
C A R B O N 4 6 ( 2 0 0 8 ) 1 2 7 6 – 1 2 8 4

. sc iencedi rec t .com
ava i lab le at www
journal homepage: www.elsevier .com/ locate /carbon
The effect of experimental parameters on the synthesis of
carbon nanotube/nanofiber supported platinum by polyol
processing techniques
Seth L. Knupp, Wenzhen Li, Odysseas Paschos, Thomas M. Murray,
Jeremy Snyder, Pradeep Haldar*

Energy and Environmental Technology Applications Center (E2TAC), College of Nanoscale Science and Engineering (CNSE),

University at Albany, State University of New York, 255 Fuller Road, Albany, NY 12203, USA
A R T I C L E I N F O

Article history:

Received 29 January 2008

Accepted 1 May 2008

Available online 15 May 2008
0008-6223/$ - see front matter � 2008 Elsevi
doi:10.1016/j.carbon.2008.05.007

* Corresponding author: Fax: +1 518 437 8687
E-mail address: phaldar@uamail.albany.e
A B S T R A C T

Developing corrosion resistant carbon nanotube (CNT) and carbon nanofiber (CNF) sup-

ported Pt catalysts with optimized particle size is important for proton exchange mem-

brane fuel cells. We investigated the effects of deposition technique (conventional

refluxing and microwave irradiation), water content, carbon support and metal loading

on the average Pt particle size and electrochemically active surface area (ECSA). BET surface

area measurements, Fourier transform infrared spectroscopy, X-ray diffraction, thermal

gravimetric analysis, transmission electron microscopy and cyclic voltammetry were used

to characterize all the CNT/CNF supported catalysts. Processing was accelerated via micro-

wave irradiation without significantly affecting Pt particle size as compared to conven-

tional refluxing especially for high surface area CNT supported low Pt loading (10 wt%)

catalyst. Adjusting the water content during synthesis effectively controlled the Pt particle

size and size distribution regardless of the heating method, carbon support and metal load-

ing. The ECSA of the samples was found to be dependent on Pt particle size which further

depends on the water content during synthesis, support surface area and Pt loading. Opti-

mization of deposition conditions leads to higher ECSA than seen in a commercially avail-

able carbon black supported catalyst.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are receiving

much attention today due to their unique properties and their

ability to create an efficient and clean source of energy [1].

However, the high cost of electrocatalysts, e.g. Pt and degra-

dation of stack voltage are the two main factors hampering

their commercialization. The last two decades witnessed a

10 time reduction in membrane electrode assembly (MEA) Pt

loading from ca. 4 to 0.4 mg/cm2. At the anode, fast kinetics

of hydrogen oxidation have made it possible to achieve low
er Ltd. All rights reserved
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loadings (0.05 mg/cm2) compared to conventional loadings

(0.2 mg/cm2) without any fuel cell performance reduction

[2]. However, at the cathode, reducing Pt loading is more chal-

lenging. The oxygen reduction reaction (ORR) is a highly irre-

versible reaction. The kinetics of the cathodic reaction are

much slower than at the anode and still, there is not a clear

mechanism to explain this. A recent study based on density

functional theory suggests the origin of high overpotential

for the ORR may come from stable intermediates – adsorbed

oxygen and hydroxyl species at potentials close to equilib-

rium slows kinetics for activated proton and electron transfer
.
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processes [3]. A further reduction in Pt loading to ca. 1/4 of the

current state-of-the-art MEA cathode catalyst layer, from

about 0.4 to 0.1 mg/cm2 without any loss in cell voltage, is

needed in order to achieve widespread commercial applica-

tion of PEMFCs [4].

