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Introduction

Metal/carbon-nanotube (metal/CNT) hybrid materials are of
considerable interest for their application in the area of
nanoelectronics, as biosensors, in heterogeneous catalysis
and in electrocatalysis.[1] The controlled coating of metal
nanoparticles onto CNTs and the prevention of aggregation
of these particles are of primary importance for the success-
ful application of these materials. So far, several methods
have been developed to coat or deposit metals onto CNTs.
These methods include impregnation,[1d,2–4] electroless plat-
ing,[5] self-assembly,[6] electrodeposition,[7] and physical vapor

deposition.[1b,8]Impregnation is the most widely used wet-
chemical method.[1d–f,2–4,9–11] This method is generally very
simple to implement and is thus an attractive choice for
large-scale synthesis. However, the bottleneck for the im-
pregnation method lies in the competition between homoge-
neous nucleation and heterogeneous nucleation; this leads
to aggregation of the metal nanoparticles in solution instead
of the selective deposition of metals on the supports.[1f, 9,10,11c]

When using DNA as a biomolecular support, metal-coated
DNA can be readily obtained upon reduction of a solution
containing both DNA and a metal salt, since DNA strands
offer a variety of binding sites for metal ions.[11] Carefully
designed experiments have demonstrated that selective het-
erogeneous metallization can only be achieved if the metal
ions are covalently bound to the DNA bases before reduc-
tion.[11] The realization of selective metal deposition on
CNT supports presents a greater challenge, since the pristine
surfaces of CNTs are inert.[12] To overcome this difficulty,
one could either decrease the activation barrier towards het-
erogeneous nucleation, or alternatively increase that to-
wards homogeneous nucleation. To date, efforts have fo-
cused mainly on the former, with limited success.[2–5] Carbox-
ylic acid functional groups, for instance, can be introduced
onto the surfaces of CNTs by means of chemical treatment
under harsh acidic conditions. These functional groups not
only enhance the solubility of the CNTs, but coordination of
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these groups to the metal ions also gives rise to preferred
sites of nucleation.[2–3] In the process of electroless plating,
catalytic seeds have to be introduced in order to activate the
strong-acid-treated tubes and hence to achieve a better dec-
oration.[5] In addition to aqueous or organic solutions, super-
critical CO2 and water have also been employed as reaction
media.[4] Supercritical fluids are characterized by low viscosi-
ty, high diffusivity, near-zero surface tension, and strong sol-
vent power. These properties facilitate the delivery of reac-
tants to small holes or to narrow tubes, leading to an im-
proved decoration of metals on CNTs.[4] Despite these stud-
ies, selective deposition of highly dispersed metal nanoparti-
cles on CNTs by the wet-chemical method, with size and
loading control, has not yet been reported.

In the self-assembly method, the metal nanoparticles are
synthesized and then subsequently attached to the surfaces
of the nanotubes through the non-covalent interactions of
link molecules.[6] This approach may avert the competition
between the homogeneous and heterogeneous nucleation of
the metal. The main advantage of the self-assembly method
is that it can realize selective coating of nanoparticles on
CNTs. Although self-assembly is a promising method, the
presence of the organic protecting shell may or may not
hinder the catalytic function of metal nanoparticles.[13]

Indeed, the organic protecting shell will certainly degrade
such properties as electric conductivity, which, in turn, will
impair electrocatalytic performance. Besides, self-assembly
is a tedious and expensive method, and therefore unsuitable
for large-scale synthesis.

