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Abstract Platinum nanoparticles with a size distribution

ranging from 3 to 6 nm were synthesized at room tem-

perature by chemical reduction of platinum chloride, using

NaBH4 as the reduction reagent and poly(N-vinylpyrroli-

done) as the stabilizer. The Pt colloidal nanoparticles

obtained were deposited onto multi-walled carbon nan-

otubes (MWCNTs) synthesized by the chemical vapor

deposition method. Pt/MWCNTs prepared with a metal

content of 20 wt% was evaluated as the anode electrocat-

alyst in a 9 cm2 direct ethanol fuel cell using PtRu/C as the

cathode material. Both electrodes had a metal loading of 1

mgPt cm-2. Polarization curves showed higher electroac-

tivity for Pt/MWCNTs than commercial material (Pt/C).

Graphical Abstract

Keywords MWCNTs � Pt/MWCNTs � Ethanol electro-
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1 Introduction

Direct ethanol fuel cells (DEFC) based on a polymer

electrolyte membrane (PEM) are attractive alternative

devices for transport and portable applications because of

their high thermodynamic efficiency and the ease of
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production, distribution, and handling of this low-molecu-

lar-weight alcohol [1]. Additionally, ethanol has proven to

have a lower crossover rate and reduced cathode perfor-

mance effects compared with methanol [2]. Under acidic

conditions, platinum presents the highest activity for the

ethanol oxidation reaction, and it has therefore been used

extensively as an anodic catalyst during the past decade [3–

6]. However, DEFC commercial applications still have

some challenges to overcome, such as intermediate species

tolerance and long-term performance. Improved electro-

catalytic behavior for the ethanol electro-oxidation reaction

essentially depends on three factors: (1) the preparation

procedure plays a crucial role in electrocatalyst composi-

tion and structure, especially in the interaction between

their different components, hence its interaction with the

produced species during reaction; (2) a homogeneous dis-

persion of the active phase is essential in order to ensure

high catalytic activity; and (3) smaller particle size is

expected to reduce the amount of Pt usage in the catalyst

layer without decreasing DEFC efficiency. Several carbon

materials with high surface area such as Vulcan XC-72R,

single-walled carbon nanotubes (SWCNTs), multi-walled

carbon nanotubes, carbon fibers, and aerogels have been

investigated as support materials [7, 8]. In proton exchange

membrane fuel cell (PEMFC) applications, the deposition

of Pt metal nanoparticles onto carbon nanotubes has

resulted in higher catalytic activity compared with carbon

black-supported materials [9, 10]. However, high disper-

sion of Pt nanoparticles with controlled loading remains a

challenge due to the inert surfaces of MWCNTs [7]. Yang

et al. [11] synthesized Pt nanoparticles with a size of

between 2 and 4 nm and achieved high dispersion on

MWCNTs using the thiolation method via p–p interaction

and subsequent thermal treatment. Their results indicated

that the synthesized Pt/MWCNTs composite has excellent

electrocatalytic activity for methanol oxidation and good

CO tolerance. Liu et al. [12] synthesized Pt nanoparticles

with an average size of 4 nm, supported on MWCNTs via

potentiostatic deposition in a solution bath without adding

supporting electrolyte. This material exhibited higher

electrocatalytic activity for the ethanol oxidation reaction

and better anti-poisoning behavior compared with a com-

mercial Pt/C electrocatalyst. Using the EG reduction

method, Jiang et al. [13] obtained Pt nanoparticles with a

very narrow size distribution supported on MWCNTs

functionalized by plasma treatment. This material pre-

sented good performance for ethanol electro-oxidation in a

basic solution in comparison with Pt/C. They explained

their results on the basis of good metal utilization caused

by a strong interaction between the metal and MWCNTs,

and good conservation of the tube structure by the plasma

treatment. Cai et al. [14] prepared a Pt catalyst supported

on MnOx-CNT by the microwave-assisted polyol method.

