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1. Introduction
Rising energy demands, depletion of fossil fuel reserves,

and environmental pollution have fueled the search for
energy conversion devices with high efficiency and low
emissions. Fuel cells powered by hydrogen or small organic
molecules, such as ethanol, formic acid, and methanol, may
have the potential to meet these requirements.1-3 Platinum-
based catalysts are vital to fuel cells, sensors, and the
petroleum and automotive industries due to their high
catalytic activity and stability.4-6 Over the past decade,
research into the design of novel platinum and platinum-
based nanomaterials with unique properties has been greatly
intensified due to the potential for new applications and
improving current applications.7 Since platinum is a precious
metal, most of the recent efforts have focused on decreasing
platinum utilization via increasing the catalytic efficiency of
Pt-based catalysts by tailoring high-performance Pt-based

nanostructured materials,8,9 revealing that the shape of Pt
nanoparticles plays a critical role in catalysis.10

This review will outline the common methods of synthe-
sizing platinum nanostructured materials with extracts from
published investigations by numerous researchers. These
methods include the sol-gel method, electrodeposition,
electroless deposition, and physical approaches, as well as
hydrothermal and solvothermal techniques. Overall, the
synthesis section highlights the diverse range of synthesis
parameters as well as the different types of Pt nanostructures
and Pt-based nanomaterials formed with each method, noting
that the composition, morphology, and properties of the
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formed Pt-based nanomaterials can be tuned by manipulating
the precursors and reaction conditions. The properties section
describes the connection between the composition and
morphology of the Pt and Pt-based nanomaterials to their
catalytic, magnetic and optical properties, and resulting
applications. The application section reviews the catalytic
properties of Pt and Pt-based nanomaterials employed in
current and prospective applications such as fuel cells,
biosensors, automotive catalytic converters, petroleum refin-
ing, hydrogen production and anticancer drugs. The catalytic
properties of the Pt-based nanostructures are discussed in
reference to how they can improve the efficiency and reduce
the cost in potential applications, through measures such as
decreasing Pt loading by using high surface area supporting
materials with good electronic properties and by forming
alloyed binary and ternary Pt-based catalysts. By employing
diverse fabrication methods to tune the properties of Pt and
Pt-based nanostructured materials, there is great potential to
improve existing technologies to provide superior and cost-
effective solutions to meet the needs of consumers and
industries.

2. Synthesis of Pt and Pt-Based Nanomaterials

2.1. Hydrothermal and Solvothermal Techniques
The hydrothermal and solvothermal methods are easy,

templateless, and surfactant-free approaches to fabricating
Pt and Pt-based nanomaterials.11-32 Hydrothermal processes
involve a heterogeneous reaction, which takes place in
aqueous solvents under high temperature and pressure
conditions. Solvothermal processes differ in the use of
nonaqueous solvents. While there are a large number of
variations in the procedures, many similarities exist among
the different procedures.11,13 Hydrothermal and solvothermal
processes usually take place in closed systems, such as Teflon
lined autoclaves enclosed in stainless steel vessels. The major
difference between the hydrothermal and solvothermal
methods used to synthesize Pt and Pt-based nanomaterials
is the Pt precursor. The majority of nanomaterials fabricated
using hydrothermal processes use H2PtCl6 · xH2O,11-17,19,21-29

whereas solvothermal processes use compounds such as
platinum acetylacetonate, Pt(acac)2.30,31 Chen et al.28 prepared

nanoporous Pt networks using a hydrothermal-assisted seed
growth method. Pt nanoparticles were synthesized onto a
titanium substrate using the following electrochemical depo-
sition conditions: -20 mA cm-2 for 3 min in a solution
containing 0.8 g L-1 H2PtCl6 and 0.3 g L-1 HCl. Following
the modification, the titanium substrate was placed inside a
sealed Teflon lined vessel containing 0.8 g L-1 H2PtCl6, 0.3 g
L-1 HCl, and ethylene glycol and heated to 100 °C for 10 h.
The as-synthesized Pt nanomaterials had diameters in the
range of tens to hundreds of nanometers and formed a
nanoporous network on the Ti substrate. The nanoporous Pt
networks possess a large electroactive surface, which con-
tributes to their enhanced electrocatalytic properties compared
with polycrystalline Pt. Hou et al.31 synthesized PtFe
nanowires using a solvothermal reduction process. A solution
containing 50 mM Pt(acac)2, 2 mM glycerol, or 1,2-
hexadecandiol and 70 mL of ethylenediamine was mixed
before adding 0.75 mM Fe(CO)5. The solution was trans-
ferred into a Teflon autoclave inside a stainless steel vessel
and heated to 180 °C for 48-96 h. The products were
centrifuged, washed with distilled water and ethanol to
remove residual alkaline salt and surfactant, and then dried
at 60 °C for 4 h in a vacuum oven. Figure 1 shows that the
as-synthesized FePt nanowires have diameters of 30-50 nm.
The nanowires were annealed in an Ar atmosphere for 30
min at 500 and 600 °C in order to further investigate their
morphologies and magnetic properties.

Formaldehyde19,21,25 and ethylene glycol22,24,28 are the two
most common reducing agents used in the hydrothermal
synthesis of Pt and Pt-based nanomaterials. Holt-Hindle et
al.15,16 prepared nanoporous PtIr electrocatalysts using form-
aldehyde as the reducing agent. They began by mixing 9.0
mL of 1.6 g L-1 H2PtCl6 ·6H2O in 1.72 g L-1 HCl, various
amounts of an IrCl3 solution containing 2.96 g of IrCl3

dissolved in 60 mL of isopropyl alcohol, and 0.24 mL of
17% formaldehyde in a sealed Teflon container that contained
titanium plates pre-etched in 18% HCl at 85 °C for 15 min.
The Teflon container was placed inside a stainless steel vessel
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Figure 1. TEM image of the PtFe nanowires. Reprinted from Hou,
Y.; Kondoh, H.; Che, R.; Takeguchi, M.; Ohta, T. Small 2006, 2,
235. Copyright 2006 Wiley-VCH.
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and heated to 180 °C for 10 h. The as-synthesized nanopo-
rous PtIr catalysts completely covered the surface of the Ti
substrate and had diameters ranging from 50 to 500 nm. The
metallic ratio of Pt/Ir was easily changed by varying the
composition of the IrCl3 and H2PtCl6 ·6H2O precursors. Chen
et al.22 prepared size-dependent Pt nanoparticles on MWCNTs
(multiwalled carbon nanotubes) using ethylene glycol as the
reducing agent. Prior to the deposition of the Pt nanoparticles,
the MWCNTs were functionalized via refluxing for 24 h in
a 2.6 M nitric acid solution at 123 °C. Preparation of the Pt
nanoparticles began with the mixing of 2.7 mL of 0.3862 M
H2PtCl6, 10 mL of ethylene glycol or glycerol, and 80 mg
of MWCNTs before drops of NaOH were added to adjust
the pH. The mixture was ultrasonicated for 30 min to disperse

the MWCNTs in the solution before 75 mL of the precursor
solution was transferred to a Teflon lined autoclave. The
vessel was heated to 160 °C for 5 h. The final product was
filtered, washed with ethanol and deionized water, and dried
at 373 K for 12 h. Figure 2 shows a TEM image of the Pt
nanoparticles with an average size of 7.1 nm moderately
dispersed on the MWCNTs formed using ethylene glycol as
the reducing agent. Overall, the type of reducing agent and
pH of solution had a significant effect on the nanoparticle
size, dispersion, and electrocatalytic activity.

One of the advantages of the hydrothermal and solvother-
mal methods is that Pt,18,28 Pt-based binary,15-17,30,31 and Pt-
based ternary nanomaterials14 can be easily fabricated. In
comparison to the above-described Pt nanomaterials, the
synthesis of binary Pt-based nanomaterials requires the
addition of another metallic precursor solution. For example,
Wang et al.21 fabricated a variety of titanium-supported
binary Pt-based nanomaterials using the hydrothermal method.
A typical synthesis involved transferring the etched titanium
substrate into a Teflon lined autoclave containing 54.4 mM
H2PtCl6, various amounts of other metallic precursor solu-
tions from the group of Pb(NO3)2, RuCl3, IrCl3, or PdCl2,
and the reduction agent formaldehyde. The total volume of
the aqueous mixture was 10 mL. The autoclave was sealed
before it was heated to 180 °C for 10 h. Figure 3 shows the
SEM images of the as-synthesized Pt-based nanomaterials
with particle sizes ranging from tens of nanometers to
hundreds of nanometers. After cooling, the coated titanium
plates were annealed in an argon atmosphere for 2 h at 250
°C prior to electrochemical testing. Overall, the hydrothermal
method allowed for the fabrication of a variety of Pt-based
nanomaterials with tunable bimetallic compositions. Yi et
al.14 prepared titanium-supported ternary PtRuIr nanomate-
rials using a one-step hydrothermal process. The titanium
supports were etched and placed inside a Teflon holder
containing a solution composed of 10 mL of 0.8 g L-1

Figure 2. TEM image of Pt/MWCNT nanocomposite. Reprinted
from Chen, L.; Lu, G. Electrochim. Acta 2008, 53, 4316. Copyright
2008 Elsevier.

Figure 3. SEM images of various PtM (50:50) nanomaterials synthesized using formaldehyde as a reducing agent: (a) PtPb; (b) PtIr; (c)
PtPd; and (d) PtRu. Reprinted from Wang, J.; Holt-Hindle, P.; MacDonald, D.; Thomas, D. F.; Chen, A. Electrochim. Acta 2008, 53, 6944.
Copyright 2008 Elsevier.
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H2PtCl6 in 0.86 g L-1 HCl, 3.5 g L-1 RuCl3, 0.05 mL of
0.14 M IrCl3, and 0.5 mL of ethylene glycol. The solution
was mixed, sealed in a stainless steel vessel, and heated to
180 °C for 10 h. The resulting nanomaterials had particle
diameters ranging from 170 to 230 nm, which demonstrates
that platinum, iridium, and ruthenium were collectively
deposited onto the electrode supporting material using a one-
step hydrothermal process.

The hydrothermal and solvothermal processes can be
employed to synthesize a wide variety of nanomaterials,
ranging from nanoparticles18-28 to nanoparticles with distinct
shapes,29 nanowires,30,31 and nanodendrites.17 For instance,
Chen et al.29 synthesized Pt nanopolyhedrons using a
hydrothermal process. A solution containing 200 µL of
poly(diallyldimethylammonium chloride) (0.27 M), 5 mL of
water and 600 µL of H2PtCl6 (19.3 mM) was stirred for 30
min. The mixture was transferred into a 15 mL Teflon
autoclave, sealed and heated to 140 °C for 40 h. After the
samples cooled, they were centrifuged at 12 000 rpm and
rinsed with purified water. Figure 4 shows the SEM image
of the as-synthesized Pt nanopolyhedrons with average
diameters of 10 nm. The Pt nanopolyhedrons were synthe-
sized using a hydrothermal method without any seeds or
surfactants and display good electrocatalytic activity for O2

reduction. Wang et al.17 prepared alloyed PtAu nanodendrites
using a single-step hydrothermal process. A typical synthesis
involved placing etched titanium plates into a Teflon auto-
clave containing a solution of 5.0 mM H2PtCl6, 5.0 mM
HAuCl4, 1.0 M ammonium formate, and formic acid to adjust
the pH to between 5.5 and 6.5. The autoclave was sealed in
a stainless steel vessel and heated to 180 °C for 8 h. The
samples were allowed to cool to room temperature before
undergoing annealing at 250 °C for 2 h in an Ar atmosphere.
Figure 5 presents the SEM image of the PtAu nanodendrites
with the cluster sizes ranging from 80 to 100 nm and trunk
lengths from 1 to 10 µm. The PtAu nanodendrites were
synthesized with an environmentally friendly and surfactant-
free hydrothermal method and showed high electrocatalytic
activity toward formic acid oxidation.

Hydrothermal and solvothermal methods are easy and
reproducible processes that offer the potential to fabricate a
wide variety of Pt and Pt-based nanostructured materials on
various supporting materials such as titanium, silica, or
carbon nanotubes. Overall, these methods use inexpensive

equipment and can be completed quickly, often within a day.
The composition and morphology of the as-synthesized Pt
and Pt-based nanostructured materials can be tuned by
manipulating the precursors, pH, and temperature of the
reaction.The method is also particularly suitable for the
synthesis of large quantities of various Pt-based nanostruc-
tured materials while maintaining good control over their
composition. Disadvantages of the method include the need
for autoclaves for handling the high-temperature and high-
pressure experimental conditions and the impossibility of
observing the growth of the nanostructured materials.

2.2. Sol-Gel Method
The solution-gel (sol-gel) process is a wet chemical

technique used to efficiently and economically fabricate
platinum nanostructures.33-55 The sol-gel technique is based
on hydrolyzable precursors, such as metal alkoxides, which
undergo hydrolysis and polycondensation reactions as well
as subsequent drying to form various products. This method
has been widely used to create platinum33-40 and platinum-
based41,50,54 nanoparticles with uniform size. Many research
groups use H2PtCl6 · xH2O as their platinum precursor.37,40,42,55

For instance, Bass et al.55 created Pt nanoparticles by slowly
adding drops of a solution containing a predetermined
amount of H2PtCl6 ·6H2O in 4 mL of ethanol into a mixture
consisting of 25 mL of aluminum-tri-sec-butoxide (ATB),
10 mL of deionized water, and 100 mL ethanol. Once the
solution turned yellow, the mixture was aged for 1 day in a
rotavapor at 60 °C. The solvent was removed by heating
the solution to 80 °C for 1 h and to 100 °C for an additional
1 h. The sample was allowed to air-dry overnight at 100 °C
before undergoing calcination for 8 h at 500 °C in O2/Ar.
The resulting Pt nanoparticles were encapsulated in the
alumina support and had diameters of 4.5 ( 1.4 nm.

Other research groups have synthesized Pt and Pt-based
nanomaterials using organometallic precursors36,45,47,49,51

rather than H2PtCl6 · xH2O. For example, Malenovska et al.46

employed Pt(acac)2 as a precursor to form Pt nanoparticles
in a silica film. The fabrication began by dissolving 0.1 mmol
of Pt(acac)2 in 10 mL of ethanol and the subsequent addi-
tion of {(3-[(2-aminoethyl) amino]propyl}triethoxysilane

Figure 4. SEM image of the PDDA-protected Pt nanopolyhedrons.
Reprinted from ref 29. Copyright 2007 American Chemical Society.

Figure 5. SEM image of the as-synthesized PtAu catalyst.
Reprinted from Wang, J.; Thomas, D. F.; Chen, A. Chem. Commun.
2008, 5010. Copyright 2008 Royal Society of Chemistry.
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(AEAPTS). The amount of AEAPTS added corresponded
to a 1:4 molar ratio of Pt/AEAPTS. The mixture was stirred
until no further color change was observed. Following the
stirring, 0.2 mmol of tetraethoxysilane (TEOS) and 40 mL
of 0.2 N aqueous NH4OH were added to the solution.
Subsequently, the sample was heated to 70 °C for three days.
The platinum nanoparticles were formed following reduction
in a hydrogen atmosphere at 500 °C for 2 days and had an
average diameter of 22 nm. Overall, the Pt nanoparticles were
found to be highly dispersed in the silica film and higher
average particle diameters were obtained with increasing
reduction temperatures.

Platinum nanoparticles can be fabricated on many sup-
porting materials such as silicates,36,40,47,49,51 aluminum,45,55

titanium,39 and carbon.42,43 Hippe et al.38 fabricated TiO2

nanotubes containing platinum nanoparticles. The preparation
began by dissolving 0.0193 g of [Pt(NH3)4](HCO3)2 in 2.15 g
of water, followed by adding 40 mL of ethanol. A mixture
containing 170.2 µL of tetrabutylorthotitanate (TBOT) and
2.15 g of 0.4 N NH3 was added dropwise to the solution at
203 K. The mixture was stirred for 12 h, and its temperature
was then increased to room temperature, before the solvent
was removed at 333 K and 1600 Pa. The sample was dried
in a vacuum to remove the alcohol and water. As shown in
Figure 6, the uniformly dispersed platinum nanoparticles
were produced on the inside and outside of the TiO2

nanotubes following the calcination of the sample at 773 K
for 2 h. Hu et al.45 created alumina-supported platinum
nanoparticles using a single step sol-gel method. A solution
of water and aluminum tri-sec-butoxide (ATB) was prepared
at a molar ratio of 100:1 (H2O/ATB) by stirring the
components at room temperature for 30 min. Drops from a
0.1 g mL-1 HNO3 solution were added to the mixture, which
was stirred for 10 min to allow the ATB to decompose and
form a sec-butanol phase on top of the solution. The sec-

butanol phase was removed from the mixture prior to adding
more HNO3 solution to bring the molar ratio of HNO3/Al to
0.5. The solution was stirred for 1 h and sonicated for 30
min at room temperature following the addition of
Pt(NH3)4Cl2 to the mixture. Following 48 h in a fume hood,
the solvent water evaporated resulting in the formation of a
gel. Additional drying of the sample occurred at 110 °C for
12 h and 200 °C for 12 h, before calcination at 550 °C for
2 h to form the resulting platinum nanoparticles with
diameters ranging from 10 to 50 nm.