Pt and Pt-based nanoparticles are of considerable interest
for application in low-temperature fuel cells. To disperse
precious metals and to improve their catalytic efficiency, it
is common to use high-surface-area carbons as supports.
Difficulties in achieving high dispersion and high loading on
active carbon and CNTs have led to the development of al-
ternative carbon supports using novel nanostructures. Re-
cently, mesoporous carbon members,[9a,b] carbon nanocoils,[9c]

and cup-stacked-type carbon nanofibers[9d] have been syn-
thesized and used as catalyst supports. Highly dispersed Pt
or Pt-Ru nanoparticles supported on these carbon nanoma-
terials, with high loading, can be prepared by the impregna-
tion method, and these materials show enhanced electro-
catalytic performance.[9]

In this work we demonstrate a novel synthetic route to-
wards selective heterogeneous metal nucleation and growth
on modified and unmodified CNTs. This is realized by
adding some salts to the reaction system, which efficiently
increase the barrier towards homogeneous metal nucleation.
We report the results for Pt, a metal of high technological
importance.[1e, f, 9] The size of Pt nanoparticles on CNTs can
be easily controlled by our method, which offers a promising
pathway to preparing supported metal nanoparticles of high
dispersion and/or of high loading.

Results and Discussion

Preparation of Pt-coated CNTs : The morphology of the typ-
ical product was investigated by means of transmission elec-
tron microscopy (TEM) (Figure 1 and Figure S1 in the Sup-

porting Information). From Figure 1A,B, it is clear that the
CNTs were coated with a dense layer of Pt nanoparticles
(Pt loading=50 wt%). Most importantly, aggregation of
metal particles in solution was not observed, indicating that
homogeneous nucleation was depressed. The high-resolution
TEM (HRTEM) images shown in Figure 1B show the inter-
face between Pt nanoparticles and the surfaces of multiple-
walled nanotubes (MWNTs). Instead of being perfectly
spherical, the Pt nanoparticles were flat on the bottom, thus
ensuring a large contact surface with the CNTs. This is a
strong indication that the particles were formed by hetero-
geneous nucleation on the CNT surface, with subsequent

Figure 1. TEM images for Pt-coated CNTs. The insets show the corre-
sponding high magnification TEM images (A–C): A) Pt-coated SWNTs
(50 wt%); B) Pt-coated MWNTs (50 wt%); C) Pt-coated SWNTs
(10 wt%). D) Pt-coated SWNT samples prepared in the absence of SDS.
E) The EDS analysis for Pt-coated SWNTs (50 wt%). F) Pt-4f fine struc-
ture from XPS spectra for Pt-coated SWNTs. More details are provided
in Figure S1 in the Supporting Information.
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growth of these nuclei then resulting in a nanoparticle coat-
ing on the CNTs.

The presence of Pt in the as-prepared Pt-coated single-
walled nanotubes (SWNTs) was confirmed by X-ray energy-
dispersive spectroscopy (EDS) (Figure 1E) and X-ray photo-
electron spectroscopy (XPS; Figure S1 in the Supporting In-
formation). No other heteroelement such as Cl or S was de-
tected. The 4f fine structure obtained by XPS (Figure 1F)
shows that the peak binding energy for Pt 4f7/2 is at 71.19 eV
and that for Pt 4f5/2 is at 74.52 eV. The measured full width
at half maximum (FWHM) for Pt 4f7/2 is 1.15 eV (pass
energy 29.35 eV), which can be compared with the standard
for Pt 4f7/2 (pass energy 23.5 eV; FWHM 1.03 eV). All of
the above evidence indicates that Pt in the as-prepared Pt-
coated SWNTs exists in the pure metallic state. In compari-
son with the incipient-wetness impregnation method, in
which the metallic-Pt deposit on CNTs is obtained by calci-
nation in air (to decompose the precursor) and subsequent
reduction in H2, our method is more effective for the selec-
tive deposition of metal nanoparticles on CNTs, and more-
over, the purity of Pt is also higher.[2g]

Figure 1C shows the TEM image of Pt-coated CNTs with
a nominal Pt loading of 10 wt%, wherein Pt nanoparticles
of about 3 nm are dispersed uniformly on the exterior surfa-
ces of the CNTs. Our method is thus applicable to the fabri-
cation of both densely Pt-coated CNTs (important as metal-
lic nanowires in nanodevices; Figure 1A,B)[1b] and highly
dispersed Pt-coated CNTs (important as heterogeneous cat-
alysts; Figure 1C).[9–10]