The particles obtained had an average diameter of 2.2 nm

and showed good dispersion on the support material. The

presence of MnOx in the electrocatalyst promotes the

dehydrogenation steps in the ethanol oxidation mechanism,

removes the adsorbed intermediates to release the Pt active

sites, and then increases Pt utilization via the synergistic

effect between Pt and MnOx. Rodrı́guez et al. [15] syn-

thesized Pt–Fe nanoparticles supported on MWCNTs with

an average particle size of between 1.5 and 2.1 nm. The

Pt–Fe/MWCNTs electrocatalyst showed high electrocat-

alytic activity for the methanol oxidation reaction due to

the addition of iron. The promoting effect of Fe was related

to the adsorption of OH- species on the electrocatalyst

surface at lower potentials than Pt/C.

In this study, we compare the activity for the ethanol

electro-oxidation reaction of a commercial Pt/C catalyst

and a Pt catalyst supported on MWCNTs synthesized in-

house by a modified chemical vapor deposition method

(MCVD). The catalyst characterizations were performed

by cyclic voltammetry (CV), scanning electron microscopy

(SEM), transmission electron microscopy (TEM), and

X-ray diffraction (XRD). Finally, the anode catalyst was

tested in a direct ethanol fuel cell with an active electrode

area of 9 cm2. The results indicate that Pt/MWCNTs show

good behavior under DEFC conditions.

2 Experimental

2.1 Synthesis of carbon nanotubes and Pt/MWCNTs

electrocatalyst

The carbon nanotubes were synthesized by the MCVD

method at 900 �C using toluene as the carbon source and

ferrocene (Fe(C5H5)2) as the catalytic agent, as reported

elsewhere [16]. The processes for cleaning and function-

alization of MWCNTs were performed by refluxing them

in a 30 % H2O2 solution (2 h) and then in HNO3 (24 h) at

100 �C. Finally, they were washed thoroughly with triple

distilled water. Colloidal dispersions of Pt nanoparticles

were prepared by mixing platinum tetrachloride in

methanol using poly(N-vinyl-2-pyrrolidone) and NaBH4

solution as capping and reducing agents, respectively. A

dark brown stable colloid was formed [17].

Pt/MWCNTs was prepared according to the methodol-

ogy presented previously [18]. Briefly, 100 mg of

MWCNTs were dispersed in methanol with strong ultra-

sonication for 1 h. Pt colloidal dispersion was then added

and vigorously stirred for 30 min. Subsequently, the dis-

persion was dried until complete evaporation. Pt/MWCNTs

with a metal loading of 20 wt% was obtained. The catalytic

response for ethanol oxidation was compared with com-

mercial 20 wt% Pt/C (AlfaAesar).
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2.2 Physical characterization

X-ray diffractograms (XRD) were recorded with a Bruker

AXS D8 Advance and a Panalytical Xpert diffractometer

using Cu Ka radiation (1.5406 Å) at 40 kV and 40 and

30 mA, respectively. The scanning angle 2h was varied

from 20� to 80� at 0.1�min-1. High-resolution scanning

electron microscopy (HRSEM) analyses were performed

with a JEOL JSM-7401F field emission SEM operated at

low voltage. In order to obtain information on the distri-

bution of Pt nanoparticles supported on MWCNTs, high-

resolution transmission electron micrographs were

obtained with a JEOL JEM-2200FS transmission electron

microscope at 200 kV.

2.3 Electrochemical measurements

Cyclic voltammetry (CV) experiments were carried out at

25 �C in a typical electrochemical three-electrode cell

using an Autolab PGSTAT302 potentiostat/galvanostat.

Mercury/mercurous sulfate electrode (Hg/Hg2SO4/K2SO4

(sat)) and graphite bar were used as reference and auxiliary

electrodes, respectively. The working electrode was pre-

pared by mixing the appropriate amounts of catalyst

powder with isopropanol and 5 wt% Nafion� solution. This

suspension was ultrasonicated for 15 min. 5 lL of this

dispersion was deposited onto a graphite carbon disk

electrode (5 mm diameter) using a micropipette. Electrode

catalyst loading was 2.54 mg cm-2, expressed in terms of

the geometric surface area of the disk.

All electrode potentials are presented with respect to the

normal hydrogen electrode (NHE) scale. Prior to electro-

chemical tests, the catalytic materials were activated in a

nitrogen-outgassed 0.5 M H2SO4 electrolyte by potential

cycling from 0.1 to 1.0 V versus NHE at a scan rate of 100

mV s-1 until no changes in electrical current were regis-

tered. To observe the complete processes of ethanol oxi-

dation, CV tests were carried out in a potential window

from 0.0 to 1.5 V versus NHE at a scan rate of 50 mV s-1

[19]. The system was maintained without stirring and all

potential sweeps were first carried out towards positive

potentials, and then reversed towards negative potentials.