Some research groups have also successfully used the
sol-gel method to create binary Pt-based nanomaterials,
including PtAg,41 PtSn,54 and PtRu.48,50 Yu et al.41 used the
sol-gel process to create silica-stabilized PtAg nanoparticles.
The fabrication began by mixing 6.07 g of cetyltrimethy-
lammonium bromide (CTAB) and 150 mL of toluene.
Solutions containing 0.091 g of (NH4)PtCl4 and 0.082 g of
AgNO3 in a total of 4.20 mL of deionized water to yield an
atomic ratio of 2:1 (Ag/Pt), were added separately. Following
the addition of 0.66 mL of 5 M NaOH and 2 h of stirring,
drops of 98% hydrazine monohydrate were added to reduce
the metals. A change in color of the mixture from pink to
black was observed. Finally, drops of TEOS (total of 6.934
g) were added to the mixture, which was stirred for 6 days.
The as-synthesized alloyed PtAg nanoparticles were stabi-
lized in silica gel and had a uniform particle size (4-5 nm).
Balakrishnan and Gonzalez54 prepared bimetallic Pt-Sn
nanomaterials using the sol-gel method. Solutions contain-
ing 49.8 g of ATB in 100 mL of 2-butanol, H2PtCl6 · xH2O
in 5 mL of warm acetone and 0.27 g of SnCl4 ·5H2O in 5
mL of warm acetone were combined and mixed thoroughly.
Another solution containing 0.6 mL of HCl, 10.6 g of H2O,
and 100 mL of methanol was added to the mixture and
stirred. The resulting mixture was transferred to a rotavapor
where it was mixed continuously, undergoing a series of
temperature variations. The rotavapor was opened to the
atmosphere to aid in solvent removal before several more
temperature variations: 60 °C for 20 h, 80 °C for 1 h, and
100 °C for 30 min. The sample was transferred to an oven
where it was dried at 120 °C for one day. Finally, the metallic
components were reduced by heating the sample to 500 °C
for 2 h in 5% O2, 15 min in He, and 3 h in H2. The
temperature was temporarily increased to 520 °C in He
before it was reduced to 500 °C for 1 h. Finally, the sample
was allowed to cool to room temperature under the He
atmosphere. Overall, the size of the binary PtSn nanocatalysts
was not significantly impacted by the Sn content. Kim et
al.50 formed Pt-Ru nanomaterials on carbon for the purpose
of application in direct methanol fuel cells (DMFCs). The
Pt and Ru sources were a solution prepared by mixing
0.00338 mol of Pt(acac)2 and various amounts of ruthenium
acetylacetonate (Ru(acac)2) in 100 mL of acetone at 50 °C.
A gel was formed following the addition of a solution
containing 25% tetramethylammonium hydroxide (TMAH)
in methanol and stirring the mixture for 10 min. The gel
was dried in air at 170 °C for 10 h. The resulting dried gel
was crushed with a mortar and pestle and then heated to
190-400 °C in air or in 0.1-1% O2 for 2-10 h to form
PtRu nanoparticles with diameters <50 nm.

Sol-gel synthesis is a useful technique for creating Pt and
Pt-based nanoparticles with uniform size and distribution.
The syntheses can be carried out with a variety of precursors,
completing or networking agents, and heat treatments to vary
the resulting particle size. The ability to fabricate Pt and Pt-

Figure 6. TEM image of Pt nanoparticles on calcinated TiO2

nanotubes. Reprinted from Hippe, C.; Wark, M.; Lork, E.; Schulz-
Ekloff, G. Microporous Mesoporous Mater. 1999, 31, 235.
Copyright 1999 Elsevier.
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based nanomaterials with small dimensions makes this
technique promising in the development of highly efficient
Pt-based catalysts for fuel cells and other applications.

2.3. Physical Synthesis Techniques
Physical syntheses for fabricating Pt and Pt-based nano-

materials are quite varied. The products created range from
nanosized films, nanoparticles, and nanowires to nanorods.
Physical syntheses are processes whereby the precursor
material undergoes no chemical change. This broad range
of fabrication methods includes sputtering,58-86 ion or
electron beam deposition,87-98 laser ablation,99-106 and vari-
ous types of irradiation.107-123

The preparation of Pt nanomaterials with sputtering
methods allows for the precise control of Pt content.56,57 A
variety of Pt nanomaterials have been fabricated including
nanoparticles,60-66,70,73,75 nanostructured thin films,59,67,68,71,84

and bimetallic Pt-based nanomaterials.72,78,82,85 Yamamoto et
al.70 used a polygonal barrel sputtering system to deposit Pt
nanoparticles onto carbon nanofibers (CNF). The sputtering
target was a 99.95% Pt plate (50 mm × 100 mm). The
sputtering conditions were Ar pressure of 1.2 Pa, 50 W RF
power, and deposition time of 30 min and the barrel was
rotated at an angle of (75° at 5 rpm. In addition, the barrel
was hit with a mechanical vibrator 20 times per minute.
Figure 7 reveals that the dispersion of the Pt nanoparticles
varies depending on the deposition parameters. In Figure 7E,
the unmodified CNFs have nonuniformly dispersed Pt
nanoparticles with a wider size distribution that is due to
the aggregation of the CNFs. As shown in Figure 7F, when
bent pieces of stainless steel were placed in the sputtering
system with the CNFs, the Pt nanoparticles were evenly
dispersed and had a narrow size distribution. The addition
of small pieces of columnar stainless steel (φ 2 × 10 mm)
to the CNFs evidently helped to minimize CNF aggregation
by gently pulling apart the fibers without breaking them.

Electron and ion beam induced deposition (EBID and
IBID) methods have been used to fabricate a variety of Pt
and Pt-based nanomaterials including nanoparticles,91,94-96

nanostructured films,97 nanowires or nanorods,87-90,92 and
bimetallic Pt-based nanomaterials.90,94 EBID had the advan-
tages of reduced thermal stress, no ion implantation, lack of
damage to the substrate and absence of Ga contamination;
however it has lower deposition rates compared with IBID.93

Plank et al.87 utilized EBID to fabricate Pt nanorods on highly
orientated pyrolytic graphite (HOPG). The Pt precursor used
was a C9H16Pt. A FEI Nova200 dual beam system and a
four-gas injection setup were used for the Pt deposition. The
synthesis conditions were a temperature of 45 °C, a working
distance of 4.8 mm, and a dwell time of 4 ms. In addition,
the growth times, accelerating voltages, and beam currents
were tuned to optimize the volume of the Pt nanorods. Figure
8 shows the TEM image of a representative Pt nanorod with
an apex diameter of 10 nm. Beam defocus was found to have
a significant influence on volume growth rates.

Liao et al.88 synthesized carbon-sheathed Pt nanowires
using focused IBID. A Dual-Beam 235 system from FEI
Company was used for the synthesis. The Pt precursor used
was (CH3)3CH3C5H4Pt gas. The synthesis conditions were
1.4 × 10-6 mbar, 30 kV Ga+ ions scanned over the substrate
in the presence of the Pt precursor, 0.2 µs dwell time, and a
-50% overlap. Following the deposition, the Pt nanowires
were annealed at various temperatures to investigate the
effect on product morphology. The product Pt nanowires had
granular metal composite systems, which can be visualized
as a long network of Pt grains. The trend that emerges is
the higher the temperature of the annealing, the larger the
Pt grains and their resulting conductivity.

Dolbec et al.103 investigated the growth dynamics of pulse
laser deposited Pt nanoparticles on a highly ordered pyrolytic
graphite (HOPG) substrate. The Pt nanoparticles were
fabricated at room temperature. The system was set up with
the laser beam focused on a 5 cm × 5 cm polycrystalline Pt

Figure 7. TEM images of CNFs (A) before and (B, C) after Pt deposition with various sputtering conditions; panels D, E, and F are
enlarged images from the boxes in panels A, B, and C, respectively; and panels G and H are histograms of the Pt nanoparticle diameters
from panels E and F, respectively. Reprinted from Yamamoto, H.; Hirakawa, K.; Abe, T. Mater. Lett. 2008, 62, 2118. Copyright 2008
Elsevier.
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target (99.99%) at an angle of 45 °C. The target was ablated
in a high vacuum vessel (10-6 Torr) using a KrF excimer
laser with a wavelength of 248 nm, pulse duration of 17 ns,
and a 20 Hz repetition rate. To ensure the production of
reproducible samples, the target was moved across the laser
beam continuously through the rotation and translation
movement of the Pt target. The number of laser pulses was
varied from 5 to 1000 to vary the amount of Pt deposited on
the HOPG substrate. As the number of pulses increased, the
thickness of the Pt layer and the Pt nanoparticle diameter
increased. In addition, the kinetic energy of the ablated
species was found to influence particle size and morphology.
High kinetic energy in the ablated species resulted in a
reduction of particle size and flattened particle shape.
Optimizing the synthesis conditions of pulsed laser deposition
enables researchers to have a high degree of control over
the size of the resulting nanoparticles.

Irridiation techniques have been successfully employed to
fabricate a variety of Pt nanoparticles,107,109-111,114-118 nano-

wires,112,113 and bimetallic Pt-based nanomaterials.119,121,122

Numerous irradiation methods have been used to synthe-
size these Pt nanomaterials including γ,113,117,119-121 UV/
vis,108,114-116,118,122,123 microwave,107,111 and sonication.109,110,112

Deivaraj et al.107 employed microwave irradiation to fabricate
carbon-supported PtNi nanoparticles. The synthesis began
by preparing a solution containing 0.1 g of Vulcan XC-72,
0.2 g of 10 000 wt poly(N-vinyl-2-pyyrolidone) (PVP), 30
mL of water, 10 mL of a 5 mM K2PtCl4 solution, and 10
mL of a 5 mM NiCl2 ·6H2O solution. PVP was utilized as a
stabilizing agent. This mixture was transferred to a CEM
Discover microwave reactor and subjected to 100 W for 10
min while stirring. The as-synthesized PtNi nanoparticles had
diameters of 2.9-5.6 nm. In addition, the PtNi nanoparticles
fabricated with microwave irradiation had smaller particle
size and more uniform distribution on the carbon substrate
in comparison to PtNi nanoparticles synthesized with con-
ventional heating and room-temperature reduction reactions.

Luo et al.116 prepared crown-shaped Pt nanoparticles from
a Pt precursor solution containing fourth generation NH2-
terminal poly(amido amine) [(G4-NH2)PAMAN] dendrimers
using UV irridiation. An aqueous solution containing 0.1 mM
of H2PtCl6 ·6H2O and 0.07 mM of the dendrimer was
irradiated under UV light in a dark box at 25 °C for 7 h. A
low-pressure mercury lamp (HOYA-SCHOTT, EX250,
wavelength 200-450 nm) was used. UV visible spectroscopy
was used to verify the reduction of the Pt ions in solution.
Figure 9A,B reveals the morphology of the product, crown-
shaped Pt nanoparticles with diameters of 100-130 nm and
10-30 nm shell thickness. It is proposed that the dendrimers
serve as stabilizers as well as templates for the formation of
the Pt nanoparticles.

Park et al.110 used an ultrasonic irradiation method to
prepare polypyyrole (PPy)/Pt nanocomposites. The fabrica-
tion began by preparing a solution containing 0.25 mM
H2PtCl6 ·6H2O, 10 mM PPy, and 1.25 mM sodium dodecyl
sulfate (SDS). The SDS was employed as a stabilizing agent.
The temperature of the water bath during the sonication was
298 K. A 13 mm Φ, Branson Sonifier 450D was immersed
in the solution. Ultrasonification was carried out with a
collimated 20 kHz beam from the transducer with an input
power of 30 W for various lengths of time. UV/visible
spectroscopy was used to verify the reduction of the Pt ions
from the solution. Figure 10 shows the morphology of the
Pt and PPy/Pt nanocomposites with particle sizes of 2-3
and 40 nm, respectively. The PPy/Pt nanocomposites have
uniform dispersion and a narrow particle size distribution;

Figure 9. (a) SEM and (b) TEM images of the crown-shaped platinum nanoparticles. Reprinted from Luo, X.; Imae, T. J. Mater. Chem.
2007, 17, 567. Copyright 2007 Royal Society of Chemistry.

Figure 8. TEM image of a typical Pt nanorod tip synthesized with
a focused beam at 30 keV and 150 pA. Reprinted from Plank, H.;
Gspan, C.; Dienstleder, M.; Kothleitner, G.; Hofer, F. Nanotech-
nology 2008, 19, 485302. Copyright 2008 IOP Publishing.
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however they lose electroactivity after continuous cycling
in aqueous solutions due to the overoxidation of the PPy.

Wang et al.120 used γ-irradiation to fabricate Pt nanoparticles
supported on MWCNTs. A mixture of MWCNTs, chloropla-
tonic acid, 2-propanol, and sodium salt sulfonate was ultra-
sonicated for 15 min and purged with N2. The alcohol was used
as a hydroxyl radical scavenger and the salt as a surfactant.
The mixture was irradiated with a 60Co source with a dose rate
of 2 kGy h-1. The as-synthesized Pt/MWCNT nanocomposite
had Pt nanoparticles with diameters of 2.5-4.0 nm. The
radiolysis of water forms radicals, which reduced the metal ions
in solution to metal on the MWCNTs. The optimization of
experimental conditions resulted in uniform particle dispersion
and narrow size distributions.

Sputtering, ion and electron beam deposition, laser ablation,
and several types of irradiation methods have been used to
synthesize a variety of Pt nanomaterials. The fabrication
conditions, concentration of reagents, and presence of stabilizers
in these physical synthesis methods can be tuned to control the
product composition, morphology, and properties.

2.4. Electrochemical Deposition
Electrodeposition is a practical method for generating a

variety of Pt and Pt-based nanomaterials.124-199 This method
involves the use of a two- or three-electrode electrochemical
system, with the electrolyte serving as the source of Pt as
well as the conducting medium. Deposition occurs by
controlling either the electrode potential or the current density
of the electrochemical cell. This method is used to fabricate
thin films or layers composed of nanoparticles or nanocryst-
als,125,130-143,149-164,172-176,199 as well as nanowires and
nanorods.126,129,166-169,182,197,198

A variety of electrochemical techniques have been em-
ployed to facilitate the deposition of Pt and Pt-based
nanomaterials onto electrode supporting materials including
chronoamperometry, cyclic voltammetry, potential step
experiments, potential pulse experiments, chronopotentiometry,
and current pulse experiments. Tirawi et al.125 used potentio-
static pulse plating to deposit Pt onto a SiO2 surface. The
nanosized Pt islands were fabricated at room temperature in
a three-electrode cell containing 1 M K2PtCl4 and 1 M
H2SO4. The deposition was achieved by pulsing the potential
between 0.08 and -0.01 V, with time durations of 3 and 1

ms, respectively. The as-synthesized Pt nanosized islands had
sizes between 200 and 800 nm. A Pt blanket electrode was
also prepared on the SiO2 substrate using the same cell setup,
but with different potentials and time durations of 0.06 V for 5
ms and -0.04 V for 2 ms. While the blanket Pt electrode
exhibited superior surface coverage, the nanosized Pt island
networks had an electroactive surface area (ESA) over 4 times
larger, owing to the smaller particle size of the catalysts.

One of the most popular electrodeposition techniques used
to synthesize Pt and Pt-based nanomaterials is chronoamper-
ometry. Zhao et al.140 synthesized Pt nanoparticle/MnO2

nanowire composites using electrodeposition. A three elec-
trode electrochemical cell with a saturated calomel electrode
(SCE) as the reference electrode, Pt plate counter electrode,
and anodic aluminum oxide (AAO)/Ti/Si template as the
working electrode was used for the synthesis. The MnO2

nanowires were fabricated in a 0.5 M Mn(CH3COO)2

solution by holding the potential constant at 1.4 V for 5000 s.
The AAO film was removed by immersing the substrate in 0.01
M NaOH for 0.5 h. The resulting “brush shaped” MnO2

nanowires had a uniform diameter of 30 nm, similar to the pores
in the AAO template, and were arranged into “brush shaped”
arrays. The Pt nanoparticles with diameters less than 15 nm
were deposited onto the MnO2 nanowires in a 5 mM H2PtCl6
solution at -0.3 V for 50 s. The product Pt nanoparticle/MnO2

nanowire composites showed enhanced electrocatalytic activity
toward methanol oxidation compared with Pt nanowire arrays
prepared with a similar electrodeposition method.

Another technique widely employed to prepare Pt and Pt-
based nanomaterials is cyclic voltammetry. Zhao et al.160

fabricated Pt nanoparticles on MWCNTs using a three-step
process. The first step involved the electrochemical treatment
of multiwalled CNTs to produce various functional groups.
Then, cyclic voltammetry was performed between 0.3 and 1.3
V at 100 mV s-1 for 10 cycles in a pH 4 solution containing 2
M K2PtCl4 and 0.1 M K2SO4 to promote the electro-oxidation
of PtCl42- to Pt(IV). Finally, the Pt(IV) complex was converted
to Pt(0) by cycling at 100 mV s-1 between 0.9 and -0.35 V in
a 0.1 M H2SO4 solution until a steady state was reached.
Increasing the number of cycling steps for the PtCl42- to Pt(IV)
conversion resulted in higher dispersion of the Pt nanoparticles
on the MWCNTs, with a particle size of 2 nm obtained after
190 cycles, as well as increased electrocatalytic activity. The

Figure 10. TEM images of the as-synthesized (a) Pt-NPs and (b) Pt-NPs/PPy nanocomposite. Reprinted from Park, J.; Atobe, M.; Fuchigami,
T. Electrochim. Acta 2005, 51, 849. Copyright 2005 Elsevier.
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high dispersion of the Pt nanoparticles may be due to the
functionalization of the MWCNTs.

