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Abstract Pristine multiwalled carbon nanotube sup-

ported platinum catalyst (Pt/CNT) has been developed by

reduction of Pt salt on CNTs in ethylene glycol solution.

The reactions were carried out under different pH condi-

tions followed by detailed physical and electrochemical

characterizations. The I–V performance of unit Polymer

electrolyte membrane fuel cell shows a peak Power density

of 325 mWcm-2 with catalyst prepared in alkaline med-

ium, an increase of [250 % as compared to 87 mWcm-2

obtained, while employing catalyst prepared in acidic

medium and tested under similar conditions. This is

attributed not only to the uniform distribution of Pt nano-

particles with small particle size in range of 2–3 nm, but

also to the metallic or zero oxidation state in which most of

the Pt is present when reduction is carried out in alkaline

medium.

Keywords Carbon � Nanotubes � Catalyst � Fuel cell �
Mid-wave potential � Polarization

Introduction

Fuel cells are considered as the clean power delivery devices

for the future that produces electricity by the electrochemical

redox reactions [1–3]. It is assembled as a stack of identical

repeating unit cells comprising membrane electrode

assembly (MEA) in which hydrogen is oxidized at the anode

and oxygen is reduced at the MEA cathode, all compressed

by bi-polar plates that introduce gaseous reactants and

coolants to the MEA and harvest the electric current. The

cathode oxygen reduction reaction (ORR) and anode

hydrogen oxidation reaction (HOR) both occur on the sur-

faces of Pt-based catalysts with pure water and heat as the

only by-products. The catalyst performance is, therefore,

very decisive to the fuel cell functioning and much effort has

been guided towards its optimization [4–6]. Cost and dura-

bility are other major concerns in the commercialization of

fuel cells. Platinum is not only costly, but may either be

contaminated by impurities from reactant gases and/or may

agglomerate at fuel cell operating temperatures. Hence, Pt on

conductive supports has been proposed [7, 8]. The most

commonly and commercially used support is the high sur-

face area carbon black (Vulcan XC-72), which in principle

meets the criterion of performance and cost. But in terms of

durability, its performance is unsatisfactory under high

temperature and humidity, low pH and strong oxidizing and

reducing atmospheres [8, 9]. Its amorphous nature may cause

the platinum to lose its catalytic activity due to sintering, or

migration on the carbon support and subsequent dissolution

into the electrolyte. A number of other catalyst supports

have, therefore, been investigated [10, 11]. In the above

scenario, carbon nanotubes (CNTs) prove to be a much

promising alternate as catalyst support. Synthesis methods

have improved over the years to produce economically via-

ble, size-controlled CNTs in macroscopic quantities for

commercial applications. CNTs would impact future science

and technology since it is a highly potential material with

unique structure, high crystallinity, conductivity, high

accessible surface area and resistance to corrosion [12]. For

prolong fuel cell operation or at high current densities, fuel

starvation increases with water retention [13–17]. Teflon
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addition to overcome the problem decreases the conductiv-

ity. CNTs, however, have an inherent hydrophobic nature

that can significantly reduce the mass transport problems.

Although research is being carried out to investigate the

role of CNTs as catalyst support, there is always a scope for

further improvement. Various treatments including sono-

chemical [18], electrochemical [19], microwave heating

[20–22], and reflux heating [23] have been proposed to

incorporate Pt nanoparticles onto the CNT surface. Lee

et al. [24] reviewed the recent developments in the syn-

thesis of the Pt electrocatalyst supported on CNTs for PEM

fuel cell. Studies with various types of solvents [25], dif-

ferent reducing agents [25, 26], and varying amount of Pt

[18, 26] are present in the open literature.