Utilizing high surface area carbon nanomaterials like car-

bon nanotubes (CNTs) and carbon nanofibers (CNFs) is ex-

pected to improve Pt activity as well as employ their

impressive electrical, mechanical and structural properties

[5]. It has been reported that the use of CNT/CNF supported

catalysts has shown higher ORR activity compared to conven-

tional carbon black supported Pt catalysts [6–13] and has the

potential to reduce cathode Pt loading of a MEA. Matsumoto

et al. [7] found that a 12 wt% Pt deposited CNT electrode pro-

vides 10% higher voltage than 29 wt% Pt deposited on carbon

black and reduces Pt usage by 60% in PEMFCs when using

hydrogen and oxygen. Yuan et al. [9] have further shown that

CNFs were able to give better performance compared to CNTs.

Another major challenge is degradation of fuel cell volt-

age with time, caused by loss of Pt surface area resulting

from oxidation of the carbon support. Wang et al. [14] have

shown that multiwalled CNTs can be more durable and

can outlast the lifetime of conventional Vulcan XC72. An

additional benefit for CNT/CNF as electrocatalyst support is

their potential to improve mass transport [10,11]. This is be-

cause a CNT/CNF based catalyst electrode allows fuel and

oxidant access to the densely scattered triple phase bound-

aries more effectively.

Catalyst synthesis techniques strongly determine the me-

tal nanoparticle size, distribution and dispersion on carbon

support, thus ultimately controlling their catalytic activity

and durability. Li et al. [6,8] reported a simple polyol glycol

method for preparing size selected and uniformly dispersed

Pt nanoparticles via conventional reflux oil bath heating. An

alternative method involves microwave irradiation. This al-

lows a substance to uniformly heat through a glass reaction

vessel, which leads to more homogenous nucleation and

shorter crystallization time compared to conventional heat-

ing methods [15–18]. A sonochemical technique was de-

scribed by Xing et al. [19] which involved refluxing

multiwalled CNTs in a nitric and sulfuric acid mixture to gen-

erate surface functional groups in order to attract Pt ions dur-

ing deposition. This technique is used to oxidize the walls of

the nanotubes while breaking bonds and leaving behind neg-

atively charged functional groups. Carboxylic, carbonyl and

hydroxyl functional bonds were found to be present and iden-

tified using FTIR. Systematic comparison of different synthe-

sis parameters such as carbon support, Pt loading, water

content and heating method have not yet been well

elucidated.

While previous studies have shown the effectiveness of

using CNT and CNF as catalyst supports, the focus of this

study was to optimize the deposition of catalyst on those sup-

ports. We examined the effects of synthesis technique, car-

bon support, platinum loading and water content on the Pt

particle size and size distribution. Conventional oil bath heat-

ing was compared to an alternative technique, microwave

irradiation, using the polyol process. The method works on

a mechanism described by Bock et al. [20] in which ethylene

glycol (EG) acts as a reducing agent to Pt precursor (K2PtCl4)
by supplying electrons to the reaction. Parameters that were

investigated included heating method, catalyst metal loading

and water content in the synthesis system and their effects

were shown on two different diameter carbon materials

including CNTs and CNFs. Characterization methods that

were employed to analyze the CNT and CNF supported Pt cat-

alysts included thermal gravimetric analysis (TGA) to deter-

mine Pt metal loading, X-ray diffraction (XRD) to measure

average Pt particle size, transmission electron microscopy

(TEM) to determine Pt particle size and size distribution and

cyclic voltammetry (CV) to obtain information about their

ECSA.

2. Experimental

Research grade (purity > 95%) bamboo structured multiwalled

carbon nanotubes were purchased from NanoLab Inc. (diam-

eter 30 ± 10 nm, length 1–5 lm) and carbon nanofibers (Pyrog-

raf-III PR-19HHT) were purchased from Applied Science Inc.

(diameter 150 ± 50 nm, length: 30–100 lm). Potassium tetra-

chloroplatinate (K2PtCl4) was obtained from STREM Chemi-

cals, Inc. and was diluted with deionized water to form a

homogenous 0.01 M solution.