It is widely believed that selective heterogeneous metal
growth on CNTs can only be achieved by the creation of
preferential nucleation sites on CNTs through chemical
modification.[2–3] However, chemical modification of CNTs
under harsh acidic conditions may break the symmetry of
the p-bonding arising from sp2 hybridization, and thereby
deteriorate their unique electronic properties, which are so
important for their application as nanodevices.[14] We show
here that chemical modification of CNTs is not a prerequi-
site in our method. Thus selective metal deposition can be
achieved in equally efficiently for SWNTs with pretreatment
(Figure 1A) and MWNTs without pretreatment (Figure 1B).

Significantly, we found that sodium dodecyl sulfate (SDS)
plays a critical role in directing heterogeneous nucleation
and growth. In the absence of SDS, a similar experiment re-
sulted in only a small amount of deposition of Pt nanoparti-
cles on CNTs; a very large part of the Pt dissociated from
the CNTs and formed aggregates in solution (Figure 1D).
This is in sharp contrast to the results obtained in the pres-
ence of SDS as shown in Figure 1A–C.

Mechanism for selective heterogeneous nucleation and
growth : We examined how SDS would affect the homoge-
neous nucleation of Pt in solution. Heating of solutions of
H2PtCl6 (0.25 mgmL�1) in ethylene glycol (EG), both with
and without SDS (2%), at a rate of 1 8Cmin�1 caused the
original pale yellow solution to discolor at around 127 8C, in-
dicating that Pt ions were reduced in solution. As the tem-

perature of the solution approached 137 8C, the solution
without SDS started to show instability either by depositing
a Pt mirror on the flask wall or by forming dark Pt precipi-
tates. In contrast, the solution containing SDS was consider-
ably more stable, remaining colorless and clear for more
than 30 min even at 137 8C. When SWNTs (1 mg) were then
dispersed in the latter solution, a large amount of Pt was de-
posited on the SWNTs, as evidenced by the TEM images
(Figure S2 in the Supporting Information).

We claim that, for solutions of H2PtCl6 (0.25 mgmL�1) in
EG, with or without SDS, 138 8C is a critical temperature,
above which darker Pt precipitates formed rapidly in solu-
tions. However, TEM images reveal that in the solution
without SDS, Pt formed a floc (an aggregate having a rather
loose and open structure; Figure 2A), whereas in the solu-
tion containing SDS, Pt formed a coagulum (an aggregate

with a dense structure) of size 100–200 nm (Figure 2B).
HRTEM images show that both the coagulum and floc are
composed of small metal particles. X-ray diffraction (XRD)

Figure 2. Homogeneous aggregation of Pt nanoparticles in solutions in
the absence of CNTs. TEM images of samples prepared without SDS (A)
and with SDS (B). The right-hand images are enlargements of sections of
the left-hand images. More details are provided in Figure S3 in the Sup-
porting Information.
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analyses reveal a crystallite size of 4.6 nm in both Pt floc
and Pt coagulum (Figure 2C).

Sample TEM images (Figure S3 in the Supporting Infor-
mation) demonstrate how the process of aggregation
evolved as a function of time. In the presence of SDS, the
newly formed Pt nanoparticles agglomerated within about
2 min to form a stable coagulum (Figure S3 in the Support-
ing Information). As coagulation did not occur in the solu-
tion without SDS, we infer that the surface energy of the
newly formed Pt nanoparticles is higher in this solution, as
aggregation to form a dense coagulum is a means to reduce
the surface energy of the whole system. We are inclined to
correlate the high surface energy of the newly formed Pt
nanoparticles with the high energy barrier towards homoge-
neous nucleation in the solution containing SDS. This is in
accordance with the experimental observation that SDS ef-
fectively depresses the homogeneous process such that Pt
aggregation in solution was not observed (Figure 1A–C vs
D).