The present study demonstrates the development of Pt/

CNT by reduction of Chloroplatinic acid on MWCNTs

under different pH conditions, thus providing a detailed

account of how the varying conditions of pH during the

reduction process affect the properties of the synthesized

nanocomposites and their corresponding behavior as a

catalyst for PEM fuel cell. The effect of pH has been

studied previously with high Pt loading (nearly 40 %) on

CNTs. It was observed that Pt loading decreased with

increasing alkalinity of the solution [23, 27]. Such high

loadings are not recommended with CNTs [28, 29]. The

authors have, therefore, reduced the loading to 20 % to

overcome the above problem. Moreover, pristine

MWCNTs have been used that not only reduces the syn-

thesis step, but also prevents depletion of CNTs due to

chemical modification. Ethylene glycol is used as a dis-

persing medium for CNTs which also generates reducing

species in situ at high temperatures. Refluxing not only

maintains the water content and pH value of the solution,

but also allows uniform heating that leads to the formation

of homogeneous nucleation centers [23] which act as sites

for platinum deposition [30, 31]. The study is supported by

exhaustive characterization. X-ray diffraction (XRD),

Thermo gravimetric analysis (TGA), Transmission electron

microscopy (TEM) and X-ray photoelectron spectroscopy

(XPS) have been carried to determine platinum loading,

structure, particle size, and oxidation states of platinum

nanoparticles. Raman analysis has been carried out to

evaluate the presence of defects and the interaction

between Pt nanoparticles (NPs) and hexagonal carbon

sheet. Electrochemical characterizations like cyclic vol-

tammetry (CV), Linear scan voltammetry (LSV) for HOR

and ORR, respectively, and unit PEM fuel cell

Fig. 1 Schematic of the process of catalyst development showing

a dispersion of MWCNTs in EG, b addition of Platinic acid and pH

adjustment, c refluxing, d filtration and washing, and e prepared

catalyst

b
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performance have been carried out to elucidate the cata-

lytic performance of the prepared samples.

Materials and methods

Development of Pt/CNTs

Carbon nanotube supported platinum (Pt/CNTs) samples

were prepared using commercial grade Nanocyl 7000 multi-

walled carbon nanotubes (MWCNTs) with diameter in the

range of 20–30 nm and aspect ratio [1,000. These were

uniformly dispersed in ethylene glycol (EG, 99 % pure

obtained from Merck Ltd.) by ultra-sonication. Solution of

0.01 M H2PtCl6 (obtained from ACROS Organics GR grade

99 % pure) in isopropyl alcohol was added to the above

solution drop by drop with constant magnetic stirring such that

the ratio of Pt: CNT is 1: 4. The pH of the above solution was

measured and was found to be less than 2. To prepare samples

in different pH mediums 0.1 M NaOH was added to adjust the

pH to 2, 7, and 11. These were further refluxed at 140 �C for

3 h in air. The process of reduction immobilizes Pt on CNTs

forming Pt/CNT nanocomposites. The solution was filtered

followed by washing with copious amount of de-ionized

water. The filtrate was further dried to obtain powdered cat-

alyst. The schematic of the above process is shown in Fig. 1.

Dilute solution of NaBH4 was added to the residue (of the

filtrate) to detect the presence of platinum. The samples pre-

pared by refluxing the solution in acidic (pH 2), neutral (pH 7),

and alkaline mediums (pH 11) have been designated as E1, E2,

and E3, respectively, in the following text.

Characterization techniques

The structural details were obtained by X-ray diffraction

examination. XRD of the catalyst samples was performed

on Rikagu powder X-ray diffractometer model: XRG

2KW using Cu Ka radiation. The mean crystallite size

and lattice parameters were calculated from line broad-

ening and d-spacing using Debye–Scherrer formula. The

morphological studies of the prepared Pt/CNT nanocom-

posites were carried out with the help of TEM using

Tecnai G2 F30 S-Twin instrument. For TEM analysis,

samples were sonochemically dispersed in ethanol and the

solution was drop casted on copper grid. Raman spec-

troscopy was carried out using a Renishaw InVia Reflex

Micro Raman Spectrometer equipped with CCD detector

at room temperature and in air. Green laser (excitation

line 514 nm) was used to excite the samples. Five scans

per sample were recorded wherein the samples were

exposed to the laser power of 25 mW for 10 s. XPS was

carried out to determine the chemical states of platinum

and carbon in Pt/CNTs samples using instrument PHI

Model 5000 Series. TGA was carried out on TGA/DSC

1600 by Mettler Toledo. The experiments were carried

out in air from room temperature to 1,000 �C at the rate

of 10 �C min-1.

Electrochemical characterization

The electrochemical measurements were performed using

Biologic instrument, VSP model with EC-Lab software.

Conventional three-electrode system was used for CV

measurements with saturated calomel electrode (SCE), Pt

and test samples as reference, counter, and working elec-

trodes, respectively. 0.5 M HClO4 was used as electrolyte.

Kinetic activity was measured ex situ by LSV in rotating

disk electrode (RDE) apparatus with 5 mV/s sweep rate

and 1,600 rpm speed of the rotating disk.