Oxidation of both CNTs and CNFs was done using the

method described by Xing et al. [19]. Both carbon supports

were exposed to a highly concentrated nitric and sulfuric acid

mixture at 60 �C. The mixture was sonicated to enhance uni-

formity of functionalization and remove any amorphous car-

bon. Various treating periods (1 h, 2 h, 3 h, 4 h) were evaluated

to determine the optimum functionalization time. The solu-

tion was then diluted with deionized water and centrifuged

using an Eppendorf 5804 at 10,000 RPM for 5 min cycles until

the pH was 7. After neutralization, the carbon nanomaterial

was dried in air at 100 �C.

For analysis of surface vibrational bonds a Nicolet Magna-

IR 750 Spectrometer Series II Fourier transform infrared (FTIR)

spectrometer was used. Functionalized CNTs or CNFs were

mixed with potassium bromide until a uniform grey powder

was formed. The sample was loaded into the Thermo Spec-

tra-Tech 007-172 powder holder.

The oxidized carbon nanomaterial (CNT and CNF) powder

was used as catalyst support for all catalysis reported below.

In both methods (conventional refluxing and microwave irra-

diation), EG–water mixture was used as a medium to disperse

the powder in solution and was sonicated until all agglomer-

ates were broken and dispersed evenly. The appropriate

amount of precursor was then added drop wise and the solu-

tion was sonicated again to assure that the precursor ions

would scatter throughout the solution and disperse evenly.

For conventional reflux heating method, the solution was

heated at 125 �C for 2 h using an oil bath, under refluxing con-

ditions and agitation. In the case of microwave irradiation

method, the solution was heated in a domestic microwave

oven. Heating cycles were done at 700 W for 15 s on and 60 s

off and repeated for 30 min. Vacuum filtration was used with

the aid of 80 �C deionized water to help dissolve excess chlo-

ride ions and wash away the EG. Platinized samples were

dried at 100 �C in a nitrogen environment. Investigation of

the dependency of particle size and distribution was done

by varying water content in the EG–water mixture and
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catalyst metal loading. Samples were prepared with 10 wt%

and 30 wt% Pt supported on CNTs and CNFs and water con-

tent was altered during synthesis from 10 to 30 vol%. The

CNT/CNF catalysts were given names such as,

‘‘MCNF30Pt10DI’’, ‘‘CCNT10Pt30DI’’, where ‘M’ and ‘C’ denote

‘microwave’ and ‘conventional’ heating, ‘CNF’ and ‘CNT’

mean ‘carbon nanofibers’ and ‘carbon nanotubes’, the first

number ‘30’ or ‘10’ mean the catalyst loading was ‘30 wt%’

or ‘10 wt%’, and the second number ‘10’ or ‘30’ mean

’10 vol%’ or ‘30 vol%’ DI water in the EG–water mixture.

All samples were analyzed by TGA and XRD in order to con-

firm Pt loading, crystalline structure and particle size. TGAwas

performed with a TA Instruments thermo gravimetric ana-

lyzer (TGA 2050). By heating compressed air at 5 �C/min from

room temperature to 1000 �C, carbon is gradually oxidized

leaving behind unsupported Pt. XRD patterns were recorded

on an X-ray diffractionmeter from SCINTAG Inc. (XDS 2000)

using CuKa radiation. The average Pt particle size was calcu-

lated based on the Pt(220) diffraction peak. The CNT/CNF sup-

ported catalysts were also characterized using a high

resolution Field Emission Electron Microscope (JEOL JEM2010F)

operating at 200 kV to obtain information about Pt particle

size, size distribution and Pt dispersion on carbon supports.

A conventional three electrode cell was used for CV exper-

iments where a Ag wire was used as a reference electrode

(�0.362 vs. RHE), a Pt screen was used as a counter elec-

trode and the catalyst dispersed on a glassy carbon (GC)

electrode (area: 0.1926 cm2) was used as a working electrode.