Cui et al.184 deposited Pt nanoparticles onto MWCNTs
using a potential step experiment. MWCNTs were attached
to the GC electrode using conductive silver paint. The
electrodeposition took place in a three-electrode electro-
chemical cell using a MWCNT/GC working electrode, Pt
counter electrode, and Ag/AgCl/KCl (3 M) reference elec-
trode. The supporting electrolyte was a solution containing
1 mM K2PtCL4 and 0.1 M KCl. The Pt nanoparticles were
deposited on the surface of the working electrode via
potential steps from 0.5 to -0.7 V. The number of potential
step cycles was fixed at 10, 50, or 200; the width or duration
of the potential steps was varied to examine the effect on
the morphology of the product nanoparticles. Overall, varying
the width of the potential steps had almost no effect on the
particle size, which averaged 10 nm; whereas a higher
number of repeated potential steps from 0.5 to -0.7 V
resulted in larger Pt nanoparticles with snowflake-like
morphology, which possessed higher porosity and electro-
catalytic activity toward oxygen reduction.

Paoletti et al.131 deposited Pt nanoparticles onto carbon
black (CB) and CNTs using chronopotentiometry. The CNTs
were pretreated to remove carbaceous and metallic impurities
by refluxing in HNO3 for 2 h. CB and CNTs were attached
onto separate GC substrates by spraying solutions of alcohol
and Nafion onto the surfaces. A standard three-electrode
electrochemical cell was used for the electrodeposition, with
the GC working electrode, Pt counter electrode, and Ag/

AgCl reference electrode. The supporting electrolyte was a
solution of 5 mM H2PtCl6 and 1 M H2SO4. The deposition
was carried out by applying a current between 0.025 and
0.3 mA cm-2 for 300 s. The product morphology was highly
dependent on the charge density values. The SEM images
of the formed Pt nanoparticles shown in Figure 11 reveal
three distinct morphologies: spherical (a), dendritic (b), and
lamellar (c, d). The Pt nanoparticles were finely dispersed
on both the CNT and CB substrates. The morphology of the
nanoparticles affected the electrocatalytic performance of
the electrodes, and overall the globular particles exhibited
the best performance.

Song et al.132 fabricated Pt nanoparticles in PVP using
current pulse electrodeposition. PVP is a nonionic surfactant,
capable of forming complexes with Pt ions in solution, and
it adsorbs on the substrate. Two different molecular weights
of PVP were used: PVP-L (29 000) and PVP-H (130 000).
The electrolyte used for the pulse electrodeposition was a
solution composed of 0.2 M H2SO4, 5 mM H2PtCl6, and 50
mM PVP. The current was pulsed from 0 mA cm-2 for 300
ms to -10 mA cm-2 for 100 ms, and back to 0 mA cm-2

for 300 ms. The total number of pulses was 50. The resulting
particle sizes for the deposition were 360 nm for pure Pt,
3.4 nm for Pt with PVP-L, and 2.9 nm for Pt with PVP-H.
The use of PVP in the electrolyte for electrodeposition of
the Pt nanoparticles was found to produce particles over 100
times smaller than those produced without PVP.

While a variety of electrochemical techniques have been used
to deposit Pt nanoparticles onto various electrode supporting

Figure 11. SEM images of Pt nanoparticles deposited on CNTs with charge density values of (a) 120, (b) 180, (c) 240, and (d) 360 mC
cm-2. Reprinted from Paoletti, C.; Cemmia, A.; Giorgi, L.; Giorgi, R.; Pilloni, L.; Serrab, E.; Pasquali, M. J. Power Sources 2008, 183, 84.
Copyright 2008 Elsevier.
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materials, these techniques can also be used to fabricate other Pt
nanomaterials such as nanowires or nanorods166-169,182,195 and
bimetallic Pt-based nanomaterials.157,165,168,172,182,189,196 Napolskii
et al.148 employed an electrodeposition technique to synthe-
size Pt nanowires using anodic aluminum oxide (AAO)
templates. High-purity aluminum foils were anodized in 0.3
M oxalic acid at 40 V for 48 h. A two-electrode electro-
chemical cell with a Pt foil counter electrode was used with
the temperature of the electrolyte maintained between 0 and
5 °C. The alumina film was then etched in a solution of 35
mL L-1 H3PO4 and 20 g L-1 CrO3 at 70 °C. Then, the film
was anodized again for 50 h using the previous conditions.
The electrodeposition of the Pt onto the template was carried
out using a three-electrode electrochemical cell with a Pt
wire counter electrode and Ag/AgCl reference electrode. The
electrolyte used for the deposition was a solution containing
0.01 M Na2PtCl6 and 0.02 M HCl. The deposition was
achieved at a constant potential of 0.3 V until the total charge

spent was between 1 and 26 C cm-2. Figure 12 shows that
the diameter of Pt nanowires is similar to the diameter of
the pores in the alumina matrix. The diameter of the Pt
nanowires was 50-60 nm, and their overall length increased
with increasing charge spent for the electrodeposition.

Zhao et al.155 fabricated 3D flowerlike Pt nanoparticle
clusters on CNTs using a three-step electrochemical process.
In the first step, the CNTs were modified with functional
groups by cycling the potential between -0.4 and 1.8 V in
K2SO4. In the second step, the Pt(II) complex was oxidized
to form a Pt(IV) complex using potential step deposition from
0.3 to 1.1 V with different pulse widths until a steady pulse
current was reached. The electrolyte used was a solution
containing 2 M K2PtCl6 and 0.1 M K2SO4. Finally, the Pt(IV)
complex was transformed to Pt nanoparticles on the CNT
surface by cycling the potential between -0.26 and 1.0 V
until a steady state was reached. The as-synthesized Pt
nanoparticles had different morphologies depending on their
synthesis methods: potential step or CV. The potential-step
method produced flowerlike Pt nanoparticle clusters with
particle sizes ranging from 1 to 20 nm depending on the
pulse width, whereas the CV method produced finely
dispersed Pt nanoparticles. Overall, the Pt nanoparticles
synthesized using a pulse width of 0.001 s had the highest
electrochemical active surface and electrocatalytic activity.

Sun and co-workers developed a novel electrochemical
approach to prepare tetrahexahedral (THH) Pt nanocrystals
(NCs) with high-index facets on glass carbon substrates.199

The Pt nanocrystals were synthesized in a standard three-
electrode cell with the electrolyte containing 0.2 mM H2PtCl6

and 0.5 M H2SO4. Subsequently, the as-synthesized nano-
particles were subjected to a square-wave treatment, with
an upper potential of 1.2 V and the lower potential between
-0.10 and -0.20 V. The treatment took place in a solution
containing 0.1 M H2SO4 and 30 mM ascorbic acid at 10 Hz
for 10 to 60 min. Figure 13A-D shows the SEM images of
the as-fabricated Pt nanocrystals with particle sizes ranging

Figure 12. SEM image of the Pt nanowires, formed with a
deposition charge of 26.1 C cm-2 after matrix dissolution. Reprinted
from Napolskii, K. S.; Barczuk, P. J.; Vassiliev S. Yu.; Veresov,
A. G.; Tsirlina, G. A.; Kulesza, P. J. Electrochim. Acta 2007, 52,
7910. Copyright 2007 Elsevier.

Figure 13. SEM images of the THH Pt nanocrystals synthesized with growth times of (A) 10, (B) 30, (C) 40, and (D) 50 min. The insets
in panels A and B are the high-magnification SEM images. The scale bars are 200 nm. Reprinted from Tian, N.; Zhou, Z.; Sun, S.-G.; Ding,
Y.; Wang, Z.-L. Science 2007, 316, 732. Copyright 2007 AAAS.
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from 53 to 144 nm. The formed Pt nanocrystals contain high-
index facets such as {210}, {520}, or {730} compared with
typical Pt nanoparticles which have {100}, {110}, or {111}.
The high-index facets are thermally stable and have higher
energy, which contributes to their enhanced electrocatalytic
activity compared with Pt nanoparticles.

Cui et al.152 used electrodeposition to form alloyed PtPb
nanoparticles on MWCNTs. MWCNTs were grown on Ta
plates and attached to the GC working electrode using
conductive silver paint. The electrodeposition of the PtPb
nanoparticles occurred in a solution of 0.1 M KCl, 0.67 mM
K2PtCl6, and 0.33 mM Pb(NO3)2 by stepping the potential
from 0.5 to -0.4 V, with step durations of 0.2 and 10 s,
respectively, for a total of 60-120 cycles. Following the
electrodeposition of the PtPb nanoparticles, a Nafion film
was applied to the PtPb/MWCNT composite by dipping the
electrode into a 0.25% (v/v) Nafion in 20% ethanol solution.
To improve electrocatalytic performance, an additional layer
of PtPb nanoparticles was deposited using conditions identi-
cal to the first electrodeposition, except that only 30 cycles
were used. The alloyed PtPb nanoparticles had snowflake-
like morphology with particle sizes of 10-40 nm and were
observed mostly on the tips of the MWCNTs. The use of
the Nafion layer was found to increase the electrocatalytic
performance of the composite electrodes.

Liu et al.182 synthesized multisegment bimetallic PtRu
nanorods with customizable lengths on AAO templates using
sequential chronopotentiometry experiments. An alumina
membrane with copper electroplated from an aqueous
solution of 1 M CuSO4 at -28.3 mA cm-2 for 400 s was
used as the working electrode. The electrodeposition condi-
tions for the Pt nanorod segments were -0.44 mA cm-2 at
50 °C for various lengths of time in a solution of 0.01 M
H2PtCl6 and 0.2 M H2SO4. The conditions for the elec-
trodeposition of the Ru nanorod segments were -15 mA
cm-2 at 50 °C for various lengths of time in a solution of
3.5 g L-1 Ru(NO)Cl3 and 10 g L-1 NH2SO3H. To prepare
nanorods with alternating segments of Pt and Ru, after one
metal was plated, the electrode was rinsed with ultrapure

water and subjected to a chronopotentiometry experiment
where the current was held at -0.44 mA cm-2 until the
potential was lower than -4 V. Figure 14a-d shows the
morphology of the as synthesized segmented nanorods with
customizable lengths. Nanorods synthesized with higher
numbers of Pt/Ru interfaces showed enhanced electrocatalytic
activity, which provided evidence of the bifunctional
mechanism.

Electrodeposition is a simple yet powerful method for
generating a variety of Pt and Pt-based nanostructured
materials. The morphology, particle size, metallic composi-
tion, and electrocatalytic activity of the product nanostruc-
tured materials can be tuned based on the precursor solutions,
substrate materials, and deposition conditions.

2.5. Electroless Deposition
Electroless deposition is among the most straightforward and

efficient methods used to fabricate Pt and Pt-based nanomate-
rials.200-266 This method involves the reduction of Pt and possibly
other cocatalysts from a metal salt solution onto an electrode
surface. The process takes place in acidic, basic, or neutral aqueous
solutions and requires a reducing agent. It differs from hydro-
thermal and solvothermal routes because these take place in
open systems. A variety of reducing agents have been employed
to synthesize Pt nanoparticles,201-203,205,209,215,225,251,255-257,265 Pt
nanowires/nanorods,204,253 Pt nanostructured materials with
different shapes,214,216,224,236,242,244 and Pt-based bimetallic
nanomaterials.230,232-235,239,240,246,258-262

Pt nanoparticles are the most common product of elec-
troless deposition. Metz et al.209 synthesized Pt nanoparticles
on vertically aligned carbon nanofibers (VACNFs) using a
three-step electroless deposition process. In the first step, the
VACNFs were sensitized with tin. Then the fibers were
involved in a redox reaction in a 0.03 M palladium chloride
solution, which resulted in the transfer of Pd atoms to
the surface of the fibers. Finally the pretreated VACNFs were
immersed in a pH 11.95 solution containing 10 µL of 5 wt
% diammineplatinum(II) nitrate in 10 mL of 1.92 M

Figure 14. SEM images of the nanorods containing segments of (a) Pt-Ru, (b) Pt-Ru-Pt, (c) Pt-Ru-Pt-Ru, and (d) Pt-Ru-Pt-Ru-Pt.
The diameter of each nanorod was approximately 200 nm. Reprinted from Liu, F.; Lee, J. Y.; Zhou, W. AdV. Funct. Mater. 2005, 15, 1459.
Copyright 2005 Wiley-VCH.
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ammonium hydroxide, 0.25 M hydrazine hydrate, and 0.4
M hydroxylamine hydrochloride at 55 °C for 1-3 h. Figure
15 shows that the Pt nanoparticles are well dispersed on the
VACNFs and have an average diameter of 8 nm. Prior to
the electroless deposition of Pt, the functionalization of the
VACNFs was determined to greatly enhance the nucleation
of the Pt nanoparticles, which resulted in 10-20× higher
Pt loading.

Chu et al.204 fabricated Pt nanotubules on aluminum sheets
using hydrazine as a reducing agent. Aluminum sheets
underwent critical-potential anodization in various acids to
form self-organized porous anodic alumina (PAA). The PAA
films were etched in different acids to widen the pores and
aid in the uniform deposition of Pt. Pd colloids were
produced on the nanoporous walls to help initiate the
electroless deposition on the chemically inert alumina.

Electroless deposition was achieved by immersing the
alumina in an alkali bath containing hydrazine, 0.02 M
H2PtCl6, 0.3 M NH2NH2, and 0.8 M HONH3Cl. The pH of
the mixture was adjusted using ammonia. The solution was
mixed for 3-7 min at 333-353 K. Figure 16 shows the Pt
nanotubules formed via different electroless deposition times,
with tube thickness of 100-200 nm, tube diameters of 600
nm, and tube lengths of 10-12 µm. Overall, the size and
aspect ratio of the Pt nanotubules synthesized on PAA films
can be tuned by varying the fabrication conditions in order
to enhance surface area, mechanical strength, and electro-
catalytic performance.

Qu et al.214 utilized a substrate-enhanced electroless
deposition process to prepare shape- and size-controlled Pt
nanoparticles on CNTs. Cu-supported CNTs were formed
by dispersing a solution containing 0.5 mL of MWCNTs in

Figure 15. (a) SEM and (b) TEM image of platinum nanoparticles on carbon nanofibers. Reprinted from ref 209. Copyright 2007 American
Chemical Society.

Figure 16. SEM images of Pt nanotubules in porous alumina films after deposition for (a-c) 3 min and (d) 7 min. The images show
different angles of the Pt nanotubules: (a) top view, (b, c) vertical sections, and (d) transverse section. Reprinted from Chu, S. Z.; Kawamura,
H.; Mori, M. J. Electrochem Soc. 2008, 155 (5), D414. Copyright 2008 Electrochemical Society.
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ethanol (0.8 mg/10 mL) on Cu foil. Then the substrate was
immersed in a solution containing 3.8 mM K2PtCl4 and 5
mM CuCl2 for 1 min. Following the formation of the Pt
nanocubes, the substrate was washed with distilled water.
The fabrication of Pt nanospheres followed the same
procedure, except that the Cu-supported CNTs were im-
mersed in a solution containing 1.9 mM K2PtCl4 for 30 min.
The formation of the Pt nanocubes and Pt nanospheres with
diameters ranging from 100 to 200 nm and 200 to 500 nm
was found to be highly dependent on the metal salt
concentrations and reaction times.

The most commonly used reducing agents are ethylene
glycol216-247 and sodium borohydride.248-266 Knupp et al.222

synthesized Pt nanoparticles on CNTs and CNFs using a
polyol synthesis method with ethylene glycol as the reducing
agent. The CNTs and CNFs were pretreated with concen-
trated nitric and sulfuric acid at 60 °C for 1-4 h to remove
impurities and add functional groups. The CNTs and CNFs
were transferred into a mixture of ethylene glycol and water
and sonicated to disperse the nanomaterials in solution.
Following the dropwise addition of the appropriate amount
of K2PtCl6, the solution was sonicated again. The mixture
was refluxed for 2 h at 125 °C. The as-synthesized Pt
nanoparticles on the CNTs and CNFs had diameters from
2.3 to 3.9 nm. The Pt nanoparticles fabricated on the CNTs
with 10 wt % Pt loading had the smallest particle size and
best particle dispersion, which resulted in the highest ESA.

Guo et al.263 used sodium borohydride as a reducing agent
and citric acid (CA) as a stabilizing agent to prepare Pt
nanoparticles. The Pt nanoparticles were synthesized from
a precursor solution containing different ratios of citric acid
and H2PtCl6 (1:1, 2:1, 3:1, 4:1) in 250 mL of ammonium
hydroxide. The solution was ultrasonicated for 30 min
following the addition of Vulcan XC-72. The mixture was
stirred for 10 h at 50 °C with the continuous addition of
ammonium hydroxide to maintain the volume of the solution.
An excess amount of 0.1 M NaBH4 was added dropwise to
facilitate the reduction of the Pt ions in the solution over a
period of 3 h. The resulting Pt nanoparticles had sizes ranging
from 3 to 6 nm. Among the different CA/Pt ratios used to
fabricate the Pt nanoparticles, the ratio of 2:1, with a particle
size of 3.82 nm, exhibited the highest ESA and electrocata-
lytic performance.

Herricks et al.244 employed a polyol process with sodium
nitrate to control the morphology of the synthesized Pt
nanoparticles, where ethylene glycol served as both the
reducing agent and solvent. A solution containing 1 mL of
80 mM H2PtCl6 was rapidly added to a mixture composed
of 7 mL of ethylene glycol at 30 mM PVP (MW ) 55 000)
and with varying amounts of NaNO3 at a temperature of 160
°C. The ratio of NaNO3/Pt was varied from 0 to 11. Figure
17a-f shows that the morphology of the synthesized Pt
nanomaterials varies greatly with dimensions between 3 and
30 nm. The variation in the structure of the Pt nanomaterials
was due to the concentration of the nitrate ion, which was
responsible for slowing the reduction of the Pt(II) and Pt(IV)
ions in solution by ethylene glycol. This effect may be
attributed to the formation of stable complexes between the
nitrate and Pt(II) and Pt(IV) ions in solution thus altering
the reaction kinetics.