When SDS was substituted by either p-CH3C6H4SO3Na
(sodium p-toluene sulfonate), LiCF3SO3 (lithium trifluoro-
methanesulfonate), or LiClO4 (lithium perchlorate), TEM
images revealed that selective depositions were achieved in
all cases with little Pt aggregation in the solutions (Figure S4
in the Supporting Information). In the absence of CNTs,
platinum coagulum was found to form in all of these solu-
tions. These added salts share a common feature in that they
all contain a weakly coordinating anion. As organic salts
work equally as well as inorganic salts (LiClO4), the role of
the lipidic chain as a means to noncovalently modify
CNTs[14] is downplayed, such that these salts are not expect-
ed to serve as a protecting or capping reagent. This is con-
firmed by EDS spectra, which show the absence of the ele-
ments of these salts in the as-prepared metal nanoparticles
(Figure 2D). Polyvinylpyrrolidone (PVP) is a well-known
protective reagent that aids metal particle dispersion in solu-
tion and prevents metal particles from aggregating through
coordination effects.[13] When PVP was used, TEM images
showed that selective deposition was unsuccessful
(Figure 3). A large amount of Pt formed aggregates in solu-
tion, with only a small portion of the Pt being deposited on
CNTs.

There are few reports on the use of the addition of salts
to direct selective metal deposition on the supports,[15] and
the mechanism involved is unknown. However, the means
by which salt addition facilitates colloidal aggregation is
well understood.[16a] This salt effect is explained as follows.
The counterions of the salt decrease the thickness of the
electrical double layer (EDL) around each particle, thereby
allowing the colloidal particles to come closer together. This
in turn increases the van der Waals attraction and thus leads
to a more rapid aggregation. The factors affecting the aggre-
gation of transition-metal (TM) nanoparticles in solution
have recently been studied systematically.[16a] It was shown
that the EDL of TM nanoparticles in solution consists
mainly of surface-adsorbed anions.[16a] Salt effects, as ob-
served for colloids, can thus offer an explanation as to why
salts such as SDS facilitate the formation of compact metal
nanoparticles in our experiments (Figure 2B).

The formation of TM colloids or nanoparticles may in-
volve three steps, namely nucleation, growth and aggrega-
tion.[16] It is generally accepted that the whole process is nu-
cleation controlled. In other words, once the nucleus attains
a critical size, TM clusters start to form at appreciable rates
through autocatalytic growth.[16] For the initial nucleation of
metal nanoparticles, there exist two possible mecha-
nisms.[16–18] One mechanism assumes that the metal precur-
sors first react with the reducing agents to give isolated TM0

atoms, which then aggregate once a critical concentration is
reached.[16a,17] The other supposes that a metallorganic pre-
cursor binds to another precursor to form an M�M bond.
The addition of further precursors results in a growing clus-
ter. Finally the cluster as a whole is reduced to the metallic
state.[18] We extend these proposed mechanisms further and
infer that the addition of salts to the solution would affect
the nucleation barrier either by changing the free energy
needed to create a solid/liquid interface or as a result of the
adsorption of ions onto the newly formed TM0 atoms.

Although the wetting of CNTs with metals is known to be
generally poor,[12] the strengths of interaction of the CNT
surface with metal atoms and metal clusters can differ signif-
icantly.[19] Recent QM calculations support the idea that
TM0 atoms bind sufficiently strongly (>2 eV for TM with
open-shell d orbitals) to CNTs,[19a] while binding strengths
decrease upon the formation of metal–metal bonds in the
cluster.[19b] The bonds between the freshly formed Pt mono-
mers and the CNT surfaces are expected to be strong. In
fact, no Pt nanoparticles were observed to peel off into the
solutions. The strong Pt–CNT bonds should promote hetero-
geneous nucleation, and disfavor the mechanism of homoge-
neous nucleation followed by deposition on CNTs.