CV curves were obtained using a potentiostat instrument

(PARSTA 2273). The catalyst thin layer on the GC electrode

had a fixed loading of 26 lg/cm2. In order to promote adhe-

sion, 10 lL of 0.05 wt% Nafion solution was added drop wise

to the active catalyst layer. A 0.5M H2SO4 solution was used

as electrolyte and was heated and held at 60 �C during the

experiment for simulating a fuel cell operating temperature.

CV measurements were obtained after high purity nitrogen
Fig. 1 – Schematic representation of the working m
purged the electrolyte solution for 20 min. The scan rate

was 50 mV/s and scan range was from �0.3542 V to 0.9669 V

(vs. Ag wire). A commercial Pt/CB catalyst (20 wt%) with the

same GC loading was also tested as a reference sample.

3. Results and discussion

Fig. 1 illustrates the mechanism of the polyol process in

which the carbon nanomaterial is first exposed to an oxida-

tive environment, leaving behind negatively charged groups.

The Pt2+ ions then diffuse to these functional sites via electro-

static attraction to form nucleation sites. Heating throughout

the reaction causes the ethylene glycol to be oxidized to form

oxalic acid and glycolic acid yielding sufficient electrons to re-

duce the Pt2+ ions to the Pt0 oxidation state [20,21]. The metal-

lic Pt grains are thereby formed and further agglomerated to

form nanoparticles.

FTIR was used to study the surface functionalization of the

oxidized CNTs. Fig. 2 presents a spectrum of pristine CNTs

that is compared to the 1, 2, 3 and 4 h exposure to HNO3

and H2SO4 reagents. The peaks at 1000–1100 cm�1 can be

attributed to C–O symmetrical stretching, at 1401 cm�1 O–H

bending occurs, at 2853–3000 cm�1 C–H stretching and at

3600–3700 cm�1 O–H stretching [22–26]. Comparing the FTIR

spectra, an amplified signal in intensity is revealed for an

increasing time of exposure to the acid for all of the identifi-

able peaks present. In addition, it shows three hours of expo-

sure to the aggressive reagents was sufficient time to treat the

carbon material and to obtain ample surface modifications.

A representative TGA plot is shown in Fig. 3, in which the

temperature is ramped from 25 to 1000 �C at 5 �C/min. CNFs

begin oxidizing at �300 �C and are completely exhausted at

700 �C. The final sample weight is around 13% and 32% for

10 wt% and 30 wt% Pt/CNFs catalysts (MCNF10Pt10DI,

MCNF30Pt10DI) respectively. The deviation between calcu-

lated and measured loadings may be due to presence of trace
echanism behind the polyol synthesis method.
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residues such as Fe or Co metals during chemical vapor depo-

sition growth process of the CNF. Also Pt can be oxidized

causing a deviation in weight percent.

Representative XRD spectra for 10 wt% Pt supported CNT

catalysts prepared by conventional refluxing heating are

shown in Fig. 4. The catalyst samples are prepared using dif-

ferent water content ranging from 10 vol% to 30 vol% in the

synthesis system. XRD spectra of the catalysts show the stan-

dard Pt peaks at 39.8� Pt(111), 46.2� Pt(200), and 67.6� Pt(220).

Since Pt(220) diffraction peak is isolated from all the others, it

was used to measure the average particle size of the nanopar-

ticles by means of the Scherrer formula

L ¼ 0:9� k
B� h

where L is the average particle size, k is the sources wave-

length, B is the full width at half maximum of the peak posi-

tion and h is the angle at which the diffraction peak arises.

Fig. 5 shows XRD spectra on the Pt(220) peak for the

10 wt% CNT prepared by conventional heating. The size of

Pt nanoparticles was calculated to be 2.3 nm for 10 vol%,
3.1 nm for 15 vol%, 3.3 nm for 20 vol%, 3.9 nm for 25 vol%

and 5.0 nm for 30 vol%.

This indicates there is a trend of an increase in Pt particle

size with increasing water to EG ratio.