Song et al.253 synthesized Pt nanowire networks via
chemical reduction of a Pt complex using sodium borohy-
dride as a reducing agent. The synthesis started by aging a
solution containing 10 mL of 20 mM K2PtCl6 for one day.

After aging, 10 mL of chloroform and 40 mM cetyltrim-
ethylammonium bromide (CTAB) were added to form a two-
phase aqueous chloroform mixture. The resulting mixture
was stirred for 10 min to transfer the Pt complex into the
chloroform phase. For the Pt reduction, 80 mL of Nanopure
water and 10 mL of 300 mM sodium borohydride were added
to the mixture and stirred at 1000 rpm. The SEM and TEM
images in Figure 18a-d show that the as-synthesized Pt
nanowires have diameters of 2.2 nm and form large extended
wire networks. The stirring speed was found to have a
significant effect on the morphology of the Pt nanostructures.
At low stir speeds, the majority of the product was nano-
particles; whereas, at higher stir speeds, the product was
nanowire networks. This is likely related to the enlarged
surface area of the chloroform micelles and the efficiency
of the borohydride diffusion into the micelles.

While electroless deposition methods have been used to
form a variety of simple Pt nanostructured materials, such
as nanoparticles, nanowires or nanorods, and nanoparticles
with varying shapes, many research groups have employed
similar methodologies to form bimetallic Pt-based nanomate-
rials.239,258-262 Zhu et al.208 fabricated well-dispersed PtRu
alloy nanoparticles on Vulcan XC-72 using electroless
deposition. The carbon black (CB) was sensitized in a
solution containing 2.5 g of SnCl2 in 0.1 M HCl. The CB
was then immersed in the solution and ultrasonicated for 30
min. Activation took place in a solution composed of 2.82 g
of PdCl2 in 0.1 M HCl via immersion and ultrasonification
of the CB for 30 min. Following the pretreatment, the CB
was immersed in a stirred solution made up of 1.93 mM
H2PtCl6 and 3.63 mM RuCl3 for 1 h. Na2CO3 was added to
the solution to adjust the pH to 10. Finally, 20 mg L-1

Figure 17. TEM images of Pt nanoparticles synthesized with
different ratios of (NaNO3/H2PtCl6): (a) 0, (b) 0.3, (c) 1.6, (d) 3.3,
(e) 5.5, and (f) 11.0. Reprinted from ref 244. Copyright 2004
American Chemical Society.
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borohydride sodium was added to the mixture, which was
then stirred for 2 h. The as-synthesized PtRu nanoparticles
had diameters of 3.5-4.0 nm. Overall, the PtRu nanoparticles
fabricated using the pretreatments possessed alloying, supe-
rior dispersion, and small particle size.

Tegou et al.207 used a two-step electroless process to form
Pt-coated Cu nanoparticles. In the first step, electrodeposition
was used to deposit Cu onto a glass carbon (GC) substrate.
The experiment was carried out in a solution containing 0.1
M HClO4 and 0.1 M CuSO4 at -0.4 V vs Ag/AgCl with a
total passed charge density in the range of 5.5-41.3 mC
cm-2. The Cu/GC substrate was immersed in a solution
containing 0.1 M HCl and 0.01 M K2PtCl6 for 30 min. The
resulting PtCu deposits had a cracked mud structure. After
cycling the potential between hydrogen and oxygen evolu-
tion, nanoparticles with sizes in the hundreds of nanometers
were revealed. This process aids in the anodic dissolution
of Cu to uncover the particles protected by the Pt surface
layers.

Electroless deposition is a low-cost solution-based tech-
nique that has been successfully utilized to fabricate various
Pt and Pt-based nanomaterials. The morphology and com-
position can be controlled to form a variety of Pt nanoma-
terials including nanoparticles, nanoparticles with different
shapes, and nanowires. Use of AAO templates enables the
synthesis of nanowires; the addition of other metal salts
facilitates the fabrication of bimetallic Pt-based nanomate-
rials. Furthermore, electrocatalytic performance of the prod-
uct Pt nanomaterials can be tuned by varying the concen-
tration of the precursors, reagents, stabilizing agents, and
reaction conditions.

3. Properties of Pt and Pt-Based Nanomaterials

3.1. Structure
The wide variety of synthesis techniques available to

synthesize Pt and Pt-based nanomaterials contain reaction
conditions such as Pt precursors, presence of surfactants or
stabilizers, temperature, pH and substrate types, which may
affect crystal growth, orientation, and grain size. A number
of methods exist to characterize the structure of Pt and Pt-
based nanomaterials, such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), energy-
dispersive X-ray spectroscopy (EDS or EDX), X-ray dif-
fraction (XRD), X-ray photoelectron spectroscopy (XPS),
low-energy electron diffraction (LEED), and selected-area
electron diffraction (SAED). The information revealed by
these characterization methods gives insight into how
structure contributes to the enhanced properties of Pt and
Pt-based nanomaterials.

SEM and TEM reveal information about the shape of
nanoparticles and other nanomaterials, size of the nanoma-
terials, agglomeration of nanoparticles, and the distribution
of the nanomaterials on the substrate. The information
provided by TEM and SEM analyses is standard in most
studies of the morphology and structure of Pt and Pt-based
nanomaterials.21,199,236,264,267-279 Tang et al.269 used electro-
chemical deposition to deposit Pt nanoparticles on well-
aligned CNT arrays. The morphology of the Pt/CNT
nanocomposites was analyzed using SEM and TEM, as
shown in Figure 19A-D. The SEM images show that the
particle size and morphology were dependent on the deposi-
tion charge. A deposition charge of 9.744 µC cm-2 resulted

Figure 18. (a-c) TEM and (d) SEM images of the as-synthesized Pt nanowire networks. Reprinted from ref 253. Copyright 2007 American
Chemical Society.
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in a particle size of 30-70 nm; whereas an increase in the
charge to 572.5 µC cm-2 resulted in changing the morphol-
ogy of the product Pt nanomaterials to a 65 nm thickness
film. The TEM images reveal the agglomeration and

distribution of the nanoparticles on the substrate, which may
be difficult to distinguish in SEM images of nanoparticles
dispersed on three-dimensional substrates such as CNTs.
Figure 19B shows that the Pt nanoparticles are not agglomer-

Figure 20. TEM-EDX spectra of PtRu nanoparticles. The Cu lines are attributable to the TEM grid. Reprinted from ref 267. Copyright
2003 American Chemical Society.

Figure 19. (A, C) SEM and (B, D) TEM images of Pt nanomaterials formed on CNT arrays with deposition charges of (A, B) 9.744 µC
cm-2 and (C, D) 572.5 µC cm-2. Reprinted from Tang, H.; Chen, J. H.; Huang, Z. P.; Wang, D. Z.; Ren, Z. F.; Nie, L. H.; Kuanga, Y. F.;
Yao, S. Z. Carbon 2004, 42, 191. Copyright 2004 Elsevier.
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ated and are well dispersed on the CNT substrate for a
deposition charge of 9.744 µC cm-2. For a deposition charge
of 572.5 µC cm-2, the CNTs were coated uniformly by a Pt
thin film as shown in Figure 19D.

The composition of Pt and Pt-based nanomaterials can be
determined using numerous methods including EDS or
EDX,267,269,272,275,276 XPS,264,279 and direct current plasma
atomic emission spectroscopy (DCP-AES) or inductively
coupled plasma atomic emission spectroscopy (ICP-AES).274,277

Zhang et al.267 fabricated PtRu nanoparticles on carbon paper
using hydrazine as the reducing agent. Figure 20 shows the
EDX spectra of the as-synthesized PtRu nanoparticles. The
EDX analysis confirmed the fabrication of bimetallic PtRu
nanomaterials from the appearance of distinct Pt and Ru
peaks. The EDX results were also used to compare the Pt/Ru
ratio between the precursor solutions and the product materials.
This provides information about the reduction environment and
whether species are preferentially reduced.21,275 EDX analyses
may also reveal information about the presence of impurities
or the surface coverage of the nanomaterials over the
substrate, if peaks for other elements are present in the
spectra.272

Information about the phase of Pt and Pt-based nanoma-
terials is determined by XRD analysis.267,268,272-276,279 Wang

Figure 21. XRD patterns of the as-synthesized nanoporous PtM
networks. Reprinted from Wang, J.; Holt-Hindle, P.; MacDonald,
D.; Thomas, D. F.; Chen, A. Electrochim. Acta 2008, 53, 6944.
Copyright 2008 Elsevier.

Figure 22. XPS spectrum of the Pt-Ru nanoparticles: (top) Pt 4f, peaks 1 and 3 represent the Pt 4f7/2 and Pt 4f5/2 lines of Pt0, respectively;
peaks 2 and 4 represent the Pt 4f7/2 and Pt 4f5/2 lines of PtII, respectively; (bottom) Ru 3p3/2. Reprinted from ref 267. Copyright 2003
American Chemical Society.
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et al.21 fabricated nanoporous PtM networks (M ) Pb, Pd,
Ru, or Ir) using the hydrothermal method. Figure 21 shows
the XRD patterns for the five Pt-based nanomaterials. All
five electrodes show characteristics of the hexagonal Ti
crystal, albeit with lower intensities due to the surface
coverage of the Ti substrate with the PtM nanoporous
networks. The Pt, PtRu, PtIr, and PtPd electrodes display
the (111), (200), and (220) reflections found in the face-
centered-cubic (fcc) crystal structure. The peaks displayed
by the PtPb electrode are characteristic of the hexagonal NiA
crystal structure. The (111), (200), and (220) peaks for the
PtRu, PtIr, and PtPd electrodes were found to have positive
shifts in their 2θ values compared with nanoporous Pt. The
increase in the 2θ values due to the decreased d-spacing was
attributed to the addition of Ru, Ir, and Pd to Pt. Quantitative
calculations for the lattice constants (a) revealed values of
0.389, 0.388, 0.388, and 0.392 for the nanoporous PtPd,
PtRu, PtIr, and Pt electrodes, respectively. Moreover, the
peak lines for the PtM patterns are between the 2θ values
for pure Pt and M, and no characteristic (111), (200), and
(220) reflections for each different M appear in the patterns.
The sum of this evidence indicates that the PtM nanomate-
rials were either partially or fully alloyed. The XRD patterns
also reveal information about the average crystallite size,
which was calculated with the Scherrer formula. Calculations
revealed average crystal sizes of 24, 35, 18, 6, and 4 nm for
the nanoporous Pt, Pt-Pb, Pt-Pd, Pt-Ir, and Pt-Ru
networks, respectively. The particle sizes calculated with the
Scherrer formula were much lower than those in the SEM
images, indicating the agglomeration of the Pt nanocrystal-
lites.

XPS experiments can be used to determine the atomic
composition as well as the metallic and oxide components
of Pt and Pt-based nanomaterials.267,276,279 Gullón et al.264

prepared alloyed PtRu nanoparticles using sodium borohy-
dride as the reducing agent. XPS experiments were per-
formed to determine the atomic composition of the as-
synthesized PtRu nanoparticles. The deconvoluted Pt and Ru
signals and sensitivity factor were integrated and compared
to determine the atomic compositions. Zhang et al.267

employed XPS to determine the metallic and oxide compo-
nents of Pt and Ru of their PtRu nanoparticles. Figure 22
shows the XPS spectra for the Pt and Ru components. The
Pt 4f7/2 and Pt 4f5/2 peaks at 71.3 eV (1) and 74.57 eV (3)
were both attributed to metallic Pt0. The other Pt peaks at
72.49 eV (2) and 75.88 eV (4) were attributed to PtII in PtO
or Pt(OH)2. Comparing the relative heights of the peaks
revealed that Pt0 is the dominant species. The Ru 3p3/2

spectrum revealed peaks at 461.32 (1), 463.41 (2), and 465.72
eV (3), which were credited to Ru0, RuIV in RuO2, and RuVI

in RuO3, respectively. Comparing the relative heights of the
peaks shows that Ru oxides are the majority species. Wang
et al.21 used XPS analysis to gain additional information
about the composition of a nanoporous PtIr electrode. Figure
23 shows the XP spectra for the Pt and Ir components of
the PtIr electrode. A comparison of the Pt 4f7/2 and Pt 4f5/2

peaks for the nanoporous PtIr and Pt networks revealed a
positive shift in the binding energy for the Pt 4f7/2 peak for
the PtIr electrode. A similar comparison of the Ir 4f7/2 and
Ir 4f5/2 peaks for the PtIr electrode and pure Ir metal revealed
a negative shift in the binding energy for the Ir 4f7/2 peak
for the PtIr electrode. The shift in binding energy is related

to a change in electron density, which indicates the presence
of an intra-atomic charge transfer between the Pt and Ir
atoms.

Fundamental studies of the {111}, {100}, and {110} index
planes or facets typically found on single-crystal surfaces
of bulk Pt reveal that these single-crystal surfaces have much
lower activity than high index planes.3,280 The high index
planes have high densities of atomic steps, ledges, and kinks
that act as active sites for breaking chemical bonds. Sun and
co-workers developed a route for shape-controlled synthesis
of Pt NCs through a square-wave potential.199 Starting from
Pt nanospheres electrodeposited on glassy carbon substrate
instead of bulk Pt, they obtained THH Pt NCs at high yield.
SAED and TEM measurements were used to investigate the
index facets of the as-synthesized THH Pt nanocrystals, as
shown in Figure 24. The nanocrystals were imaged along
the [001] direction, which was parallel to 8 of the 24 facets
in the THH Pt nanocrystals. The SAED pattern in Figure
24B revealed a 4-fold symmetry that proved the THH Pt
nanocrystal was a single crystal. The high-resolution TEM
image in Figure 24C revealed lattice spacing of 0.20 nm for
the {200} planes of the THH Pt nanocrystal. The Miller

Figure 23. XPS spectra of the Pt 4f (a) and Ir 4f (b) regions of
the nanoporous Pt (dashed line) and PtIr (black line) networks.
Wang, J.; Holt-Hindle, P.; MacDonald, D.; Thomas, D. F.; Chen,
A. Electrochim. Acta 2008, 53, 6944. Copyright 2008 Elsevier.
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indices of the exposed facets in Figure 24A were calculated
by measuring the angle between the facets. The values of
133.6° ( 0.3° and 137.6° ( 0.3° between the {730} facets
were in good agreement with the theoretical values for angle
R ) 133.6° and angle � ) 136.4°. Therefore, the dominant
facets of the THH Pt nanocrystals were {730} with contribu-
tions from {210}, {310}, and {520}. This composition is
evident in the atomic arrangement of the Pt{730} surface in
Figure 24D. The high-index facets possess enhanced elec-
trocatalytic activity compared with spherical Pt nanoparticles,
attributable to their thermal stability and higher energy.

A variety of methods can be used to characterize the size,
distribution, agglomeration, composition, metallic and oxide
components, phase, and index facets of Pt and Pt-based
nanomaterials. The structural properties of Pt and Pt-based
nanomaterials can vary greatly. Therefore, it is important to
optimize the synthesis conditions of reagent concentration,
types of reagents, temperature, pH, and substrate type to
obtain the desired structural properties, which contribute to
desirable optical, magnetic, and electrocatalytic properties.

3.2. Catalytic Properties
The development of novel Pt and Pt-based nanomaterials

has garnered great interest from researchers in part due to
the excellent electrocatalytic and catalytic properties of Pt.
Platinum has high stability and electrocatalytic activity
toward key reactions in fuel cells powered by the electro-
chemical oxidation of hydrogen and small organic molecules.
These reactions include the hydrogen oxidation reaction
(HOR), methanol oxidation reaction (MOR), ethanol oxida-
tion reaction (EOR), formic acid oxidation, and oxygen

reduction reaction (ORR). Platinum electrocatalysts have also
shown potential for use in nonenzymatic biosensors due to
their electrocatalytic activity toward glucose oxidation. The
electrocatalytic activity of Pt and Pt-based nanomaterials
toward these reactions as well as their current and potential
use in applications will be discussed in detail in the
applications section.

Platinum catalysts also play a key role in chemical sensing
applications, as well as the automotive and petroleum
industries. The role of Pt as a catalyst for CO detection, the
oxidation of CO and NOx in catalytic converters, the refining
of petroleum, hydrogen production, and anticancer properties
will also be discussed in the applications section. It is well-
known that platinum is very expensive, due to its rare reserve
on earth; thus some the discussion will focus on how the
use of Pt-based electrocatalysts can reduce production costs
through enhancing the activity of Pt via dispersing nano-
structured materials on high surface area supporting materials
and through coupling with other metals to form binary and
ternary electrocatalysts.