For fuel cell performance, Toray carbon paper samples

of size 25 cm2 were teflonized and gas diffusion layer

(GDL) was prepared by coating 1.5 mg/cm2 of carbon

black (Vulcan XC-500) followed by sintering at 350 �C
for 30 min. The prepared Pt/CNT samples (E1, E2 and

E3) were coated onto the GDL layer such that the amount

of Pt was maintained at 0.3 mg/cm2. Nafion Membrane-

1135 (obtained from DuPont) was sandwiched in between

the two electrodes (as prepared above) and hot pressed at

120–130 �C for 3 min to make the membrane electrode

assembly (MEA). Fuel cell was evaluated at 60 �C and

100 % humidified conditions. Measurements of cell

potential with varying current densities were conducted

using electronic load procured from Bitrode Instruments,

US (model: LCN4-25-24/LCN 50-24). The voltage cor-

responding to the applied current was measured at an

interval of 30 s. Hydrogen and oxygen streams were

supplied to the anode and cathode at atmospheric pres-

sures, respectively.

Fig. 2 X-ray diffraction curves of pristine CNTs and sample E1, E2,

and E3
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Results and discussion

Figure 2 shows the XRD curves for pristine CNTs and Pt/

CNT samples. Diffraction peak at 25.7� is attributed to

graphite crystallographic planes (002) of CNTs. Pt/CNT

samples show diffraction peaks at nearly 39.9�, 46.3� and

67.7�, corresponding to face-centered cubic structure of

platinum. No peaks of Co or Ni are obtained which sug-

gests that these catalyst impurities are very less. Table 1

gives a detail account of the miller indices, d-spacing and

crystallite size for the given diffraction angle for samples

E1, E2 and E3. The FWHM values of the samples increase

with increase in pH of the synthesizing medium and cor-

respondingly the average crystallite size decreases. The

crystallite size was found to be minimum (*3 nm) for

sample E3.

This can be explained by the following mechanism of

the reduction of Chloroplatinic acid as a function of pH. In

acidic solution with low pH it is present as [PtCl6]2- and

[PtCl6-x(H2O)x]
(2-x)- [32].

PtCl6½ �2�þ 2 Hþ þ xH2O $ PtCl6�x H2Oð Þx

� � 2�xð Þ�

þ xCl� þ 2 Hþ ð1Þ

With addition of external OH- ions in form of NaOH,

there may be replacement of H2O or Cl- from the aqua

species [PtCl6-x(H2O)x]
(2-x) formed in step (1).

PtCl6�x H2Oð Þx

� � 2�xð Þ�þ 2 Hþ þ yOH�

$ PtCl6�x OHð Þy H2Oð Þx�y

h i 2�xþyð Þ�
þ 2Hþ ð2Þ

PtCl6�x H2Oð Þx

� � 2�xð Þ�þ2 Hþ þ zOH�

$ PtCl6�x�z OHð Þz H2Oð Þx

� � 2�xð Þ�þ zCl� þ 2Hþ ð3Þ

Chen et al. [33] from Extended X-ray absorption fine

structure studies have confirmed that Pt–O bond length

(2.03 Å) is smaller than Pt–Cl bond length (2.33 Å).

Hence, due to steric contraction effect and electrostatic

charge effect, the species formed in alkaline medium are

smaller in size than complexes formed in acidic medium

[26]. This implies that the size of platinum species

deposited on the carbon support greatly depends on the

pH of the environment.

The results were further confirmed by the TEM studies.

Figure 3 shows the TEM images of samples E1 and E3.

TEM micrographs reveal that Pt NPs are attached to the

outer walls of CNTs. For sample E1, agglomeration of

platinum particles is observed at some places as shown in

Fig. 3a–c and the Pt particle size distribution shows max-

imum particles in the range of 4–5 nm (Fig. 3d). However,

for sample E3, homogeneous distribution of Pt NPs with

particle size in the range of 2–3 nm has been observed

(Fig. 3e–h). The particle sizes determined by XRD are in

close agreement with observed values from TEM. Fig-

ure 3b, d shows the presence of closed ends of CNT which

further implies that during the synthesis process the CNTs

remained highly intact and Pt NPs are deposited only on

their surface.