The average Pt particle size of all nanocarbon supported Pt

samples (different carbon support, loading, synthesis meth-

od) versus water content (vol%) is plotted in Fig. 6. It has been

reported based on a similar reflux heating process that with

increasing water content in the synthesis system, the Pt par-

ticle size gets larger [6,8].

Here we show a universal rule for controlling particle size

for all samples regardless of heating method, carbon support

and metal loading by simply adjusting the water content dur-

ing synthesis. Pt nucleation and particle size growth are two

key processes to control Pt nanoparticle size. If we can effec-

tively separate the two processes, we can obtain monodi-

spersed metal nanoparticles [27]. During synthesis, high

viscosity EG can effectively stabilize the diffusion of Pt

nanoparticles to aggregate to larger particles. EG has a steric
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hindrance effect preventing Pt agglomeration. As water con-

tent is increased during synthesis these protective effects

are reduced, thus larger average Pt particles are synthesized.

In addition, the boiling point of EG–water mixture reduces

with decreasing EG concentration, e.g. 135 �C for 10 vol%

water, while ca. 110 �C for 30 vol% water. The low reaction

temperature may be too low to completely initiate the nucle-

ation reaction and as a result, grain growth is kinetically more

favorable [18]. The lower temperature hinders sharp separa-

tion between metal nuclei formation and metal nanoparticle

growth processes, which is generally believed to be a domi-

nant factor for synthesis of small nanoparticles with narrow

size distribution [28]. Other observed trends are as follows:

(1) Synthesis method effect – Conventional reflux method

and microwave irradiation method (10 vol% water and

10 wt% Pt loading), were both able to produce similar

results (�2.3 nm Pt particles) without using sodium

hydroxide as a pH adjuster. When metal loading
increased from 10 wt% to 30 wt%, the Pt particle size

was larger for microwave prepared samples, e.g.,

3.1 nm for CCNT30Pt10DI and 3.9 nm for

MCNT30Pt10DI. This is probably because heating a high

ratio of Pt precursor to nanocarbon support quickly and

unevenly results in larger particle sizes and wider size

distribution, as compared to heating uniformly and

slowly in the conventional reflux method. Modification

of our microwave reactor to include a condenser, gas

delivery system and agitation will ensure a more homo-

geneous deposition. This work is underway in our lab.

(2) Pt metal loading effect – It is widely accepted that

higher metal loading needs a catalyst support with high

surface area [29]. If the surface area is fixed, the high

loading catalyst has a larger average particle size. This

trend is also shown in our work. As the loading of Pt

is increased, agglomeration is more rampant and larger

particles begin to form, therefore the average Pt particle

size gets larger.

(3) Carbon support effect – CNFs used in this paper had a

diameter of 100–200 nm, which is larger than the CNTs

(20–40 nm). BET experiments were performed to obtain

information about surface area of the carbon supports.

CNFs had a smaller surface area (67 m2/g) compared to

CNTs (270 m2/g). Therefore it is consistent with our

expectation that the larger diameter CNF produced lar-

ger nanoparticles than those produced on CNT under

the same synthesis conditions. This trend is clearly

shown in Fig. 6. For example, using 10 vol% water,

10 wt% Pt, in the microwave irradiation method, the

average Pt particle size for MCNT10Pt10DI is 2.3 nm,

which was smaller than that for MCNF10Pt10DI

(3.9 nm).

Representative TEM micrographs of Pt/CNT samples pre-

pared by conventional reflux heating method are shown in

Fig. 7. These samples have a metal loading of 10 wt% and

30 wt% and are prepared with 10 vol% water content (Fig. 7a

and b). When the metal loading was increased from 10 wt%

to 30 wt%, more Pt nanoparticles were observed to be depos-

ited on the outer wall of CNT. Fig. 8a and b shows the size dis-

tribution histograms, which correspond to the TEM images

shown in Fig. 7a and b. Larger particles can be observed for

30 wt% Pt/CNT sample (Figs. 7b and 8b).