The catalytic active area was calculated from the electrical

charge of the proton adsorption–desorption CV region,

which corresponds to 0.210 mC cm-2 [18, 20], and nor-

malized to the catalyst content. Finally, the working solu-

tion consisted of 1.0 M ethanol ?0.5 M H2SO4.

2.4 MEA preparation and performance evaluation

in a DEFC

Electrodes were prepared by brushing the catalyst sus-

pension onto commercial diffusers of 9 cm2 (3 9 3 cm)

based on carbon papers. DGS1120 and P75T carbon paper

were used for anode and cathode, respectively, both from

Ballard�. A catalyst loading of 1 mgPtcm-2 of PtRu/C

electrocatalyst (Alfa Aesar) was deposited on the cathode,

while a catalyst loading of 1 mgPt cm-2 of Pt/MWCNTs or

commercial Pt/C electrocatalyst was deposited on the

anode. Nafion � 117 membrane was used as electrolyte.

The assembly was fabricated by the hot pressing method at

4000 lbin and 120 �C. The single cell was fed with a 1.0 M

aqueous ethanol solution at 1.5 mL min-1. On the cathode

side, air was supplied at 140 mL min-1.

3 Results and discussion

3.1 Materials characterization

Figure 1 shows HRSEM micrographs of the prepared

MWCNTs. It is possible to observe the perpendicular

upward growth of carbon nanotubes attached to Vycor tube

with lengths of several microns. The MWCNTs present

diameters from 50 to 110 nm.

HRSEM micrography of Pt/MWCNTs shows the sur-

face of the MWCNTs decorated with small particles of Pt

(bright particles), which are uniformly distributed along the

carbon nanotubes (Fig. 2a). The TEM image of the Pt/

MWCNTs (Fig. 2b) shows Pt particles with a spherical

shape and homogeneous distribution over the surface of the

carbon nanotubes. Similar results were observed on dif-

ferent areas of the sample. The metallic particle size dis-

tribution was obtained by measuring a representative

number of particles (*100 nanoparticles) and the average

particle size was 6.5 ± 1.5 nm. However, this size is

Fig. 1 HRSEM micrographs of MWCNTs prepared via chemical

vapor deposition method; the inset plot shows the MWCNT at highest

magnification
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greater than what has been reported as the ideal size of Pt

catalysts for ethanol electro-oxidation [21]. EDS analyses

of the MWCNTs showed a Pt content of 19.7 wt%, which

concurs with the theoretical Pt loading (20 wt%).

Figure 3 illustrates the XRD patterns of the Pt/

MWCNTs and Pt/C electrocatalysts. The diffraction peaks

at 2h = 39.8, 46.0, and 67.5 correspond to Pt (111), Pt

(200), and Pt (220) of the Pt fcc phase (Card 4-0802) [22].

The corresponding peaks of the (002) and (004) planes of

graphite 2H (Card 01-070-2057) appear at 26.2� and 53.9�
2h. The reflection at 32� for the Pt/MWCNTs is attributed

to residual sodium chloride [18]. The typical diffraction

peaks which belong to FCC platinum can be clearly

observed for both samples. The characteristic peaks of

metallic Pt nanoparticles corresponding to the (111), (200),

and (220) planes indicate that Pt has been reduced

successfully.

3.2 Electrochemical measurements

Cyclic voltammograms for Pt/C and Pt/MWCNTs obtained

in acid media and recorded at scan rate of 20 mV s-1 were

reported in previous work [18]. The electrochemical active

areas (EAA) were calculated from the peaks attributed to

proton desorption from different Pt crystalline planes. EAA

were 151 m2 g-1 and 98 m2 g-1 for Pt/MWCNTs and Pt/C,

respectively. Cyclic voltammetry results indicate that both

materials displayed the same electrochemical processes.

However, higher current density was registered with the

MWCNT-supported material.