A small size with a uniform distribution of the catalyst

NPs is an important parameter affecting the fuel cell per-

formance. However, the oxidation state is another impor-

tant factor which decides the activity of the catalyst. It has

been observed that platinum in metallic or zero oxidation

state shows higher catalytic activity than its corresponding

oxidized species [34]. XPS was used as a quantitative

technique to measure the elemental composition and their

oxidation states present in the samples so as to illustrate the

Table 1 Miller indices, d-spacing and crystallite size for the given diffraction angle for samples E1, E2 and E3

Sample name Miller indices 2h (�) FWHM (�) d-spacing (nm) Crystallite size (nm) Average crystallite size of Pt (nm)

E1 C(002) 25.67 4.04 3.46 2.01

Pt(111) 40.07 2.24 2.24 3.76 3.59

Pt(200) 46.55 3.28 1.95 2.63

Pt(220) 67.65 2.66 1.38 3.59

Pt(311) 81.70 2.39 1.17 4.39

E2 C(002) 25.73 3.76 3.46 2.18

Pt(111) 39.99 2.45 2.25 3.44 3.46

Pt(200) 46.35 3.49 1.96 2.47

Pt(220) 67.72 2.53 1.38 3.78

Pt(311) 81.39 2.55 1.18 4.11

E3 C(002) 25.86 3.86 3.44 2.11

Pt(111) 40.07 3.48 2.24 2.42 2.97

Pt(200) 46.06 3.56 1.96 2.43

Pt(220) 67.88 2.28 1.38 4.22

Pt(311) 81.92 3.74 1.18 2.81
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Fig. 3 TEM micrographs of

sample E1 showing non-

uniform distribution and

agglomeration of catalyst

particles (a–c) and sample E3

showing catalyst distribution

(d); closed ends of CNTs after

processing (e); and formed

catalyst nanoparticles size of

2–3 nm (f)
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Fig. 4 XPS curves of catalyst samples E1, E2 and E3 for carbon 1 s (a, c, and e) and Platinum 4f peaks (b, d, and f)
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chemical changes occurring due to different pH environ-

ments. The deconvoluted XPS curves (by fitting to pure

Gaussian peaks) of samples E1, E2 and E3 for carbon

(C1 s) and Platinum (Pt4f) are shown in Fig. 4. The peak of

elemental carbon is obtained at 284.6 eV. Deconvoluting

the carbon 1 s spectrum shows additional shoulder peaks at

285.8, 287.4, 289.1, and 290.7 eVs which corresponds to

oxidized or functionalized carbon species.

Although the percentage of graphitic carbon in all

samples is quite high, but there is visible contribution of

other species also. The presence of sp3 hybridized carbon

depicts the defects which were further confirmed from

Raman analysis. As it is clear from the curves, the per-

centage of functionalized carbon decreases with increasing

pH of the synthesizing medium. This is probably because

acidic environment contributes more towards the formation

of oxidized/functionalized carbon species.

XPS spectrum in Fig. 4b, d, f reveals two Pt peaks, 4f7/2

and 4f5/2 at *70.90 and 74.14 eV, respectively, corre-

sponding to Pt in metallic state [Pt(0)]. Deconvoluting the

curves, however, presents us with shoulder peaks with a

peak shift of nearly 1.4 eV (for 4f7/2) and 2.5 eV (for 4f5/2)

corresponding to Pt–OH and Pt–O species, respectively. As

it is clear from the curves, the percentage of Pt(0) increases

and oxidized Pt decreases with increasing pH of the med-

ium in which the catalyst is prepared. Thus, while in

sample E1, 24.2 % Pt is present in oxidized state; it reduces

to nearly 11.4 % in sample E3. This result further indicates

that alkaline medium facilitates reduction of platinum.

Thus, in all three Pt/CNT samples, the metallic state of Pt

is predominant, but was found to be highest in E3, i.e.,

88.6 %.

Pt/CNT-catalyzed cathode ORR may not be a complete

four-electron reaction. There may be slight contribution

from two-electron process also [35–37] and hydrogen

peroxide formed in the process negatively affects the per-

formance and stability of cathode and electrolyte mem-

brane [38]. The presence of Pt–OH due to incomplete

reduction may initiate the two-electron ORR process thus

affecting the fuel cell performance.

Fig. 5 The XPS data for the catalyst samples E1, E2, and E3

Fig. 6 Raman spectra for pristine CNTs and catalyst samples E1, E2,

E3 along with the calculated values of ID/IG and IG0/IG

Fig. 7 TGA and DTA curves of pristine CNTs and catalyst samples

E1, E2, and E3

Fig. 8 Cyclic voltammetry curves for catalyst samples E1, E2, and

E3
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The XPS data for the entire range have been given in

Fig. 5 that shows the presence of C, O, Pt, Ni and Co.