In addition, it is reasonable to assume that the larger

diameter CNF attracts more Pt nanoparticles than the small

diameter CNT. Fig. 9 shows TEM images of Pt/CNF samples

with 30 wt% Pt loading prepared by the microwave irradiation

method. At 10 vol% water content, it can be observed that

uniform spherical Pt metal nanoclusters are homogeneously

dispersed with a relatively small size distribution (Fig. 9a).

As water content is increased to 30 vol% water (Fig. 9b), the

particle size distribution becomes larger.

Fig. 10a and b shows the size distribution histograms,

which correspond to the TEM images shown in Fig. 9a and

b. It has been found that particle sizes determined by XRD

are in good agreement with the values measured from TEM.

Larger particles of more than 10 nm and some big Pt particle

agglomerations can be observed under TEM. This may be

attributed to uneven heating in the microwave and lack of



Fig. 7 – High resolution TEM micrographs of catalyst from

conventional heating (a) 10 wt% Pt/CNT (10 vol%) and (b)

30 wt% Pt/CNT (10 vol%).

Fig. 9 – High resolution TEM micrographs of catalyst from

microwave irradiation (a) 30 wt% Pt/CNF (10 vol%) and (b)

30 wt% Pt/CNF (30 vol%).
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mixing of Pt precursor and nanocarbon support. Our experi-

ments show that microwave irradiation dramatically simpli-

fies the synthesis process and shortens the synthesis time.

However, larger particle size and uneven dispersion are still

observed via this process, especially for high metal loading

catalysts (30 wt%). Modification of the microwave reactor

and optimization of synthesis conditions may help reduce

Pt particle size and improve Pt dispersion.

CV experiments were conducted in 0.5 M H2SO4. The Pt

ECSA was calculated from the hydrogen desorption peak

areas in the CV curves and was obtained from the following

formula [30]:

ECSA ¼ QðmCÞ
0:22 mC=cm2

where Q is the electric charge for hydrogen desorption and

0.22 mC/cm2 is the hydrogen adsorption constant for poly-

crystalline Pt.
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Fig. 11 shows the CV curves for various synthesized sam-

ples with different Pt particle size.

Table 1 summarizes the data for these nanocatalysts. The

chemical surface area (CSA) of these catalysts was calculated

using the following equation [30]:

CSA ¼ 6� 104

q� d

where d is the mean Pt particle diameter in Å (from the XRD

results) and q is the density of Pt metal (21.4 g/cm2). The Uti-

lization efficiency can be calculated using [30]

Utilization ¼ ECSA
CSA

Generally, catalysts with smaller particle size gave higher

ECSA than those catalysts with larger particle size and distri-

bution, e.g. CCNT10Pt10DI with a particle size of 2.3 nm has

an ECSA of 68.7 m2/g, while MCNT30Pt30DI with a particle

size of 5.1 nm has an ECSA of 30.1 m2/g. Under optimized syn-

thesis condition, Pt/CNTs made via conventional techniques

(CCNT10Pt10DI) gave the highest ECSA of 68.7 m2/g. CNTs

made via microwave irradiation (MCNT10Pt10DI) showed
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similar electrochemically active surface area (ECSA of

64.7 m2/g). The Pt utilization was in a range of 54–68%, with

an exception of 47% for Pt/CNF (30 wt%, 30 vol%), this may
Table 1 – The particle size, ECSA, CSA and Pt utilization for CN

Sample Particle size (nm) Q (mC)

CCNT10PT10DI 2.3 0.76

CCNF10PT10DI 2.6 0.69

MCNT10PT10DI 2.3 0.71

MCNF10PT10DI 3.9 0.49

CCNT10PT30DI 5.1 0.39

CCNF10PT30DI 5.1 0.41

MCNT10PT30DI 4.7 0.42

MCNF10PT30DI 5.1 0.39

CCNT30PT10DI 3.2 0.53

MCNT30PT10DI 3.9 0.51

MCNF30PT10DI 4.2 0.46

MCNT30PT30DI 5.1 0.33

MCNF30PT30DI 5.5 0.26

Commercial catalyst 2.7 0.56
be due to a large particle size (5.5 nm) and a wider particle

size distribution. It was reported that Pt utilization is around

75% for a commercial Pt/CB (20 wt%) catalyst [31]. All fabri-

cated catalysts and their properties are shown in Table 1.