We conclude that the mechanism for the selective deposi-
tion of Pt on CNTs by our method is as follows (Figure 4).
Salt effects increase the barrier towards homogeneous nu-
cleation, such that heterogeneous nucleation becomes more
favorable. Once the critical nucleus size is attained, autoca-
talytic growth of the particle rapidly depletes the Pt-mono-
mer concentration in the solutions, thereby effectively de-
pressing homogeneous nucleation.

Figure 3. TEM images of Pt-coated MWNTs prepared by the addition of
PVP.
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Size control of the deposited Pt nanoparticles : Although the
Oswald ripening mechanism is well known for Ag-nanopar-
ticle growth in solution, this mechanism is generally not ap-
plicable to Pt-nanoparticle growth.[13b,20] For Pt, it is believed
that nanocrystal size control can only be realized by balanc-
ing the rates of nucleation and of growth from the mono-
mers.[13b,20] Generally, a faster nucleation leads to more par-
ticles of smaller size, while a slower nucleation gives fewer
particles of larger size.[13b,20] Several approaches have been
developed for the synthesis of size-controlled Pt colloids by
the reduction of Pt salts in aqueous or organic solution.
Most of these approaches involve the use of stabilizing re-
agents (e.g., PVP or NaOH), which prevent the colloids
from aggregating into larger particles.[10b,13,21, 22] Particle size
is controlled by changing the ratio of the amount of stabiliz-
ing reagent to the amount of Pt precursor,[13,21, 22] the nature
and/or the concentration of the reducing agent in solu-
tion,[13b] the mode of heating in the one-step reaction,[22] or
by the combination of a one-step reaction with a stepwise-
growth reaction (seed-mediated growth).[13b]

The method presented here is applicable to the size con-
trol of the deposited metal nanoparticles. No stabilizing re-
agents, such as PVP, are required in our method. Instead,
we used salts such as SDS (2%). Size control of the particles
was achieved by changing the concentration of metal ions
(Figure 5B,C), the reaction temperature (Figure 5A–D), the
reducing agent (Figure 5A) or the manner in which the solu-
tions were added (Figure 5D). TEM images and the corre-
sponding histograms given in Figures 5 and 6 demonstrate
the size control of the Pt nanoparticles on SWNTs with
50% loading. Table 1 summarizes the mean diameters and
the standard deviations (s) of the sizes of the Pt nanoparti-
cles.

The choice of reducing agent plays an important role in
controlling the particle size. In general, a stronger reducing
agent increases the rate of reduction of the metal ions, lead-
ing to smaller metal nanoparticles. When NaBH4, a reducing
agent stronger than EG, was used, a faster reduction rate
tended to produce more Pt nuclei in a shorter period. This,
in turn, hindered the growth of Pt nanoparticles, leading to
CNTs coated with smaller particles. The histogram shown in
Figure 6A indicates a mean metal-nanoparticle size of

Figure 4. Schematic representation of salt-directed selective metal nuclea-
tion and growth on CNTs.

Figure 5. A)–D) TEM images, showing size control of the metal nanopar-
ticles on CNTs (Pt-coated SWNTs, 50 wt%). See text for details. The cor-
responding HRTEM images are presented in Figure S6 in the Supporting
Information.

Figure 6. A)–D) Size distribution histograms of the Pt-coated SWNTs
shown in Figure 5A–D, respectively.

Table 1. Mean particle sizes of the samples shown in Figure 5A–D.

TEM size [nm] XRD size [nm]
Average diameter Standard deviation

A 2.3 0.29 2.1
B 3.3 0.35 3.1
C 4.9 1.02 4.7
D 9.6 4.26 9.1

www.chemeurj.org H 2006 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 2542 – 25492546

X. Xu, C. Lin et al.

www.chemeurj.org


2.3 nm, with a narrow size distribution (s=0.29 nm) and
hence quite a uniform particle size. Here the synthesis was
conducted as follows: CNTs (5 mg) were dispersed in a solu-
tion of H2PtCl6 (0.25 mgmL�1) and SDS (2%) in EG
(20 mL) at 100 8C, into which a solution of NaBH4