Figure 6 shows the Raman spectra of the different

nanocomposite samples. Three bands: D (defect/disorder

induced) band, G (graphite like) band, and G0 (second order

harmonic to D) band have been identified. Also present is

the small D ? G band, which requires a defect for its

activation [39]. The intensities of the bands were deter-

mined by the area under the spectral curve. The intensity of

the G band (IG) has been used as a reference in determining

the relative intensities of the D band (ID) and G0 band (IG0).

The relative intensity of D band (ratio ID/IG) for pristine

CNT sample is nearly 1.15, which indicates a large no. of

defects. This is probably due to the small size of the

nanotubes with closed ends (as also shown in the TEM

images in Fig. 3b, e. The ends contain sp3 carbon due to

pentagon–heptagon pairs and, therefore, contribute to the D

band intensity. The incorporation of Pt NPs on the tubes

further results in generating stresses in the hexagonal

carbon layer that is reflected by the increase in the relative

intensity of the D band.

The G0 band is attributed to the interlayer coupling. Its

relative intensity increases very sightly in nanocomposite

samples as compared to pristine MWCNTs, which indi-

cates that the Pt nanoparticles are attached only on the

outer wall of the nanotubes. This probably affects the

coupling of only a few surface layers leaving the bulk

unchanged.

Figure 7 shows the TGA curves of the Pt/CNT samples.

TGA for pristine MWCNT without Platinum addition

shows a residue of about 8.5 % which is probably due to

the presence of oxides of metal (Co, Ni) used during the

CNT synthesis process. For the Pt/CNT samples E1, E2,

and E3, the residual content is nearly 31.9, 29.4, and

28.8 %, respectively, indicating that almost entire platinum

(i.e., *20 %) is reduced on the CNT surface. During

synthesis of Pt/CNTs, it was observed that the residue left

after filtration was colorless. Further addition of NaBH4

also did not lead to any change in color, thus indicating

almost complete reduction of platinum on CNT surface.

There is an increase in the residual content of the three

samples, which should be ideally 28.5 %. This can be

explained as follows. Pt will not undergo oxidation when

heated in air; however, the oxidized species of Pt (as

demonstrated by the XPS data) may result in oxide for-

mation and lead to increase in the residual weight. As the

oxidized Pt decreases with increasing pH of the medium in

which the catalyst is prepared, similar trend is observed in

the residue.

The DTG curves show decrease in the thermal stability

of the prepared catalyst samples as compared to pristine

MWCNTs. However, the decomposition temperature is

much higher than the PEMFC operating temperature.

Figure 8 shows the cyclic voltammetry curves for Pt/

CNTs samples prepared in different pH medium. CV

measurements of Pt/CNTs samples were conducted in

0.5 M HClO4 solution over a scan range of -0.25 to 0.8 V

and exhibit typical characteristic of crystalline Pt elec-

trodes in the hydrogen and oxygen adsorption–desorption

regions. The ECSA was calculated from the integrated

charge associated with the hydrogen adsorption region

which is based on a monolayer hydrogen adsorption on

platinum and gives a measure of the HOR. ECSA for E1,

E2 and E3 was found to be 102.7, 157.1 and 214.3 m2/g,

respectively. The increase in the ESCA can be correlated to

the decrease in the size of the deposited Pt NPs that leads to

its effective utilization.

The ORR kinetics of Pt/CNTs samples were investi-

gated by LSV curves as shown in Fig. 9. From the LSV

curves, the onset potential for the ORR was measured

which gives potential at which the ORR initiates and was

found to be highest for sample E3. High mid-wave

Fig. 9 Linear scan voltammograms for catalyst samples E1, E2, and

E3

Fig. 10 Comparative current–voltage performance of PEM fuel cell

using samples E1, E2, and E3 as catalyst
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potential for E3 further reflects low binding energy of the

catalyst surface with the reactants which in turn implies

fast catalytic activity as the catalyst surface is quickly

available for reducing more oxygen.

The half-cell results were further reflected in the per-

formance of the unit PEM fuel cell. Figure 10 shows the

comparative fuel cell performance with samples E1, E2,

and E3 employed as catalyst. From the curves it is clear

that there is a marked difference in the fuel cell perfor-

mance that increases with increasing pH of the medium in

which the catalyst is prepared. Maximum power density,

i.e., 325 mWcm-2 has been achieved with sample E3

(employed as catalyst), much higher than that observed for

catalyst samples E1 (87 mWcm-2) and E2

(201 mWcm-2). The obtained power density is much

higher as compared to that of commercial catalyst as

reported elsewhere [26, 40, 41]. Since the entire cell

parameters are kept constant except the catalyst, the results

have been explained by detailed analysis of the activation

region of the polarization curves [42].