There are two reasons that may explain slightly lower Pt uti-

lization in our experiments: (1) use of sulfuric acid as electro-

lyte may result in HSO�4 adsorption on the Pt surface reducing

its ECSA [32] and (2) using average particle sizes of Pt nanopar-

ticles obtained from the XRD diffraction peak Pt(220) to calcu-

late CSA of Pt, will generally result in smaller CSA than

obtaining average Pt particle size from TEM [30]. Therefore,

the Pt utilization is within a reasonable range. It is interesting

to note that commercial (Pt/CB) catalyst has an ECSA of

50 m2/g and Pt utilization of 49%, which is lower than the

CNT/CNF catalyst. In addition, there was no apparent trend

of ECSA observed between different carbon nanomaterials

(CNT and CNF). CNF supported catalyst gave comparable

ECSA as the more expensive CNT, making it a more attractive

candidate for future work in this area.

Altering water content during the synthesis can effectively

control the particle size and moreover, the ECSA regardless of

synthesis heating method and carbon support. In this work,

we have found that the particle size and ECSA are inversely
T and CNF supported Pt catalysts

ECSA (m2/g) CSA (m2/g) Utilization (%)

68.7 123.4 55.7

62.7 108.9 57.6

64.8 120.7 53.7

44.8 71.3 62.9

35.4 55.2 64.2

37.5 54.6 68.8

38.1 59.3 64.2

35.6 54.7 65.1

48.4 87.5 55.3

46.6 72.0 64.8

42.0 67.5 62.2

30.1 54.8 54.9

24.0 51.4 46.8

50.6 103.0 49.1
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proportional for CNT/CNF supported Pt catalyst. It has been

reported that there is an optimized Pt particle size around

3–5 nm for use in phosphoric acid fuel cells and �2.6 nm for

direct methanol fuel cells [33,8]. However, Watanabe et al. re-

cently reported that ORR activities are particle size indepen-

dent in a range of 1–5 nm [34]. Therefore, we reported a

convenient way to control Pt particle size/ECSA to obtain

the highest ORR activity. This work is underway in our lab.

4. Conclusions

This study presents a systematical investigation to study the

effects of two polyol based deposition techniques (conven-

tional refluxing and microwave irradiation), synthesis param-

eters, such as water content, carbon support and Pt loading,

on the average Pt particle size and ECSA. Uniformly dispersed

Pt nanoparticles with narrow particle distribution were found

to be deposited on CNT and CNF supports using polyol pro-

cessing techniques. Microwave irradiation can significantly

decrease the processing time and it does not considerably

affect Pt particle size as compared to conventional refluxing,

especially for high surface area CNT supported low Pt loading

(10 wt%) catalyst. Modification of microwave process is

needed to ensure small particle size as well as uniform disper-

sion of catalysts. Adjusting water content during synthesis

effectively controlled particle size regardless of the heating

method, carbon support and metal loading. Increasing the

metal loading on a fixed surface area caused agglomeration.

Larger diameter CNFs (100–200 nm) as compared to CNTs

(20–40 nm) have less surface area and hence, larger particles

are formed under same synthesis conditions. Optimum ECSA

was observed during conventional heating for CNTs (68.7 m2/g)

and during microwave irradiation for CNFs (64.8 m2/g), which

exceeded the one obtained from commercial Pt/CB catalyst

(50.6 m2/g).
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