3.3. Optical Properties
Nanostructured materials of noble metals exhibit optical

properties different from their corresponding bulk metals and
therefore have been the focus of many investigations due to
their potential for applications in optoelectronic and biopho-
tonic devices. The control of the composition and morphol-
ogy of the nanomaterials, via different fabrication methods,
is important for adapting them to specific applications. The
optical properties of a variety of Pt-based nanomaterials,
including thin films or coatings, nanowires, nanoparticles,

Figure 24. (A) TEM image of a single THH Pt nanocrystal, (B) SAED pattern with square symmetry, (C) high-resolution TEM image of
the box from part A, D atomic model of the Pt{730} plane. Reprinted from Tian, N.; Zhou, Z.; Sun, S.-G.; Ding, Y.; Wang, Z.-L. Science
2007, 316, 732. Copyright 2007 AAAS.
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and nanothorns, have been investigated using absorption,
extinction, and reflectance spectra as well as Raman spec-
troscopic techniques.281-287

Barlett et al.281 employed electrochemical deposition to
fabricate nanostructured Pt films. The Pt was deposited under
potentiostatic conditions at -0.05 V vs SCE through
templates composed of hexagonally arranged 700 nm
diameter polystyrene spheres on an evaporated gold substrate.
The template was dissolved by soaking the electrodes in
tetrahydrofuran for 2 h. An optical microscopy arrangement
containing a fiber-coupled spectrometer was used to record
the normal incidence reflection spectra as a function of film
thickness, as shown in Figure 25. As the film thickness
increases, dips in the reflectivity shift to longer wavelengths
are observed. This resulted in changes to the color of the
sample. For the thinnest films, spectra 1-7, a dip around
670 nm developed and increased in intensity and shifted
toward shorter wavelengths as film thickness was increased.
The cause of the trend may be a grafting like effect, known
as surface plasmon, which is described as the coupling of
electrons and light to produce a traveling wave solution along
a dielectric/metal interface. Surface plasmon produces a
coupling condition described by the equation

The variables are defined as follows: θ is the angle of
incidence, ε1(ω) is the real part of the dielectric function of
the metal, λ is the incident wavelength, d is the grafting

periodicity, and m is an integer. Calculations revealed a value
of 675 nm, which is close to the experimental values shown
in Figure 25. As the film thickness increases, spectra 8-24,
the dips broaden, intensity decreases, and the peaks shift in
reflectivity to longer wavelengths. These changes are the
result of the increased magnification required to image the
samples in that region. In this region, the reflection of light
from the top of the nanostructured films caused interference
with the light reflected from within the film. This interference
dominated the optical response of the nanostructured Pt films
instead of the adsorption of light.

Suzuki et al.197 utilized electrochemical deposition to
fabricate nanostructured Pt films consisting of aligned
nanowires. The deposition was performed on mesoporous
silica films with aligned mesopores in a 2% chloroplatonic
acid solution. Figure 26 shows the TEM images of the
nanostructured Pt film composed of Pt nanowires ap-
proximately 3 nm in diameter. As shown in Figure 26A, the
lattice fringes of the Pt nanowires are parallel, revealing that
the nanowires were deposited through the micropores that
connect the bordering mesopores. A Shimadzu UV-2500 PC
spectrophotometer was employed for the absorption spectra
measurements. The ultraviolet adsorption spectra revealed
a single peak at 197 nm. This is consistent with localized
surface plasmon resonance (LSPR) measurements along the
short axis of the Pt nanowires. The polarized visible
absorption spectra taken parallel and perpendicular to the
nanowires revealed the anisotropic optical properties of the
film. No LSPR absorption was observed in the visible region

Figure 25. Normal incidence reflectance spectra and optical and SEM images for nanostructured platinum films with various thicknesses.
The errors in film thickness were calculated using the formula t ) r ( (r2 - rpore

2)1/2. Reprinted from Bartlett, P. N.; Baumberg, J. J.; Coyle,
S.; Abdelsalam, M. E. Faraday Discuss. 2004, 125, 117. Copyright 2004 Royal Society of Chemistry.

sin(θ) ) [ε1(ω)/(1 + ε1(ω))]1/2 - mλ/d
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when the polarization was perpendicular to the nanowires,
whereas a single peak at 660 nm resulted for the parallel
polarization. The Pt/silica nanocomposite thin films exhibited
the anisotropic properties of a single Pt nanowire despite
possessing the interconnected structure of the film. It was
proposed that interconnection does not have a significant
effect on the electronic structure of the individual nanowires,
perhaps due to the small number of interconnections between
the nanowires.

Bigall et al.285 used an electroless deposition method to
fabricate monodisperse Pt nanoparticles. The approach
employed a multistep seed-mediated approach using
chloroplatonic acid as the precursor. The as-synthesized
Pt nanoparticles had diameters ranging from 29 to 107
nm. The extinction spectra shown in Figure 27 were
produced using a Cary 5000 spectrometer scanning
between 230 and 800 nm. As the diameter of the particles
increased, the localized surface plasmons or extinction
peaks shifted to higher wavelengths. In Figure 27c, the
experimental and calculated extinction spectra are com-
pared. The calculated spectra were determined using a
multiple-multipole (MMP) method because the electro-
static model results were too erroneous for the larger
particles. While there was a good agreement between the
slopes for the calculated and experimental curves, the val-
ues were different. The difference was attributed to the
crystallinity and roughness of the nanoparticles. The linear
dependence between the LSP resonance wavelength and
particle diameter enables the easy optical characterization
of particle diameter via extinction spectra.

Surface-enhanced Raman spectroscopy (SERS) is an
important analytical technique for determining the identity
of the molecules adsorbed on metal substrates. The optimiza-
tion of the SERS response on nanostructured materials may
lead to chemical and biosensing applications in the future.
Sun and co-workers287 synthesized platinum nanothorns using
electrochemical deposition. The Pt nanothorns were synthe-
sized on a glassy carbon substrate using square wave
potential between -0.2 and 0.8 V for 20 min at 10 Hz. Figure
28 shows the SEM images of the as-synthesized Pt nan-
othorns with diameters up to 160 nm. The Pt nanothorns
possess a face-centered-cubic (fcc) structure and high
crystallinity and grew along the {111} direction. Pyridine
was used as the probe molecule for the SERS measurements.
A comparison of the SERS response of the Pt nanothorns
and Pt nanoparticles revealed that the Raman signal for
the Pt nanothorns at 1011 cm-1 is 140 cps compared with
about 10 cps for the Pt nanoparticles. The electromagnetic

enhancement of the Pt nanothorns could be caused by the
lightning rod effect, whereby the electromagnetic field is
located near the high curvature points of the nanothorns
resulting in a larger electric field by the sharpest surface.

The optical properties of Pt nanomaterials can be measured
with a variety of techniques. The morphology of the
as-synthesized nanostructured Pt materials has the largest
effect on the optical properties of the nanomaterials. Overall,
the synthesis technique can be used to tune the size and shape
of the formed Pt nanomaterials and thus control the optical
properties to tailor the novel materials toward specific
applications.

Figure 26. TEM images of (A) Pt nanowires on silica and (B) a
single Pt nanowire. Reprinted from ref 197. Copyright 2008
American Chemical Society.

Figure 27. (a) Experimental extinction spectra of the platinum
particles in aqueous solution, (b) calculated extinction spectra for
a core-shell modeled platinum sphere, and (c) extinction peak
positions for experimental data (9), calculated data for Pt spheres
(b) and calculated data for core-shell modeled particles (2). Linear
fits were used to represent the lines for the respective data points.
Reprinted from ref 285. Copyright 2008 American Chemical
Society.
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3.4. Magnetic Properties
Platinum is a transition metal with a partially filled 5d

shell. In the form of a bulk metal, Pt shows no evidence of
surface magnetism, and the Pt 5d band is too wide to induce
spin polarization. Investigating the magnetic properties of
Pt and Pt-based nanomaterials has garnered great interest
due to the potential for applications in magnetic storage
media.247,249,288-294 The magnetic properties of single metallic
materials can be significantly improved through the formation
of alloys with other metals. Magnetic alloys may have higher
magnetic anisotropy, superior magnetic susceptibility, and
larger coercivities compared with bulk metals.295 Many
studies have investigated the magnetic properties of Pt
nanomaterials,292,293,296-298 as well as in combination with
ferromagnetic metals such as Co95,288,290,291,295 and Fe.247,249,289,294

Delin et al.292 investigated the magnetism of Pt nanowires
using density functional calculations and found that they
exhibited Hund’s rule of magnetism. Fully relativistic
calculations performed with the spin axis aligned along the
wire direction indicated that the Pt nanowire had a magnetic
moment of 0.6 µB at an equilibrium bond length of 2.48 Å.
When the bond length was stretched, the magnetic moment
increased. The fully relativistic Pt wire band structures were
measured for five different bond lengths between 2.3 and
3.1 Å and revealed that the band edge A is on the Fermi
level for all of the bond lengths. A magnetic moment may
develop if a band edge lies near the Fermi level. This is due
to the large energy gain expected if a band spin-splits such
that one spin-channel band edge lies above and the other
below the Fermi level. A comparison of the magnetic and
nonmagnetic band structures showed that the (dxy, dx2-y2)
bands triggers the formation of the magnetic state. The other
band edges, dz2 at A and dxz and dyz at Γ, also contribute to
the magnitude of the magnetic moment as they split around
the Fermi level.

Zhang et al.296 studied the magnetic properties of Pt
nanostructures with different morphologies. The Pt nano-
particles were formed via the decomposition of the Pt

precursors in oleylamine or 1-dodecanethiol. As shown
in Figures 29 and 30, the morphology of the as-synthesized
Pt nanoparticles was controlled through the temperature
and time of the synthesis reaction. A superconducting
quantum interference device (SQUID) was used to char-
acterize the magnetic properties of the Pt nanoparticles.
The branched Pt nanoparticles exhibited much higher
magnetization than the spherical Pt nanoparticles with
values of 10 × 10-3 and 1 × 10-3 emu/g, respectively.
The spherical Pt nanoparticles were paramagnetic whereas
the branched nanoparticles were ferromagnetic at room
temperature. The evidence suggests that ferromagnetism
occurs in nanomaterials with high surface to volume ratios.
The surfactants also affected the magnetic properties of
the Pt nanomaterials. The thiol-capped Pt nanomaterials
had enhanced magnetism compared with the amine-capped
Pt nanomaterials. The evidence implied that the magnetic

Figure 28. (a) SEM and (b) high-resolution SEM images of platinum nanothorn assemblies and (c) side and (d) top views of the Pt
nanothorns. The scale bar in panels b-d is 100 nm. Reprinted from Tian, N.; Zhou, Z.; Sun, S.-G.; Cui, L.; Ren, B.; Tian, Z. Chem.
Commun. 2006, 4090. Copyright 2006 Royal Society of Chemistry.

Figure 29. TEM images of Pt nanoparticles with different
morphologies: (a) spherical, (b) elongated, and (c) tetrapod. Panel
I shows the morphology evolution scheme of the Pt nanomaterials
formed with different reaction temperatures. Reprinted from ref 296.
Copyright 2008 American Chemical Society.
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moments were produced by broken symmetry and charge
transfers, since charge transfer was more efficient in
1-dodecanethiol than oleylamine.

Teng et al.298 synthesized platinum nanowires using a
modified phase-transfer method. A solution containing
platinum chloride, octadecylamine (ODA), and the phase
transfer agent n-dodecyltrimethylammonium bromide
(DTAB) was prepared. The reducing agent, sodium
borohydride, was added in large excess to facilitate the
reduction of the platinum precursor. A superconducting
quantum interference device (SQUID; model MPMS XL,
Quantum Design) was used to determine the temperature
dependence of the magnetic characteristics of the Pt
nanowires, as shown in Figure 31a-f. The results from
the magnetization curve at an applied field of 50 kOe and
the coercivity in the hystersis loop at 300 K for Pt suggest
that the nanowires were ferromagnetic rather than super-
paramagnetic. The unusual shift in the hysteresis at low
temperature was attributed to a “magnetic memory” effect
caused by magnetoelastic coupling. The cooling caused
the local magnetic moments to align, which was related
to the relaxation of the local lattice. The small observed
magnetic moment implied that the magnetic moment took
place in structural defects and changes in boundary
conditions. The defects generated local magnetic instabil-
ity, which was enhanced by the localization of electrons
created by a collapse in the density of states.

Delaunay et al.288 compared the magnetic properties of
Co-C and CoPt-C thin films with nanogranular morphology
and particles sizes between 5 and 25 nm. Selected area
diffraction measurements were used to determine the mi-
crostructure of the film, which suggested the formation of a
CoPt alloy due to the d spacing values. A vibrating sample
magnetometer was utilized to obtain the magnetic hysteresis
curves for the thin films. At an annealing temperature of 350
°C, the coercivities for the Co-C and CoPt-C films were
550 and 1500 Oe, respectively. The change in the magnetic
properties may be due to an increase in the magnetocrys-
talline anisotropy due to a face-centered-cubic to face-
centered-tetragonal phase transition.288,290,291

Carpenter et al.249 prepared PtFe nanoparticles using an
electroless deposition method. The method utilized separate

water and oil phases containing the surfactants cetyltrim-
ethylammonium bromide (CTAB) and 1-butanol. Different
ratios of the Pt and Fe precursors were reduced by sodium
borohydride to form the nanoparticles. TEM images revealed
that the particles had average diameters of 10 nm and XRD
analysis confirmed the formation of a PtFe alloy. A SQUID
magnetometer was employed for the magnetic measurements.
The addition of Pt to the samples increased the coercivity
from 200 Oe for Fe to 1500 Oe for Fe/Pt3. The increased
coercivity of the samples upon the addition of Pt was
attributed to an increase in the anisotropy of the system.
Interestingly, the Fe/Pt3 ordered and disordered alloys had
coercivities of 400 and 1500 Oe, respectively. The enhanced
coercivity of the disordered alloy could be due to exchange
coupling between ferromagnetic impurities or a difference
in particle size.

The magnetic properties of Pt and Pt-based nanomaterials
have been investigated using density functional calculations
and SQUID magnetometers. While bulk Pt metal may be
paramagnetic, the fabrication of Pt nanomaterials produces
ferromagnetic and superparamagnetic properties. Certainly,
the magnetic properties of Pt nanomaterials are further
enhanced through the addition of ferromagnetic elements
such as Fe or Co. The magnetic properties of Pt and Pt-
based nanomaterials are dependent on composition and
morphology, which can be tuned by optimizing synthesis
conditions such as the presence of capping agents and
reaction temperature.

Figure 30. (II) Morphology evolution scheme of Pt nanomaterials
formed with different reaction durations and TEM images of Pt
nanoparticles formed via heating at 135 °C for (a) 0.5, (b) 4, and
(c) 24 h. Reprinted from ref 296. Copyright 2008 American
Chemical Society.

Figure 31. (a) Comparison of the effect of temperature on the
magnetization of Pd (black) and Pt (red) nanowires in an external
field of 1000 Oe with zero field cooling. Effect of temperature on
the field-dependent magnetization of Pd and Pt nanowires: (b) 5,
(c) 300, and (d) 2000 K. Effect of temperature on the coercivity
(HC) and biased field (HB) of (e) Pd and (f) Pt nanowires. Reprinted
from Teng, X.; Han, W.; Ku, W.; Hucker, M. Angew. Chem., Int.
Ed. 2008, 47, 2055. Copyright 2008 Wiley-VCH.
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4. Applications of Pt and Pt-Based Nanomaterials

4.1. CO Oxidation
The CO oxidation reaction has been extensively investi-

gated on Pt and Pt-based nanomaterials due to its application
in hydrogen and small organic molecule based fuel cells.
CO is an intermediate/product of methanol, ethanol, and
formic acid oxidation and the reformation of hydrocarbons
used to synthesize hydrogen. The formation of CO has a
significant impact on fuel cell applications because CO may
strongly adsorb to the surface of Pt and Pt-based electrodes
and occupy catalytic sites, thus slowing the reaction kinet-
ics.299 Therefore the design of catalysts with high activity
toward CO oxidation is vital to fuel cell applications. CO
can be removed from sites on Pt and Pt-based electrodes in
an oxidative step involving OH species that are formed
through the activation of water. On a pure Pt electrode, the
water activation step requires high potentials, which is
undesirable for fuel cell applications.

Efforts to improve the performance of Pt electrodes toward
CO oxidation have focused on the effect of particle size300-302

as well as coupling other metals with platinum to form
various Pt-based nanomaterials, including Au,303 Co,20,304 Ir,21

Ni,304 Sn,305 Mo,306 W,307 Pb,21 Pd,21 and Ru.246,308,309 For
instance, Wang et al.21 investigated the performance of
various nanoporous Pt-based electrocatalysts formed by
hydrothermal deposition. Figure 32 compares the perfor-
mance of various Pt-based nanomaterials toward CO oxida-
tion. As seen in Figure 32, on the first sweep, the CV curve
is flat across the hydrogen adsorption region indicating that
all the Pt sites were occupied by adsorbed CO. The broad
oxidation peaks and subsequent return of the hydrogen
adsorption peaks indicate that the CO has been removed from
the electrode surface on the first cycle. The PtRu electrode
has the best performance of the electrodes in terms of onset
potential and peak potential. In an effort to understand the
mechanism of CO oxidation on PtRu surfaces, many research
groups have used in situ Fourier transform infrared (FTIR)

spectroscopy.310-316 An in situ FTIR study of the CO
oxidation characteristics on Ru-modified Pt(111) electrodes
by Lin et al.310 revealed that absorbed CO migrates to Ru
where it is preferentially oxidized. Figure 33 shows the FTIR
spectra for the Pt, PtRu, and Ru electrodes. The spectra for
Pt(111) show two potential-dependent bands around 2070
and 1830 cm-1, which were attributed to linear bonded (COL)
and 2-fold bridge bonded (COB) CO species. The two
electrodes containing Ru show a band around 2000 cm-1

attributed to linear bonded CO species on Ru. Therefore,
when the Ru content of the electrodes was increased from
0.2 to 1.0, the intensity of the COL and COB bands from
Pt(111) decreased. For electrodes with a Ru content greater
than 0.6, a red shift of -10 cm-1 and a blue shift of +6
cm-1 were observed for the COL bands on the Pt(111) and
Ru surfaces, respectively. These results reveal an important
electronic effect of the Ru-modified Pt(111) electrode. Two
mechanisms have been proposed to account for the enhanced
electrocatalytic properties of PtRu toward CO oxidation. The
first mechanism is a bifunctional mechanism, whereby
oxygen-containing species are adsorbed on Ru atoms, which
promote the oxidation of CO to CO2 on neighboring sites,
as summarized below.309

The other is a ligand effect whereby the electronic properties
of Pt are modified by the PtRu orbital overlap, which
weakens the strength of the bond between the Pt and the
adsorbed CO.