(5 mgmL�1) in EG (1 mL; 5 mgmL�1) was added dropwise.
Figures 5B,C show the change in the size of Pt nanoparti-

cles as a function of an increase in the concentration of
metal ions at constant temperature. For Figure 5B, a suspen-
sion of CNTs (2.5 mg) in a solution of H2PtCl6
(0.125 mgmL�1) and SDS (2%) in EG (20 mL) was heated
to 150 8C, while for Figure 5C, a suspension of CNTs
(10 mg) in a solution of H2PtCl6 (0.5 mgmL�1) and SDS
(2%) in EG (20 mL) was used. As the concentration of Pt
ions was increased, the mean particle size increased from
3.3 nm (Figure 6B) to 4.9 nm (Figure 6C). At the same time,
the size distribution broadened (s=0.35 and 1.02 nm, re-
spectively). These results imply that increasing the concen-
tration of the Pt precursors would decrease the number of
the Pt nuclei, leading to Pt nanoparticles of larger size.

Figure 5D shows the Pt nanoparticles of larger size, pro-
duced by the seed-mediated growth approach. A suspension
of CNTs (5 mg) in a solution of H2PtCl6 (0.0125 mgmL�1)
and SDS (2%) in EG (20 mL) was heated to 200 8C. Pt
seeds formed during this step. The system was subsequently
cooled to 155 8C, and a solution of H2PtCl6 (1 mgmL�1) and
SDS (2%) in EG (4.75 mL) was added dropwise over a
period of 1.5 h. We observed that the Pt seeds that had al-
ready formed guided the subsequent Pt growth, leading to
CNTs coated with larger Pt nanoparticles, with a mean di-
ameter of 9.6 nm. The supported Pt nanoparticles, synthe-
sized by this stepwise approach, were much larger than
those produced by the one-step reaction (Figure 6D vs A–
C), and the size distribution broadened further (s=
4.26 nm). This broader size distribution could be due to fur-
ther nucleation in the second step of the Pt-nanoparticle
growth stage.[24]

Temperature is an important factor for both selective nu-
cleation and size control. For example, selective deposition
of Pt nanoparticles on CNTs in EG with a Pt-ion concentra-
tion of 1 mgmL�1 was successful in the temperature range
between 138 8C and 160 8C (c.f. Figure 5C). When the reac-
tion temperature was raised to 180 8C, aggregation of Pt
nanoparticles in solution occurred. In the case of the step-
wise-growth reaction, as shown in Figure 5D, temperatures
as high as 200 8C were required in order for seeds to form,
due to the low concentration of Pt ions (0.0125 mgmL�1).
On the other hand, a lower temperature (155 8C) was neces-
sary in order to depress further nucleation during the
growth stage. Thus the choice of an appropriate temperature
is important for the balance of both heterogeneous/homoge-
neous nucleation and nucleation/growth processes.

The XRD patterns for the Pt-coated SWNTs shown in
Figure 5A–D are shown in Figure 7. The diffraction peaks in
each XRD pattern at 39.8, 46.2, 67.5, 81.3, and 85.88 can be
assigned to reflections from the (111), (200), (220), (311),
and (222) planes of the face-centered-cubic (fcc) Pt, and the

diffraction peak at 26.58 can be assigned to a reflection from
the (002) plane of graphite (SWNTs). The bandwidths of
the Pt peaks in the diffractograms become narrower on
going from A) to D), indicating an increase in the particle
size. Table 1 summarizes the mean diameters of Pt nanopar-
ticles, calculated from the XRD peak of the (220) reflection
according to ScherrerMs formula.[23] The particle sizes ob-
tained from XRD are in close agreement with those deter-
mined from TEM, indicating a good crystallinity and disper-
sion of the supported Pt nanoparticles.[20]

