms decorated on corners electronically influencing the whole small Pt en-
semble-left; (c) some normal Pt sites remained without being influenced by decorated Co atoms in a large Pt ensemble.

TABLE 3. Shift in �c�o Wavenumber over Different Sizes of
Co Decoration on Pt Nanocrystals

Co decorated Pt
nanocrystal size (nm)

% selectivity toward
unsaturated alcohol

linear peak
position (cm�1)

4.0 99.7 2047
6.1 99.4 2052
14.6 96.8 2061
17.4 89.4 2063
24.8 (Pt only) 85.3 2060 (literature)
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It is noted that a smart nanochemistry synthetic
method for the preparation of well-defined core�shell
bimetallic nanocrystals using preformed noble metal
seeds22 and a shape dependent catalytic activity of
platinum nanoparticles have recently been reported.23

Through engineering of the preformed Pt particles, this
technique provides a unique way to totally eliminate
such undesirable CAC hydrogenation during the selec-
tive hydrogenation of �,�-unsaturated aldehydes by
placing the second metal promoter on specific sites and
tailoring the size for 100% selectivity. It is worthy not-
ing that conventional catalysts, with poor control in size
and unspecific site decoration, are unable to offer such
ultrahigh selectivity; they merely average the contribu-
tions from individual unoptimized components.

Preliminary results also indicate that our optimized
preformed Co-doped Pt can be recycled without sup-
port as well as be placed on carbon support; in both
cases, its superior activity and selectivity is maintained.
On the other hand, one should still be cautious about

the long-term stability of the small Co-atoms decora-
tion on the surface as a compromise of activity, selectiv-
ity, and stability in relation to catalyst structure/geom-
etry but, for this new type of catalysts, a rational design
is allowed.

CONCLUSION
To summarize, nanochemical syntheses have been

exploited to atomically decorated preformed Pt nano-
particles with Co of a critical size range that exhibit ex-
traordinarily high selectivities for the carbonyl reduc-
tion in �,�-unsaturated aldehydes. The ability to
assemble functional catalyst particles, via a bottom-up
construction approach may enable exploitation of ex-
citing ideas such as catalyst site isolation, differentia-
tion, and optimization or its control access by substrate
molecule within a single catalyst particle. This approach
could open up a new avenue for preparing new ultrase-
lective and robust catalysts for a wide range of interest-
ing and industrially critical reactions.

METHODS
In a typical Polyol reaction, a solution of platinum(II) acetyl

acetonate (99.99%, Aldrich, 0.30 g), 1,2-hexadecanediol (90%, Al-
drich, 0.20 g), oleic acid (99	%, Aldrich, 120 �L), and oleylamine
(98%, Aldrich, 120 �L) were combined in 10 mL of octylether
(99%, Aldrich) and refluxed (with continuous stirring) at 250 °C
for 40 min in a three-necked round-bottom flask, under nitrogen.
This gave the 4.8 nm Pt nanoparticles. By varying the concentra-
tions of the stabilizersOunder the conditionsOdifferent sizes
of Pt nanoparticles were prepared (see Supporting Information).
For the synthesis of Co atom-decorated Pt nanoparticles, sepa-
rate solutions of cobalt acetyl acetonate, Co(acac)2, (min 97%,
Merck, 0.05 g) in 5.0 mL of octylether, combined with 64 �L of
oleic acid and 1,2-hexadecanediol (90%, Aldrich, 0.50 g), in oc-
tylether were prepared. The solutions were initially distilled at
100 °C for 60 min to remove water. The cobalt acetyl acetonate
solution was then injected into the previous colloidal solution,
containing platinum nanoparticles, at 200 °C. The nitrogen gas
flow was increased as a precautionary measure to maintain the
oxygen-free environment, during the injection process. The mix-
ture was then heated to 250 °C and held there for 20 min. The re-
action mixture was then allowed to cool to laboratory tempera-
ture (�20 °C). The colloidal dispersion was centrifuged to
precipitate the nanoparticles and repeatedly washed in ethanol
and hexane for at least four times to remove adsorbed solvent
molecules, stabilizers, and reducing agents. Variation in Co con-
tent on 4.8 nm Pt seeds and syntheses of Co atoms-decorated Pt
seeds of different sizes (Co: Pt was kept at 1:1 molar ratio) were
performed. The particles were then redispersed into hexane be-
fore their direct use or impregnation on carbon support.

The nanoparticles were characterized by transmission elec-
tron microscopy (TEM). TEM images were taken by FEI /Philips
CM 20. The samples were prepared by placing a drop of colloi-
dal dispersion of nanoparticles in isopropyl alcohol onto a
carbon-coated copper grid, followed by naturally evaporating
off the solvent. The powder of the nanoparticles was investi-
gated by X-ray powder diffraction (XRD), Siemens D500 X-ray dif-
fractometer with Cu K� radiation. The surface chemical analyses
of Pt and Co were determined by XPS analysis. XPS was per-
formed in a VG Microtec ion pumped XPS system equipped with
a nine channel CLAM4 electron energy analyzer. A 200 W Mg
X-ray excitation was used. CO adsorption on the surface of nano-
particles was investigated by ATR-IR. The spectra were acquired
using a Nicolet 6700 ATR-IR spectrometer with a liquid-nitrogen-
cooled MCT detector. A small drop of test sample was placed

on smart golden gate-ZeSe/diamond crystal surface and evapo-
rated at room temperature. The spectra were obtained by aver-
aging 512 scans with a resolution of 4 cm�1 over the wavenum-
bers ranging from 650 to 4000 cm�1.
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