Figure 32. Cyclic voltammograms of CO stripping on nanoporous Pt and Pt-based electrodes: (A) PtRu (blue) and nanoporous Pt (black);
(B) PtIr; (C) PtPd; (D) PtPb. Two cycles of the CV were recorded for each electrode in a 0.1 M H2SO4 at a potential scan rate of 20 mV/s:
the first sweep cycle is shown as solid line, and the second sweep cycle is drawn as dashed line. Reprinted from Wang, J.; Holt-Hindle, P.;
MacDonald, D.; Thomas, D. F.; Chen, A. Electrochim. Acta 2008, 53, 6944. Copyright 2008 Elsevier.

Pt + CH3OH f Pt(CO)ads + 4H+ + 4e-

(CO adsorption)

Ru + H2O f Ru(OH)ads + H+ + e-

(OH adsorption)

Pt(CO)ads + Ru(OH)ads f CO2 + Pt + Ru +

H+ + e- (CO oxidation)
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Efforts to further enhance the electrocatalytic activity of
the fuel cell catalysts toward CO oxidation have focused on
the development of ternary Pt-based nanomaterials, such as
PtCoW,307 PtRuMo,317 PtRuPd,318 PtRuFe,319 PtRuNi,319 and
PRuCo.319 Jeon et al.319 utilized an electroless deposition
method with sodium borohydride as the reducing agent to
form various PtRuM (M ) Fe, Ni, Co) nanomaterials. All
three of the PtRu-based electrocatalysts displayed lower onset
potentials for the oxidation of CO compared with PtRu (0.49
V), with values of 0.46, 0.48, and 0.48 V for PtRuFe, PtRuNi,
and PtRuCo, respectively. The increased activity of the
PtRuFe electrocatalyst in comparison to PtRu may be
attributed to alloying between Pt and Fe, which could prevent
the electron back-donation from Pt to CO, thereby weakening
the Pt-CO bond.

The development of novel Pt-based binary and ternary
electrocatalysts has significantly enhanced the electrocatalytic
activity of fuel cell catalysts toward CO oxidation. The added
benefit to alloying other metals with platinum to form Pt-
based nanomaterials is that Pt loading can be significantly
reduced, thereby reducing the cost of the application of
anodes in small organic molecule and hydrogen fuel cells.

4.2. Hydrogen Fuel Cells
The use of hydrogen as a fuel has numerous advantages.

It can be produced from the electrolysis of water or from
the reformation of methane, methanol, or other liquid fuels,
and when consumed in proton exchange membrane fuel cells
(PEMFCs) with oxygen, pure water is the product. In
addition, some infrastructure exists for the storage, transport,
and distribution of compressed hydrogen in the United States.
Among the precious metals, platinum is the most active
toward the hydrogen oxidation reaction (HOR) that occurs
at the anode in PEMFCs. The power density of PEM fuel
cells improved substantially from about 0.1 kW L-1 in 1989
to 2.3 kW L-1 in 2001. In 2004, the cost of PEM fuel cells
was $175 kW-1. The US Department of Energy has set

targets of $45 kW-1 for 2010 and $30 kW-1 for 2015 in
order to make the PEMFCs competitive with conventional
gasoline-electric technology.

In order to meet cost reductions of this magnitude, the Pt
catalyst loading must be decreased. Two strategies have been
investigated for reducing the Pt loading in PEMFCs: the
fabrication of binary and ternary Pt-based alloyed nanoma-
terials and the dispersion of Pt-based nanomaterials onto high
surface area substrates. For example, Carmo et al.320 inves-
tigated the use of SWNTs, MWNTs, and Vulcan XC-72 as
electrocatalyst supports for Pt in PEMFCs. The effect of the
different electrocatalyst supports on cell performance with
and without the presence of CO is shown in Figure 34. The
results show that all three catalysts suffered a drop in
performance upon the addition of CO. However, the elec-

Figure 33. In situ FTIR spectra of Pt(111), Pt(111) with Ru coverage of 0.2, and (C) Ru electrodes showing bands for adsorbed CO and
the CO2 produced during the CO stripping experiment in 0.1 M HClO4. The CO adlayer was formed at 0.1 V, and the potential of the
experiment was changed from 0.1 V in +50 mV increments. The reference spectra for CO2 and CO were taken at 0.1 and 0.8 V, respectively.
Reprinted from ref 310. Copyright 1999 American Chemical Society.

Figure 34. PEMFC performance of Pt electrodes with substrates.
The cathode was a Pt/C (E-TEK) with a Pt loading of 0.4 mg cm-2

and fed with O2 humidified at 90 °C and 0.17 MPa. The membrane
used was Nafion 115. The anodes were fed with H2 (open symbols)
and H2 + 100 ppm CO (shaded symbols) humidified at 100 °C
and 0.2 MPa. Reprinted from Carmo, M.; Paganin, V. A.; Rosolenb,
J. M.; Gonzalez, E. R. J. Power Sources 2005, 142, 169. Copyright
2005 Elsevier.
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trodes containing the nanotube supports performed much
better than those with the Vulcan XC-72 support. This
enhancement could be explained by the Ni, Fe, or other
contaminants present in the nanotubes, which could facilitate
CO oxidation at lower potentials.

The development of novel binary and ternary Pt-based
nanomaterials for PEMFCs aids in the reduction of Pt loading
in PEMFCs, as well as increases the carbon monoxide
tolerance of the anode. Carbon monoxide is produced during
the reformation of hydrocarbons and is typically present at
a concentration of several ppm in compressed hydrogen.218,277

Many binary Pt nanomaterials, such as PtRu,321-326 PtCo,322

PtMo,324 PtSn,324 and PtW,324 have been fabricated with the
goal of improving the electrocatalytic activity of the anode
toward the HOR in the presence of CO. Götz et al.324

investigated the electrocatalytic activity of PtMo, PtRu, PtSn,
and PtW nanoparticles toward the HOR and CO oxidation.
Figure 35 compares the effect on the cocatalytic properties
of the four elements, Mo, Ru, Sn, and W, through the
electrocatalytic activity of the binary Pt-based nanoparticles
in the current-voltage curves. While all the electrodes
demonstrated a decrease in electrocatalytic activity in the
presence of CO, all four binary electrodes had better
performance than the pure Pt electrocatalyst. The PtMo,
PtRu, PtSn, and PtW electrocatalysts show enhanced CO-
tolerance when compared with Pt in the HOR. The PtRu
electrode displayed the best performance due to either an
electronic effect or the bifunctional mechanism. The Pt-CO
bond becomes weaker following the addition of Ru to Pt.
The Ru modifies the electronic properties of Pt. In the
bifunctional mechanism, Ru facilitates the generation of
oxygen-containing species at lower potentials than Pt, which
facilitates the oxidation of CO molecules on adjacent sites
to form CO2.19

Striving to further improve the electrocatalytic activity of
the anode in PEMFCs toward HOR and CO oxidation, many
ternary PtRu-based electrocatalysts have been synthesized
including PtRuAg,327 PtRuAu,327,328 PtRuMo,324 PtRuOs,328

PtRuSn,324 PtRuSnOx,328 PtRuRh,327 PtRuW,324 PtRuWOx,328

and PtRuW2C.327 Voltammetric investigations of CO strip-
ping on the electrocatalysts revealed that the PtRuWOx and
PtRuW2C had lower onset potentials for CO oxidation

compared with PtRu. Thus, consensus among these inves-
tigations is that the addition of the element W to PtRu
resulted in the most active ternary Pt-based electrocatalysts
toward hydrogen and CO oxidation.

Significant progress has been made at increasing the
performance and decreasing the cost of PEMFCs through
the use of high surface area supporting materials and the
development of novel binary and ternary Pt-based nanoma-
terials. PEMFCs are important energy conversion devices
in that they have the potential to reduce dependence on fossil
fuels and reduce greenhouse gas emissions. The appearance
of test automobiles with hydrogen-powered PEMFCs by
major car companies such as Honda, GM, Mercedes Benz,
Toyota, and Ford are a major step toward achieving both
goals.

4.3. Methanol Fuel Cells
Methanol offers several advantages over hydrogen as a

fuel including the ease of transportation and storage and high
theoretical energy density. The methanol oxidation reaction
(MOR) occurs at the anode in direct methanol fuel cells
(DMFC). Platinum is the most promising candidate among
pure metals for application in DMFCs. Platinum has the
highest activity toward the dissociative adsorption of metha-
nol. However, pure Pt surfaces are poisoned by carbon
monoxide, a byproduct of methanol oxidation, at room
temperature. A simplified reaction scheme for the oxidation
of methanol is248

Researchers have focused on dispersing nanostructured
catalysts on high surface area supporting materials and the
development of Pt-based nanomaterials with high electro-
catalytic activity toward MOR to overcome the poisoning
effect of CO. Wu et al.329 used the hydrothermal method to
decorate free-standing Ti nanowires with Pt nanoparticles
(Pt@Ti). The Pt nanoparticles had an average diameter of 3
nm and coated the surface of the Ti nanowires with diameters
of 45 nm. On the Pt@Ti electrode, a huge peak (Jf ) 68.83
mA cm-2) appears at 0.57 V during the forward scan, and
another large peak (Jb ) 62.07 mA cm-2) displays at 0.48
V during the backward scan from 0.80 to -0.225 V,
revealing that the Jf/Jb value for the Pt@Ti electrode was
1.11 compared with 0.98 for the polycrystalline Pt electrode.
Lower Jf/Jb values indicate the accumulation of carbonaceous
species on the catalyst’s surface and incomplete oxidation
of methanol during the anodic scan. Therefore, the Pt@Ti
electrode possessed improved CO tolerance and a peak
current density over 190 times higher than the polycrystalline
Pt electrode.

Peng et al.28 compared the electrocatalytic activity of
nanoporous Pt networks and bulk Pt toward the oxidation
of methanol. The nanoporous Pt networks were synthesized
using a seed-assisted hydrothermal deposition technique.
Hydrogen adsorption and desorption were used to determine
the electroactive surface area of the electrodes and revealed
that the nanoporous Pt electrode had an active surface area

Figure 35. Current-voltage cells of binary Pt-based anodes in
H2/150 ppm CO: ([) Pt, (+) PtRu, (b) PtW, (O) PtSn. The load
of the anode and cathode was 0.4 mg cm-2. Reprinted from Götz,
M.; Wendt, H. Electrochim. Acta 1998, 43, 3637. Copyright 1998
Elsevier.

CH3OH f (CH3OH)ads (methanol adsorption)

(CH3OH)ads f (CO)ads + 4H+ + 4e-

(C-H bond activation)

(CO)ads + H2O f CO2 + 2H+ + 2e- (CO oxidation)
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20 times higher than the bulk Pt electrode. Cyclic voltam-
metry and chronoamperometry experiments conducted in a
0.1 M CH3OH + 0.5 M H2SO4 solution demonstrated the
enhanced electrocatalytic activity of the nanoporous Pt
toward methanol oxidation. The CVs revealed a higher
current density and broader oxidation peaks for the nanopo-
rous Pt electrode. In addition, the steady state current density
for the nanoporous Pt electrode was over 25 times higher
than the bulk Pt electrode at 600 mV. The use of synthesis
techniques, such as the hydrothermal method, enables the
development of nanostructured Pt materials with large surface
areas and enhanced electrocatalytic activity compared with
bulk Pt.

One of the disadvantages to using a pure Pt electrocatalyst
is that the performance of the catalyst suffers due to the
poisoning by carbon monoxide, since Pt requires a potential
of at least 0.5 V to generate the OH species necessary to
oxidize carbon monoxide.330 This drawback is often over-
come by coupling platinum with other metals, such as Co,331

Fe,331 Ir,21 Ni,223,331 Pb,21,332 Pd,21 Ru,21,332 V,333 and Au,334

that facilitate the generation of the OH species at lower
potentials than Pt. Wang et al.21 studied the electrocatalytic
activity of nanoporous Pt, PtRu, PtIr, PtPd, and PtPb
networks fabricated with a hydrothermal deposition technique
toward methanol oxidation. Chronoamperometric experi-
ments were conducted at 0.3, 0.5, and 0.8 V in a 0.1 M
CH3OH + 0.5 M H2SO4 solution. Throughout the potential
range, the binary Pt-based nanoporous electrocatalysts
exhibited higher current densities than the nanoporous Pt
electrode. At low potential, the nanoporous PtRu electrode
exhibited the best performance toward methanol oxidation,
due to the ability of Ru to generate oxygen-containing species
at potentials as low as 0.3 V. The enhanced electrocatalytic
properties of the PtRu catalyst are attributed to two mech-
anisms: the ligand effect mechanism whereby the electronic
properties of Pt are modified by the PtRu orbital overlap or
the bifunctional mechanism where Ru facilitates the genera-
tion of oxygen-containing species on sites adjacent to Pt,
thereby aiding in the oxidation of CO.267 At higher potentials,
PtIr exhibited the strongest electrocatalytic activity toward
methanol oxidation. The enhanced activity of the nanoporous
PtIr electrocatalyst could be attributed to an effect similar
to the bifunctional mechanism for Ru.21

The electrocatalytic activity of electrocatalysts can be
further enhanced through the development of ternary Pt-based
nanomaterials, such as PtVFe, PtNiFe, PtRuMo, or
PtRuIr.157,335-337 Bauer et al.157 compared the electrocatalytic
activity of PtRu and PtRuMo electrocatalysts synthesized
with electrodeposition. Figure 36 shows the fuel cell
polarization curves for the electrodes at higher temperatures.
The PtRuMo (2200 W m-2) nanomaterials show enhanced
power density versus PtRu (1950 W m-2). Therefore the
presence of Mo had a beneficial effect on the fuel cell
performance of the anode at high temperatures.

The development of novel Pt-based binary and ternary
electrocatalysts has made great strides toward overcoming
the challenges of poor anode kinetics and the poisoning effect
of CO. While DMFCs suffer from reduced efficiency due to
methanol crossover from the anode to the cathode, the
advantages methanol has over hydrogen as a fuel suggest
that DMFCs have strong potential for practical applications.

4.4. Electrochemical Oxidation of Ethanol
Ethanol offers an attractive alternative to methanol in direct

alcohol fuel cells. The advantages of ethanol are a higher
theoretical energy density (8.1 kWh kg-1) versus methanol
(6.1 kWh kg-1), lower toxicity versus methanol, and ease
of production from the fermentation of sugar-containing raw
materials.338-340 The reaction scheme for the oxidation of
ethanol in acidic media on Pt surfaces is much more complex
than methanol oxidation, since the complete oxidation of
ethanol to CO2 requires the transfer of 12 electrons compared
with the 6 required for methanol. Ethanol can be adsorbed
through either the -C or -O onto Pt surfaces. Therefore
several reaction mechanisms have been proposed to account
for the products of ethanol electro-oxidation on Pt surfaces:
acetaldehyde, acetic acid, carbon dioxide, and methane. The
main products of the oxidation of ethanol are acetaldehyde
and acetic acid, which are formed through the direct
oxidation of the alcohol group.339

Zhang et al.341 compared the electrocatalytic activities of
Pt nanowire arrays to Pt films toward ethanol electro-
oxidation. The nanowire arrays were fabricated using the
electrochemical deposition of Pt-Cu alloy nanowires onto
alumina templates and dealloying the Cu component. CV
experiments were used to compare the electrocatalytic
activity of the Pt film, Pt nanowire array, and porous Pt
nanowire array electrodes toward ethanol oxidation. Both
of the Pt nanowires arrays exhibited higher anodic peak
current densities toward ethanol oxidation than the Pt film
electrode. The porous Pt nanowire arrays had higher elec-
trocatalytic activity toward ethanol oxidation than the Pt
nanowire arrays despite lower Pt loading, 0.79 vs 4.7 mg
cm-2. The enhanced electrocatalytic activity of the porous
Pt nanowire arrays may be attributed to more efficient mass
and electron transport as well as a larger number of three-
phase boundary reactive sites.