Conclusion

We have presented a simple and versatile method for the
synthesis of metal-coated carbon nanotubes by the reduction
of metal ions in solution. We have performed controlled ex-
periments to explore the underlying mechanisms, and have
found that salt effects, well known in colloid chemistry, can
be used to understand the observed facts in our experi-
ments. Under the action of salt effects, our method effec-
tively depresses homogeneous nucleation, leading to selec-
tive heterogeneous metal nucleation and growth on CNTs.
Our method works well on CNTs both with and without
preoxidation. We have shown that size control of metal
nanoparticles can be achieved by changing the concentration
of metal ions, the reaction temperature, the reducing agent
or the means of adding solutions of reagents. Our method
opens a door towards an understanding of the underlying
mechanism of formation of a range of metal-coated CNTs.
In addition, it may pave the way for the creation of novel
hybrid materials with potential applications in many fields.

Figure 7. XRD patterns of the Pt-coated SWNTs shown in Figure 5A–D.
A–D) correspond to metal nanoparticle sizes of 2.1, 3.1, 4.7 and 9.1 nm,
respectively. The mean size of Pt particles was calculated from the Pt
(220) XRD peak according to ScherrerMs formula.[23] The peak labeled *
is assigned to graphite.
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Experimental Section

Nanotube processing : The SWNTs and MWNTs used in this work were
synthesized by a hydrogen-arc-discharge method[25a–b] and catalytic de-
composition of hydrocarbons on an Fe catalyst, respectively.[25c–d] The
pristine SWNTs were first purified and then preoxidized and cut by using
a mixture of H2SO4 and HNO3. MWNTs were prepurified with HCl, with
no preoxidation. Details of the synthesis and pretreatment of the CNTs
are provided in the Supporting Information (S1 and S2).

Preparation of Pt-coated CNTs : We used chloroplatinic acid (H2PtCl6) as
the platinum precursor, and ethylene glycol as the solvent and reducing
agent. We added sodium dodecyl sulfate (SDS) to the reaction system. In
a typical synthesis, CNTs (5 mg) were mixed with a solution of SDS
(2%) in EG (18 mL). After ultrasonication of the mixture for 1 h, a solu-
tion of H2PtCl6 (2.5 mgmL�1) in EG (2 mL) was added under constant
agitation. The reactive mixture was then heated in a 140 8C oil bath, and
aged for 30 min under vigorous agitation to ensure completion of the re-
action. The products were centrifuged, rinsed several times with ethanol
and dried for future use. The Pt loading (given by the ratio: Pt/CNTs) of
the products thus prepared was nominally 50 wt%. ICP-AES (inductively
coupled plasma atomic-emission spectrometry) measurements yielded a
metal loading of 47.7%.

The size control of platinum nanoparticles was realized by changing the
concentration of the metal ions, the reaction temperature, the reducing
agent, or the means by which the reactive solutions were added (see the
Results and Discussion Section for details).

Instrumentation/techniques : The percentage loading of Pt on CNTs was
verified by ICP-AES on an IRIS Intrepid II XSP ICP-AES instrument.
The morphology of the products was investigated by the use of TEM,
HRTEM, and scanning electron microscopy (SEM). Samples were ultra-
sonicated in ethanol and deposited onto holey carbon-coated copper
grids. The TEM and HRTEM images were recorded on a JEM-100CXII
or Hitachi-600 microscope operating at 100 kV and on a Tecnai F30 mi-
croscope, operating at 300 kV, respectively. The SEM images were re-
corded on a FESEM LEO 1530 instrument. Elemental analysis was per-
formed with an X-ray energy-dispersive spectroscope attached to the
Tecnai F30 TEM or LEO 1530 SEM. XRD analyses were carried out by
using a PANalytical XMPert powder X-ray diffractometer. XPS was per-
formed on a PHI Quantum 2000 Scanning ESCA Microprobe (Physical
Electronics) using Al-monochromatic X-ray at a power of 25 W with an
X-ray-beam diameter of 100 mm, and a pass energy of 29.35 eV. The pres-
sure of the analyzer chamber was maintained below 1x10�7 Pa during the
measurement. The binding energy was calibrated using the C 1 s photo-
electron peak at 284.6 eV as the reference.
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