The cell potential (E) versus current density (j) data for

different catalyst systems can be analyzed by fitting the

data to equation:

E ¼ Eeq�DVact�DVohmic�DVdiff ð4Þ

where Eeq is the equilibrium voltage and DVact is the

activation overpotential, DVohmic is the over potential due

to ohmic resistances in the cell; and DVdiff is the

concentration polarization due to poor mass transport.

We are mainly concerned with DVact due to slow electrode

kinetics given by

DVact ¼ ðRT=anFÞlnðj=j0Þ ¼ alogj� alogj0 ð5Þ

The above Eq. (5) is linear of the form y = ax ? b,

where a (= RT/anF) is the Tafel slope, j is the current

Table 2 Electrochemical kinetic parameters for the unit PEM fuel

cells using catalyst samples E1, E2 and E3

E0 (V) j0.9 (A/cm2) b (V/decade) a

E1 0.903 2.11 0.0954 ± 0.0038 0.1346

E2 0.948 3.41 0.0595 ± 0.0038 0.2155

E3 0.940 4.83 0.0549 ± 0.0065 0.2337

Fig. 11 Tafel plots of the electrochemical reactions with catalyst

samples E1, E2, and E3. The tafel slops have been obtained by liner

fitting

Fig. 12 Plausible reaction

mechanism when the reduction

is carried out in alkaline

mediums

Fig. 13 Photograph with samples E1, E2 and E3 dispersed in water

and ultrasonicated for 1 min, showing hydrophilicity of sample E3
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density, jo is the exchange current density, n is the number

of electrons transferred per mole of reactant, F is Faraday’s

constant, and a the charge transfer coefficient represents

the fraction of the overpotential assisting the reaction.

Thus, slow reaction kinetics lead to an offset in open circuit

potential E0 by an amount

E0�Eeq ¼ alogj0 ð6Þ

Thus Eq. (4) can be written as:

E ¼ E0� alogj�DVohmic�DVdiff ð7Þ

The electrode kinetic parameters for the cells are

summarized in Table 2, while the tafel plots are shown

in Fig. 11. The value of j0.9 represents the current density at

the cell potential of 0.9 V, known as kinetic current

density, while a is calculated from the slope of the tafel

plots. The reason for presenting j at a particular cell

potential (0.9 V) instead of j0 is because even a slight

variation in tafel slope can cause anomalous variation in

the values of j0 [43, 44]. The values of charge transfer

coefficient (a) and j0.9 increase for samples E1 to E3,

whereas the tafel slopes of the polarization curves decrease

indicating feasibility of the reaction. Similar values of the

kinetic parameters have also been reported elsewhere [42,

45, 46]. The kinetics of the reaction can be explained by

the probable mechanism. Addition of OH- ions (increasing

basicity) along with EG has the tendency to catalyze the

entire reduction reaction as shown in Fig. 12. This is

because OH- ions has the tendency to release protons from

EG (step 1).

The OH–(CH2)2–O- ion thus produced will bind on the

CNT surface for stabilizing its charge. This will render the

CNT surface hydrophilic. To confirm the above hypothesis

2 mg of each sample (E1, E2, and E3) was dispersed in

5 ml of water and ultrasonicated for 1 min. Figure 13

shows that sample E3 dissolves in water, while E1, and E2

do not. These additional OH- ions will also be available to

reduce Pt which can bind with EG (forming square planar

complexes) which is already on CNT surface (step 3).

Thus, the reaction will become much more feasible as

compared to when it is carried out in acidic medium (where

it will be difficult to release proton). Further coordinate

bonds will be stronger leading to stability of the catalyst

formed.

Conclusions

Multiwalled carbon nanotube supported platinum nano-

particles prepared by reflux heating are smaller in size and

well dispersed. During synthesis, high viscosity of ethylene

glycol can effectively stabilize the diffusion of Pt nano-

particles. The catalytic activity of CNT-supported Pt

nanoparticles greatly depends on the particle size and dis-

tribution and its oxidation state which in turn is largely

affected by the pH of the synthesizing medium. The I–V

performance of unit PEM fuel cell shows a peak power

density of 325 mW/cm2 with catalyst prepared in alkaline

medium, an increase of nearly 61 and 250 % as compared

to that obtained while employing catalyst prepared in

neutral and acidic mediums, respectively, and tested under

similar conditions.
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