Ethanol electro-oxidation on Pt surfaces suffers from the
same drawback as methanol oxidation, the adsorbed CO
decreases the performance of the electrocatalyst. To over-
come this drawback, numerous binary Pt-based electrocata-
lysts have been studied, such as PtW,342 PtPd,342 PtRu,340,342,343

PtSn,342,344-346 and PtIr.347 Zhou et al.342 prepared Pt, PtRu,
PtSn, PtW, and PtPd nanomaterials on carbon vulcan XC-
72R. Figure 37 shows the CVs of the performance of the

Figure 36. Fuel cell performance of PtRu and PtRuMo electro-
catalysts. The anode feed was 1 M CH3OH + 0.5 M H2SO4 at a
rate of 5 mL min-1 under ambient pressure. The cathode feed was
dry O2 gas at a rate of 500 mL min-1 under STP and 2 atm.
Reprinted from Bauer, A.; Gyenge, E. L.; Oloman, C. W. J. Power
Sources 2007, 167, 281. Copyright 2007 Elsevier.
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binary Pt-based electrocatalysts toward ethanol oxidation.
The addition of the second metal to Pt resulted in increased
peak current density and a shift in the potential of the
oxidation peak to more negative potentials. Overall, the
addition of Sn, Ru, and W to Pt had significant effects on
the electrocatalytic activity of the Pt-based electrocatalysts
toward ethanol oxidation. The PtSn electrocatalyst had the
highest current density and PtRu had the lowest overpotential.
However, the peak current density of the PtSn electrocatalyst
was at a comparable potential to Pt. The enhanced effect of
the Sn, Ru, and W can be partially attributed to the ability
of these elements to provide oxygen-containing species at
lower potentials than Pt. The oxidation of the adsorbed CO
intermediates can be facilitated by these oxygen-containing
species. However, the bifunctional mechanism alone cannot

account for the large variations in the fuel cell performance
of the catalysts, shown in Figure 38. While the addition of
W and Ru enhances the electrocatalytic activity of Pt toward
ethanol oxidation, PtSn has the highest open circuit potential
and power density. A number of factors have been proposed
to account for the performance of the PtSn electrocatalyst
including changes in Pt lattice parameters, charge transfers
between Pt and Sn, a decrease in the oxidic state of Pt, and
an electronic interaction between Pt and Sn. Ternary elec-
trocatalysts such as PtRuW, PtRuMo, PtSnIr, and PtRhSnO2

have shown enhanced electrocatalytic activity toward ethanol
oxidation compared with their binary counterparts.342,346-348

Ethanol is the smallest alcohol containing a C-C bond.
These bonds present a great challenge in the design of
oxidation catalysts because they are strong and difficult to

Figure 37. CVs of carbon-supported binary Pt-based electrodes in 0.5 M H2SO4 + 1.0 M ethanol at 25 °C and a scan rate was 10 mV/s.
Reprinted from Zhou, W.; Zhou, Z.; Song, S.; Li, W.; Sun, G.; Tsiakaras, P.; Xin, Q. Appl. Catal., B 2003, 46, 273. Copyright 2003
Elsevier.

Figure 38. Comparison of binary Pt-based anode catalysts in an ethanol fuel cell. The cathode was a Pt/C from Johnson Matthey Co with
a Pt loading of 1.0 mg cm-2, the solid electrolyte was a Nafion-115 membrane, and the electrolyte was 1.0 M ethanol at a flow rate of 1.0
mL min-1 and temperature of 90 °C. Reprinted from Zhou, W.; Zhou, Z.; Song, S.; Li, W.; Sun, G.; Tsiakaras, P.; Xin, Q. Appl. Catal.,
B 2003, 46, 273. Copyright 2003 Elsevier.
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break. Figure 39 shows the proposed schematic representa-
tion for the ethanol oxidation mechanism.350 FTIR experi-
ments reveal that the main pathways for Pt electrocatalysts
are paths a and b, whereas PtRu and PtSn electrocatalysts
favor the a′ and b′ pathways leading to the formation of acetic
acid.339,349,350 The key to unlocking the energy density of
ethanol lies in the design of electrocatalysts that favor the
reaction pathways that break the C-C bond, which results
in the complete oxidation of ethanol.

Direct ethanol fuel cells have attracted considerable
attention from researchers because they are much more
compact in comparison to hydrogen PEMFCs. Ethanol offers
several advantages over methanol as a fuel for direct alcohol
fuel cells because it has higher theoretical energy density
and lower toxicity. It also suffers from similar problems
including decreased performance due to adsorbed CO
intermediates and fuel crossover. The development of binary
and ternary Pt-based nanomaterials with high electrocatalytic
activity toward ethanol oxidation is promising for the future
application of DEFCs as power sources for portable applica-
tions and automobiles.

4.5. Electrochemical Oxidation of Formic Acid
Formic acid is another attractive fuel for use in PEM-based

fuel cells, such as direct formic acid fuel cells (DFAFC). In
contrast to hydrogen, formic acid is liquid at room temper-
ature and therefore much less hazardous to store and
transport.351 Although formic acid (2086 Wh L-1) has a lower
energy density than methanol (4690 Wh L-1), DFAFCs are
competitive with DMFCs. DFAFCs have a lower fuel
crossover than DMFCs due to the repulsion between the
sulfuric acid groups of Nafion and the formate anions, which
enables the use of high concentrations of formic acid.352 The
low fuel crossover allows for the use of thinner membranes.
This reduces the cost of DFAFCs, as well as allowing higher
concentrations of formic to boost the energy density of the
cell.341 The mechanism for formic acid electro-oxidation on
platinum surfaces involves dehydrogenation and dehydration
pathways:

The dehydrogenation pathway is preferred due to the
complete oxidation of formic acid to CO2 through the

formation of adsorbed intermediates such as COOHads.
The dehydration pathway produces adsorbed carbon mon-
oxide, which requires higher electrode potentials to be
oxidized to CO2. Park et al.353 compared the electrocatalytic
activity of bulk Pt and Pt nanoparticle films toward formic
acid oxidation. Figure 40 shows the CVs of the different Pt
electrodes in different concentrations of formic acid. At high
concentrations of formic acid, the negative going sweeps of
the CV have much higher current densities, an indication
that CO production was more extensive. The CVs also reveal
that the smaller the particle size of the Pt nanoparticle films,
the lower the onset potential for methanol oxidation and the
higher the current densities.

A number of binary Pt-based nanomaterial electrocatalysts
have been investigated for enhanced electrocatalytic activity
toward formic acid oxidation including PtPd,354-357 PtAu,358

PtAg,359 PtBi,260 PtCo,355 PtFe,356 PtPd,354,356,357 and PtPb.260,360

Wang et al.21 studied the electrocatalytic activity of nanopo-
rous Pt, PtRu, PtIr, PtPd, and PtPb networks synthesized by
a hydrothermal deposition technique toward formic acid
oxidation. Figure 41 shows the electrocatalytic activity of
the binary Pt-based electrocatalysts toward formic acid

Figure 39. Ethanol oxidation mechanism. Reprinted from Léger,
J.-M.; Rousseau, S.; Coutanceau, C.; Hahn, F.; Lamy, C. Electro-
chim. Acta 2005, 50, 5118. Copyright 2005 Elsevier.

HCOOH f CO2 + 2H+ + 2e-

(dehydrogenation path)

HCOOH f COads + H2O f CO2 +

2H+ + 2e- (dehydration path)

Figure 40. CVs of (a) polycrystalline Pt, (b) Pt nanoparticle (8.8
nm) film/C, (c) Pt nanoparticle (2.0 nm) film/C in (A) 10 mM and
(B) 0.1 M formic acid + 0.05 M H2SO4. The current densities are
normalized to the 1 cm2 geometric surface area, which corresponds
to a H adsorption/desportion charge of 240 µC cm-2. Reprinted
from ref 353. Copyright 2002 American Chemical Society.
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electro-oxidation. The bulk Pt electrode displays small
current densities at low electrode potentials since formic acid
oxidation occurred mainly through the dehydration pathway.
In contrast, the binary Pt-based electrocatalysts exhibit
enhanced electrocatalytic activity toward formic acid oxida-
tion throughout the potential range. Therefore, formic acid
oxidation occurred on the nanoporous binary Pt-based
electrocatalysts through both the dehydration and dehydro-
genation pathways. Overall, the PtPb electrode had the best
performance due to its high current density at low electrode
potentials, indicating that the oxidation of formic acid
occurred mainly via the preferential dehydrogenation route.
Thus, the variation of the composition in bimetallic Pt-based
electrocatalysts can tune the mechanism of formic acid
oxidation and their resulting electrocatalytic activities.

Jayashree et al.354 found that the addition of Pd signifi-
cantly enhanced the power density of Pt-based electrocata-
lysts toward formic acid oxidation in DFAFCs. Figure 42
shows the power density and polarization curves for the Pt,
Pd, and PtPd electrocatalysts prepared via electrodeposition.
At cell potentials above 0.5 V, the PtPd has the highest
current density and a power density over 6 times higher than
that of the Pt electrocatalyst. Formic acid oxidation on Pd
surfaces occurs by the dehydrogenation pathway where no
CO species are formed. Thus, formic acid oxidation takes
place at low potentials, which results in better cell perfor-
mance. The enhanced cell performance of the PtPd electro-
catalyst was attributed to a change in the mechanism of
formic acid oxidation from the dehydration pathway for pure
Pt electrocatalysts to both the dehydration and dehydroge-
nation pathways.

The composition of binary Pt-based nanomaterials plays
a key role in the formic acid oxidation mechanism and thus
the performance of the resulting fuel cell. DFAFCs offer
several advantages over H2 powered PEMFCs and DMFCs,
including that the fuel is recognized as safe by the US Food
and Drug Administration, has low temperature operation,
ease of transport and storage of the fuel, and low fuel
crossover.351 These advantages make DFAFCs attractive
candidates to replace batteries as the power sources for
portable electronics in the future.

4.6. Oxygen Reduction
The oxygen reduction reaction (ORR) has been widely

investigated due to the application of oxygen cathodes in
fuel cells. The electrocatalytic performance of the cathode
is a key factor for optimizing the power output of fuel cells.
Among the pure precious metals, platinum has the highest
electrocatalytic activity toward oxygen reduction.269 The
ORR on Pt surfaces in aqueous solutions occurs via one of
two mechanisms:

The direct four-electron reduction of oxygen to water is
preferred due to its enhanced power generation;361 also it
avoids the generation of H2O2, which is corrosive toward
the electrolyte membrane. The formation of intermediates
such as Oads, OHads, and O2Hads indicates that multiple
reaction pathways exist.361-363 The formation of intermediates
on the electrode surface block O2 adsorption sites, which
reduce the performance of the electrocatalyst. The use of Pt
and Pt-based nanomaterials as cathodes helps to inhibit the
formation of adsorbed oxygenated species at potentials above

Figure 41. Forward sweep of CVs for nanoporous Pt electrodes
in 0.1 M HCOOH+ 0.1 M H2SO4 at a potential scan rate of 20
mV s-1. Reprinted from Wang, J.; Holt-Hindle, P.; MacDonald,
D.; Thomas, D. F.; Chen, A. Electrochim. Acta 2008, 53, 6944.
Copyright 2008 Elsevier.

Figure 42. (a) Polarization and (b) power density graphs for the
fuel cell testing of pure Pt, PtPd (1:1), PtPd-SD, and pure Pd
electrocatalysts as anode and pure Pt as the cathode. The current
densities correspond to the geometric surface area of the various
electrodes. Reprinted from Jayashree, R. S.; Spendelow, J. S.;
Yeom, J.; Rastogi, C.; Shannon, M. A.; Kenis, P. J. A. Electrochim.
Acta 2005, 50, 4674. Copyright 2005 Elsevier.

O2 + 4H+ + 4e- f 2H2O

O2 + 4H+ + 2e- f H2O2 + 2H+ + 2e- f 2H2O
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0.8 V and improve ORR kinetics via lower energy path-
ways.362 For instance, Geniès et al.364 studied the mechanism
of the ORR on Pt nanoparticles of various sizes. The
experiments revealed that as the particle size of the Pt
nanoparticles decreased, the specific activity (current density
related to real surface area) decreased by a factor of 3. The
loss of activity may be related to stronger adsorption of the
oxygenated species. Their experimental results also revealed
that oxygen was reduced via the direct four-electron pathway
on the Pt nanoparticles.

The commercialization of fuel cells is hindered by the high
Pt loadings required to achieve the desired electrocatalytic
activity toward ORR. Efforts to improve the electrocatalytic
performance of Pt catalysts have focused on improving the
catalytic effectiveness of Pt by dispersing catalyst materials
onto an electrode support with high surface area or by
forming Pt362-368 and Pt-based nanomaterials.369-381 Tang et
al.269 compared the electrocatalytic activity of Pt nanopar-
ticles dispersed on CNT arrays and graphite substrates. Linear
sweep voltammograms conducted on the electrocatalysts with
low Pt loadings revealed that the peak current density of the
Pt/CNT electrode was 1.4 times higher than the Pt/graphite
electrode, despite having a lower Pt loading mass. At high
Pt mass loadings, the Pt/CNT electrode had a peak current
density two times higher than the Pt/graphite electrode. The
high electrocatalytic activity of the Pt/CNT electrode toward
the ORR could be attributed to either the structural and
electrical properties of the CNTs or the high dispersion of
the Pt nanoparticles on the CNTs. The linear relationship
between Ep and log(ν) was investigated using the formula:

where A is a constant related to the formal electrode potential
(E0) and the standard rate constant at E0, and R is the transfer
coefficient, which describes the effect of potential on the
activation energy of the reaction. The R values calculated
for the Pt/CNT and Pt/graphite electrodes were 0.124 and
0.097, respectively. The values reveal that the ORR is
irreversible and that the Pt/CNT electrode had lower activa-
tion energy for the reaction, implying that CNTs could have
a positive effect on the kinetics of the reaction.

Kongkanand et al.365 conducted similar experiments with
Pt/SWCNT and commercial Pt/C (40 wt % Pt on Vulcan
XC-72) electrodes. The Tafel plots shown in Figure 43
demonstrate that both electrodes have the same Tafel slopes,
in the low current region where oxygen reduction occurs in
the presence of hydroxyl species adsorbed to the Pt surface.
However, the high current region reveals that the Pt/SWCNT
electrode has a slightly higher Tafel slope than the com-
mercial Pt/C catalyst. The enhanced activity of the Pt/
SWCNT electrode toward oxygen reduction could be related
to the high porosity of the nanotubes, which allows the
diffusion of the reagents.

The electrocatalytic activity of various binary Pt-based
electrocatalysts toward ORR have been investigated including
PtAu,379 PtCo,369,371 PtCr,372,373 PtCu,369 PtFe,369,378 PtFeO,380

PtIr,377 PtMoO,381 PtNi,369,370,374 PtRu,375 PtTi,376 PtTiO,381

and PtW.377 Xiong et al.369 investigated the electrocatalytic
activity of nanostructured PtCo, PtCu, PtFe, and PtNi alloyed
catalysts toward the ORR. The galvanostatic-polarization
curves in Figure 44 reveal that the nanostructured PtCu and
PtCo electrocatalysts exhibit better performance and lower
polarizations than Pt at current densities lower than 0.5 A
cm-2. The PtNi electrocatalyst also exhibits this trend but

has the largest polarization at high current densities. Spec-
troscopic studies indicated that the enhanced electrocatalytic
activity of the Pt alloy electrocatalysts could be due to
changes in the Pt-Pt bond distances, Pt-Pt coordination
numbers, or electron density in the Pt 5d orbitals or surface
oxide layers.

In the case of DMFCs, the methanol crossover from the
anode to the Pt-based cathode causes a considerable decrease
in charge and voltage efficiencies. It is thus one of the key
problems hindering the application of Pt-based cathodes in
DMFCs. Efforts to reduce the effect of methanol crossover
on the performance of DMFCs have focused on designing
membranes that are less permeable to methanol and the
development of novel Pt-based electrocatalysts with high
methanol tolerance or inactivity toward methanol. Maillard
et al.366 found that a decrease in the size of Pt nanoparticles
from 4.6 to 2.3 nm resulted in enhanced mass activity for
ORR in the presence of methanol. In addition, synthesized
PtCr nanosized electrocatalysts showed increased tolerance
toward methanol competition during the ORR compared with

Ep ) A - [(2.3RT/(RnF))(log υ)]

Figure 43. Tafel plots from the rotating disk voltammograms of
Pt/SWCNT and Pt/C with the following conditions: O2 saturated
0.1 M HClO4 solution, temperature 24 °C, scan rate 20 mV s-1,
and rotation rate 1600 rpm. Reprinted from ref 365. Copyright 2006
American Chemical Society.

Figure 44. Galvanostatic-polarization curves of various Pt-based
nanomaterials with catalyst loadings of 4.7 mg cm-2 in a 0.5 M
H2SO4 solution at room temperature. Reprinted from Xiong, L.;
Kannan, A. M.; Manthiram, A. Electrochem. Commun. 2002, 4,
898. Copyright 2002 Elsevier.
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a Pt/C electrocatalyst. Similarly, Yang et al.370 discovered
that PtNi alloyed nanoparticles had considerably higher
electrocatalytic activity toward ORR than Pt/C electrocata-
lysts. The high methanol tolerance of the PtNi electrocatalysts
could be due to low activity of the catalyst toward methanol
oxidation as a result of the disordered structure or the
composition of the alloy electrocatalyst.

Several factors hinder the practical application of Pt-based
cathodes in fuel cells, including Pt loading, reaction kinetics,
and intermediates produced from the ORR and methanol
tolerance. Researchers have confronted these challenges by
investigating methods to improve the electrocatalytic per-
formance of Pt-based nanomaterials through the design of
Pt nanomaterials with small sizes, the dispersion of Pt-
nanomaterials onto substrates with high surface area and
good electronic properties and the development of bimetallic
Pt-based nanomaterials. Significant progress in addressing
these challenges is evident through the appearance of
automobiles powered by fuel cells.

4.7. Glucose Detection
Despite the advances from over 40 years of development,

enzymatic glucose sensors have drawbacks that originate
from the nature of the enzyme. Temperature, chemical and
thermal instabilities, pH, and humidity are all potentially
damaging factors that can denature the enzymes and cause
the loss of sensor activity.382 The use of inert metals as
electrocatalysts for glucose oxidation overcomes these
problems. Thus the development of nonenzymatic catalysts
for the electro-oxidation of glucose is of great interest for
the development of biosensors for diabetic patients. Mecha-
nistic studies of the electrochemical oxidation of R- and
�-glucose on Pt surfaces in a neutral phosphate buffer
solution indicate that glucono-δ-lactone is the product of the
two-electron oxidation of glucose via dehydrogenation at the
C1 carbon, which is hydrolyzed to form the final product,
gluconic acid.382 Several challenges hinder the practical
application of Pt electrocatalysts in nonenzymatic glucose
sensors, including the slow kinetics of glucose oxidation,
which result in low sensitivity, the presence of adsorbed
chloride ions and chemisorbed intermediates, which hinder
the activity of Pt, and endogenous species, which can be
oxidized in the same potential range as glucose causing poor
selectivity.