Figure 4 presents the CV profiles recorded at a scan rate

of 10 mV s-1 in 1.0 M ethanol ?0.5 M H2SO4 solution

and normalized with respect to the catalytic active area. In

the scan towards positive potentials, two principal oxida-

tion processes are observed. The first one corresponds to

acetaldehyde formation, beginning at 0.38 V, with a

maximum at 0.9 V for Pt/C [23]. The second one, associ-

ated with acetic acid formation, starts at 1 V with a max-

imum peak potential at 1.2 V. A shoulder is observed at

0.7 V, corresponding to the electrochemical activation of

water. Finally, oxygen evolution occurs at 1.3 V. In the

reverse scan, towards negative potentials, anodic currents

are observed between 0.8 and 0.5 V. The slope change in

Fig. 2 Micrograph of platinum

nanoparticles supported

MWCNTs using a HRSEM at

low voltage and b bright-field

HRTEM

Fig. 3 X-ray diffraction patterns of: a Pt/C commercial and b Pt/

MWCNTs prepared via colloidal synthesis. Miller index of each

diffraction signal is denoted above each signal

Fig. 4 Cyclic voltammograms on Pt/C and Pt/MWCNTs in 1.0 M

CH3CH2OH ? 0.5 M H2SO4 at a scan rate of 50 mV s-1
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this process is characteristic of the oxidation of adsorbed

organic species. Two oxidation processes are observed, at

0.66 V and at 0.58 V, which could be attributed to two

different adsorbed species.

In the Pt/MWCNTs sample, a displacement to lower

potentials is evident for peaks 1 and 2 compared with Pt/C.

Furthermore, the highest current density for the ethanol

oxidation reactionwas observedwith Pt/MWCNTsmaterial.

The first peak for synthesized material was 0.63 mA cm-2,

compared with 0.41 mA cm-2 for Pt/C. The same tendency

was also observed for the other two peaks. A good electro-

catalyst must fulfill at least two requirements: 1) high current

density and 2) lower potentials for the corresponding elec-

trochemical process.According to this, Pt/MWCNTs present

higher ethanol electro-oxidation activity than Pt/C. In the

scan towards negative potentials, the adsorbed species oxi-

dation peak presents different behaviors. The main peak

potential was observed at 0.60 V and a shoulder at 0.67 V,

which could be explained by a different intermediate for-

mation rate with the MWCNT-supported material. It is

possible that a modification in the interaction between the

active phase and support could change the mechanism of

intermediate formation selectivity.

Figure 5 compares the single direct ethanol fuel cell

performance using the synthesized Pt/MWCNTs and

commercial Pt/C as anode electrocatalysts. In both cells,

PtRu/C was used as the cathode electrocatalyst. The open-

circuit potential for Pt/MWCNTs is 1.04 V, but there is a

rapid initial drop in the cell voltage to 0.7 V, which is still

higher than Pt/C (0.65 V). This cell voltage drop could be

caused by the slow ethanol electro-oxidation reaction

occurring at the Pt active sites. From the polarization and

power curves, it is evident that the MWCNT-supported

material offers a more effective catalytic behavior for the

ethanol electro-oxidation reaction than Pt/C. A maximum

power density of 3.14 mW cm-2 was observed with Pt/

MWCNTs compared to 0.95 mW cm-2 for Pt/C.

4 Conclusions

Pt electrocatalyst supported on MWCNTs for DEFC

applications was successfully prepared using the colloidal

method. The colloidal dispersion was used to deposit Pt

nanoparticles on the surface of the MWCNTs. Good Pt

nanoparticle dispersion, desired composition, and excellent

morphology were obtained. The particles on the MWCNTs

had a size of around 6.5 ± 1.5 nm. X-ray diffraction

showed diffraction peaks corresponding to graphite, and

metallic Pt. Carbon nanotubes increased the activity of the

Pt electrocatalyst and modified the selectivity of interme-

diate species, mainly favoring acetic acid production. The

same was observed in the reverse scan oxidation peak, with

changes to the two adsorbed intermediate species oxidation

current intensities. Activity tests in a DEFC were consistent

with CV analysis. Single fuel cell tests indicate that the

MWCNT-supported Pt anode shows competitive perfor-

mance in comparison with the conventional Pt/C-based

electrode.
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