Efforts to improve the catalytic activity of Pt have focused
on dispersing nanoparticles onto CNTs383-385 and fabricating
high surface area Pt nanodendrites386 and nanotubules or
nanowire arrays.169,387 For example, Yuan et al.387 compared
the electrocatalytic activity of bulk Pt and Pt nanotubule
arrays fabricated with electrochemical deposition onto a
modified alumina membrane. Figure 45 shows the ampero-
metric response of the electrodes toward glucose and various
endogenous species at 0.4 V vs SCE. The Pt nanotubule
arrays exhibited a much higher current response to the
successive additions of 2 mM glucose compared with the
bulk Pt electrode. In addition, the Pt nanotubule arrays had
a much lower current response to the additions of the
endogenous species.

Subsequent investigations have sought to further improve
the sensitivity and selectivity of the Pt nanomaterials by
modifying Pt with Ir,16 Bi,388 WO3,389 Pb,25,390,393 Au,391,394

Ru,392,393 Pd,393 and Rh.393 Wang et al.25 synthesized nan-
oporous PtPb networks with different compositions and
examined their sensitivity and selectivity toward glucose

oxidation. A comparison of the amperometric responses of
the various nanoporous PtPb networks toward successive 1
mM additions of glucose revealed that the PtPb (50:50)
electrocatalyst had the best performance at -80 and +400
mV. The current response at -80 mV was much higher than
that at +400 mV, which indicated a better sensitivity to
glucose concentrations between 0 and 16 mM. Figure 46a
presents the CVs of the nanoporous PtPb electrode recorded
in a glucose solution and in a solution containing 5 mM
ascorbic acid (AA), which is one of the most serious
interfering agents. The onset of the ascorbic acid oxidation
is at around -50 mV; the peak potential of glucose oxidation
is -80 mV, which is 30 mV lower than the onset potential
of ascorbic acid oxidation. This indicates that sensing glucose
at -80 mV on the nanoporous PtPb electrode would
successfully avoid the interfering current signal contributed
from ascorbic acid. Given the high sensitivity of the
nanoporous PtPb electrodes at -80 mV, their response
toward successive additions of endogenous species and
glucose was also investigated at -80 mV as seen in Figure
46b. At a potential of -80 mV the nanoporous PtPb networks
exhibited no response to the endogenous species, for instance,

Figure 45. Amperometric response of (A) smooth Pt disk electrode
(Rf ) 30 A), (B) direct deposited Pt electrode (Rf ) 183 A), and
Pt nanotubule array electrode (Rf ) 286 A) toward successive
additions of 2 mM glucose or 0.02 mM UA, 0.1 mM PP, or 0.1
mM AA at 0.4 V vs SCE. All three electrodes had identical
geometric surface areas of 0.1256 cm2. Reprinted from Yuan, J.;
Wang, K.; Xia, X. AdV. Funct. Mater. 2005, 15, 803. Copyright
2005 Wiley-VCH.
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AA, uric acid (UA) and 4-acetamidophenol (AP), and a good
current response upon successive additions of glucose.
Overall the PtPb electrocatalysts had good sensitivity and
selectivity toward glucose and remarkable tolerance toward
the common interfering species of AA, AP, and UA.

Nonenzymatic glucose sensors with Pt-based electrocata-
lysts offer several advantages over enzymatic glucose sen-
sors, including high stability and ease of fabrication. Many
novel Pt and binary Pt-based nanomaterials have been
developed to overcome the challenges of glucose oxidation
on Pt surfaces, such as low selectivity, poor sensitivity, and
poisoning from interfering species.

4.8. Other Applications
Besides the key electrocatalytic role they serve in fuel cells

and glucose sensors, platinum catalysts are important com-
ponents of automotive catalytic converters, CO gas sensors,
petroleum refining, hydrogen production, and anticancer
drugs. These applications utilize platinum nanomaterials due
to their catalytic ability to oxidize CO and NOx, dehydro-
genate hydrocarbons, and electrolyze water and their ability
to inhibit the division of living cells.

Carbon monoxide is a colorless and odorless gas produced
via the incomplete combustion of fossil fuels. CO can inhibit
the human body’s capacity to transport oxygen by combining
with hemoglobin in blood. Thus, CO is capable of causing
health problems such as headaches, nausea, and death. The
US Environmental Protection Agency reports that CO
exposure over 35 ppm for longer than one hour is dangerous.
Therefore portable devices are needed to monitor CO
pollution. CO monitoring devices require high stability and
low detection limits. Electrochemical gas sensors employing
platinum catalysts have low power requirements, quick
response, high sensitivity, high stability, and linear ouput.
The formation of oxygenated species at Pt sites on the
electrode surface aids in the oxidation of CO to CO2. While
bulk Pt electrodes show modest CO oxidation characteristics
at low concentrations, electrodes synthesized with Pt nano-
materials show enhanced electrocatalytic activity toward CO
oxidation. The enhanced activity of nanostructured Pt
electrodes toward CO oxidation can be attributed to the
higher electroactive surface area of Pt nanomaterials, which
have more Pt sites available to form oxygenated species.395,396

In the future, the development of electrochemical CO gas
sensors with binary Pt-based nanostructured electrodes may
help to increase sensitivity and decrease the production costs
via increased Pt utilization and decreased Pt loading.

Automotive pollution control systems use catalysts con-
taining Pt, Pd, and Rh to oxidize carbon monoxide and
hydrocarbons and reduce oxides of nitrogen. In 2005, this
application accounted for 50% of the platinum-group metal
(PGM) usage in the world. Stricter emission standards and
increased demand for vehicles in developing nations are
expected to increase the usage of PGM metals in the future.
A test of a new automotive catalytic converter by General
Motors revealed that only 50% of PGM metals are exposed
to a vehicle’s exhaust gases and the dispersion decreases
significantly during the life of the catalytic converter to below
5% after 25 000 miles. The deterioration was the result of
particle agglomeration and sintering due to exposure to high
temperatures and vehicular vibrations. Current emission
standards require the participation of just 5% of PGM in
catalytic reactions during 80% of a vehicle’s life. Employing
precise fabrication techniques to synthesize well-dispersed,
efficient, and highly stable Pt nanomaterials could help to
significantly reduce Pt loading and meet the increasingly
stringent emission standards of the future.397 The use of smart
nanostructured Pt catalysts, which are rejuvenated back into
active state through a self-regeneration function, may also
help to reduce the usage of PGM metals and prevent the
deterioration of catalyst performance over a vehicle’s life.398

The appearance of hydrogen infrastructure and fuel cell
powered automobiles in the US suggests that demand for
hydrogen will increase substantially in the future. The most
common method used to produce hydrogen is a multistep
process involving the production of synthesis gas and its
subsequent conversion to CO2 and H2. This method produces
a small amount of residual CO, which hinders the perfor-
mance of the hydrogen-powered PEMFCs. Pure hydrogen
can be produced by two processes employing nanostructured
Pt catalysts, the electrolysis of water and a direct one-step
process involving the nonoxidative catalytic decomposition
of hydrocarbons. Wang et al.399 found that 0.1-1 wt % Pt
nanoparticles dispersed on stacked-cone carbon nanotubes
(SC-CNT) showed 100% selectivity for the dehydrogenation
of methylcyclohexane to hydrogen and toluene and cyclo-

Figure 46. (a) CVs of the nanoporous PtPb (50:50) electrode in
solution of 0.1 M phosphate buffer (pH 7.40), 0.15 M NaCl, and
5 mM ascorbic acid (dotted line) and 10 mM glucose (solid line),
at a potential scan rate of 10 mV s-1. (b) Amperometric response
of the nanoporous PtPb (50:50) electrode toward successive
additions of 0.02 mM UA, 0.1 mM AP, 0.1 mM AA, and 1 mM
glucose at 60 s intervals in a 0.1 M phosphate buffer solution (pH
7.4) at -80 mV. Reprinted from ref 25. Copyright 2008 American
Chemical Society.
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hexane to hydrogen and benzene. The activity of the 0.25
wt % Pt/SC-CNT catalyst was almost identical to a com-
mercial 1% Pt/Al2O3 catalyst, which demonstrated the high
Pt utilization of the as-synthesized electrocatalysts. Yoshida
et al.400 employed Pt/TiO2 catalysts to produce hydrogen gas
via the photocatalytic steam reforming of methane. The
reaction was initiated using UV light produced from a 300
W xenon lamp at room temperature. Only 0.1 wt % Pt was
needed for the photocatalyst to exhibit high activity. The
role of Pt in the photocatalyst was to prevent the separation
of the photoexcited electrons and holes, preventing their
recombination. Nanostructured Pt-based electrocatalysts syn-
thesized by Petrik et al.401 showed high stability and activity
toward hydrogen evolution comparable to commercial Johnson
Matthey Pt/C electrocatalysts.

Platinum nanomaterials play a key role in the production
of gasoline, through their catalysis of reforming and isomer-
ization processes used to create higher octane components
for gasoline. Cyclic hydrocarbons such as cyclohexane and
cyclohexene undergo platinum-catalyzed dehydrogenation
reactions to form benzene, which is used to blend higher
octane gasoline.402,403 Extensive research into these reactions
has revealed the effect of symmetry, particle size, and
temperature on the performance of the Pt catalysts.404,405

While platinum catalysts are normally less than 1.3 wt %,
bimetallic Pt-based catalysts such as PtSn help to improve
performance and decrease the Pt loading requirements.406,407

Platinum is inert and does not corrode inside the human
body, and it has certain forms that inhibit division in living
cells. These properties have led to the development of Pt-
based nanomaterials for biomedical applications. The most
well-known platinum-based drug for cancer treatment is cis-
diamminedichloroplatinum (cisplatin). It is used to treat
testicular and ovarian cancer and has annual sales worth
almost 500 million US dollars.408 The application of bimetal-
lic Pt-based nanoparticles is more prevalent than pure Pt
nanoparticles.409 For instance, yolk-shell PtFe@CoS2 nano-
crystals synthesized by Gao et al.410 demonstrated much
lower IC50 (concentration needed to inhibit cell growth by
50% versus control) compared with cisplatin. Overall, the
use of nanoscale drugs for biomedical applications has
several advantages over small molecule based drugs, such
as lower toxicity, increased accumulation in the target tissue,
and a surface functionalization capacity with targeting and
passivating moieties.410,411

Aside from fuel cells, catalytic converters, petroleum
refining, hydrogen production, anticancer drugs, and sensors,
in the future, the development of innovative synthesis
techniques will undoubtedly lead to the discovery of more
unique properties of Pt-based nanomaterials and applications
that have the potential to be beneficial for society and
industry alike.

5. Conclusions and Future Outlook
This review has described the common methods of

synthesizing Pt and Pt-based nanostructured materials includ-
ing the sol-gel method, electrodeposition, electroless depo-
sition, and physical methods as well as hydrothermal and
solvothermal techniques. The properties section examined
the influence of composition and morphology of the Pt and
Pt-based nanomaterials on their catalytic, magnetic, and
optical properties. The applications section discussed the
catalytic properties of Pt and Pt-based nanomaterials toward
applications such as fuel cells, biosensors, chemical sensors,

automotive catalytic converters, petroleum refining, hydrogen
production, and anticancer drugs. In light of the rarity and
price of platinum, researchers have made significant strides
toward reducing Pt loading in these applications by design
and synthesis of Pt-based nanomaterials. The use of diverse
synthesis techniques to tune the properties of Pt-based
nanomaterials will continue to play a vital role in improving
existing technologies and discovering new applications.

The future of platinum nanomaterials involves a mixture
of challenges and opportunities. The threat of climate change
and decreasing reserves of natural resources has driven the
search for economical and environmentally sustainable
energy conversion processes. Fuel cells are at the forefront
of this quest, which presents researchers with the key
challenges of increasing Pt efficiency and decreasing Pt
loading in fuel cell catalysts. Future progress in this area
hinges on enhancing our understanding of how synthesis
techniques, composition, and morphology affect the catalytic
activity of Pt-based nanomaterials. The development of novel
and improved synthesis methods that allow precise control
over product morphology and composition will undoubtedly
present the opportunity to decrease the cost and improve the
performance of Pt-based catalysts in applications such as
nonenzymatic glucose sensors and automotive catalytic
converters. In addition, as greater knowledge is acquired
about the properties of Pt-based nanomaterials, there will
be more opportunities to exploit individual characteristics
in magnetic and optical based applications. Certainly the
development of novel Pt and Pt-based nanomaterials will
help to improve existing technologies, and further research
will produce innovations that will benefit industries and
society.
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(114) Mafuné, F.; Kondow, T. Chem. Phys. Lett. 2004, 383, 343.
(115) Ng, Y. H.; Ikeda, S.; Harada, T.; Park, S.; Sakata, T.; Mori, H.;

Matsumura, M. Chem. Mater. 2008, 20, 1154.
(116) Luo, X.; Imae, T. J. Mater. Chem. 2007, 17, 567.
(117) Kapoor, S.; Palit, D.; Mukherjee, T. Chem. Phys. Lett. 2001, 349,

19.
(118) Harada, M.; Okamoto, K.; Terazima, M. Langmuir 2006, 22, 9142.
(119) Oh, S.-D.; Yoon, K. R.; Choi, S.-H.; Gopalan, A.; Lee, K.-P.; Sohn,

S.-H.; Kang, H.-D.; Choi, I. S. J. Non-Cryst. Solids 2006, 352, 355.
(120) Wang, H.; Sun, X.; Ye, Y.; Qiu, S. J. Power Sources 2006, 161,

839.
(121) Oh, S.-D.; Kim, M.-R.; Choi, S.-H.; Chun, J.-H.; Lee, K.-P.; Gopalan,

A.; Hwang, C.-G.; Sang-Ho, K.; Hoon, O. J. J. Ind. Eng. Chem. 2008,
14, 687.

(122) Ozkaraoglu, E.; Tunc, I.; Suzer, S. Polymer 2009, 50, 462.
(123) Shironita, S.; Mori, K.; Shimizu, T.; Ohmichi, T.; Mimura, N.;

Yamashita, H. Appl. Surf. Sci. 2008, 254, 7604.
(124) Lee, K.; Zhang, J.; Wang, H.; Wilkinson, D. J. Appl. Electrochem.

2006, 36, 507.
(125) Tiwari, J. N.; Pan, F.-M.; Tiwari, R. N.; Nandi, S. K. Chem. Commun.

2008, 6516.
(126) Zhong, Y.; Xu, C.-L.; Kong, L.-B.; Li, H.-L. Appl. Surf. Sci. 2008,

255, 3388.
(127) Saejeng, Y.; Tantavichet, N. J. Appl. Electrochem. 2009, 39, 123.
(128) Rajalakshmi, N.; Dhathathreyan, K. S. Int. J. Hydrogen Energy 2008,

33, 5672.
(129) Nagle, L. C.; Rohan, J. F. J. Power Sources 2008, 185, 411.
(130) Liu, F.-J.; Huang, L.-M.; Wen, T.-C.; Li, C.-F.; Huang, S.-L.;

Gopalan, A. Synth. Met. 2008, 158, 603.
(131) Paoletti, C.; Cemmia, A.; Leonardo Giorgi, L.; Giorgi, R.; Pilloni,

L.; Serra, E.; Pasquali, M. J. Power Sources 2008, 18, 84.
(132) Song, Y.-J.; Oh, J.-K.; Park, K.-W. Nanotechnology 2008, 19, 355602.
(133) Tsai, Y.-C.; Hong, Y.-H. J. Solid State Electrochem. 2008, 12, 1293.
(134) Zhang, L.; Fang, Z.; Zhao, G.-C.; Wei, X.-W. Int. J. Electrochem.

Sci. 2008, 3, 746.
(135) Zhang, J.; Ma, H.; Zhang, D.; Liu, P.; Tian, F.; Ding, Y. Phys. Chem.

Chem. Phys. 2008, 10, 3250.
(136) Tsai, M.-C.; Yeh, T.-K.; Tsai, C.-H. Mater. Chem. Phys. 2008, 109,

422.
(137) Kima, S.; Park, S.-J. Electrochim. Acta 2008, 53, 4082.
(138) Li, P.; Wu, J.; Lin, J.; Huang, M.; Lan, Z.; Li, Q. Electrochim. Acta

2008, 53, 4161.
(139) Zhu, Z.-Z.; Wang, Z.; Li, H.-L. Appl. Surf. Sci. 2008, 254, 2934.
(140) Zhao, G.-Y.; Li, H.-L. Appl. Surf. Sci. 2008, 254, 3232.
(141) Montilla, F.; Morallo’n, E.; Duo, I.; Comninellis, C.; Vázquez, J. L.

Electrochim. Acta 2003, 48, 3891.
(142) Cherstiouk, O. V.; Gavrilov, A. N.; Plyasova, L. M.; Molina, I. Y.;

Tsirlina, G. A.; Savinova, E. R. J. Solid State Electrochem. 2008,
12, 497.

(143) Zou, Y.; Xiang, C.; Sun, L.-X.; Xu, R. Biosens. Bioelectron. 2008,
23, 1010.

(144) Qu, M.; Zhao, G.; Wang, Q.; Cao, X.; Zhang, J. Nanotechnology
2008, 19, 055707.

(145) Dominguez-Dominguez, S.; Arias-Pardilla, J.; Berenguer-Murcia, A.;
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