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a b s t r a c t

Well-dispersed Pt nanoparticles supported on Nile blue functionalized graphene nano-

sheets were successfully prepared on glassy carbon (GC-GNs-NB-Pt) electrode by a facile

and effective two-step electrochemical method. Further electrode was fabricated where NB

was formed and attached onto the surface in its polymer form (GC-GNs-NBpoly-Pt). The Pt

decorated GNs-NB nanostructures were characterized by field-emission scanning electron

microscopy (FESEM), energy dispersive X-ray diffraction (EDX) microanalysis, Raman

spectroscopy and electrochemical methods. The results showed a three-dimensional

nanostructure for Pt nanoparticles decorated onto the functionalized GNs-NB surface.

The characterized electrodes were tested for electrochemical oxidation of methanol in

H2SO4. A comparison between the synthesized electrodes; GC-GNs-Pt, GC-GNs-NB-Pt and

GC-GNs-NBpoly-Pt, in terms of their electrochemical performance, revealed that the GC-

GNs-NB-Pt benefits of a large and exceptional electrocatalytic activity for methanol

oxidation. This improved activity could be attributed to the NB playing a crucial role in

dispersing and stabilizing of Pt on GNs-NB platform.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

In order to resolve the problem of energy dilemma and envi-

ronmental pollution, scientists are researching alternative

energy sources. Methanol oxidation reaction (MOR) has po-

tential applications in transportation and portable electronic

devices because of its superb energy density, low purulence,

simplicity and safe operation [1e3]. Despite the important

improvements so far made in the performance of MOR, there

remain a number of technical barriers against its widespread

application. The major problem in the development of MOR is

its slow kinetics which leads to high over-potentials, currently

the high cost Pt is used as the state-of-the-art electrocatalyst

for MOR [4,5]. To overcome these problems, great efforts have

been devoted to enhance the electrocatalytic activity of the

alternative available catalysts having relatively lower costs

and acceptable characteristics; activity and stability [6].

Over the past few years, several methods have been

developed for the synthesis of Pt nanostructures, however,

most of these methods are difficult to be controlled, making

them exceedingly challenging. For example, the mount of

* Corresponding author. Tel.: þ98 31 37934922; fax: þ98 31 36689732.
E-mail address: rkarimi@sci.ui.ac.ir (R. Karimi Shervedani).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 1 3 4 5 9e1 3 4 6 8

http://dx.doi.org/10.1016/j.ijhydene.2016.06.142
0360-3199/© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

mailto:rkarimi@sci.ui.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2016.06.142&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2016.06.142
http://dx.doi.org/10.1016/j.ijhydene.2016.06.142
http://dx.doi.org/10.1016/j.ijhydene.2016.06.142


loaded Pt, its efficiency and stability in Pt-based electro-

catalysts are the main properties pertinent to the type of

support [7,8]. The amount of loaded Pt catalysts is immedi-

ately correlated with the unit cost of fuel cell manufacturing

which in turn is an important factor for commercialization. A

good support should not only provide high precision catalyst

nanoparticles and good electron transfer but also increase

long-term consistency of the catalyst nanoparticles by slow-

ing down their sintering rate and allowing fast mass transport

of reactants and products at the fuel cell electrodes, resulting

in better device performance [9,10].

In the past two decades, many different carbon based

materials have been used as electrocatalyst supports for

preparation of the Pt-based electrocatalysts for MOR [11,12].

Graphene nanosheets (GNs) have been developed for various

potential applications due to their exceptional electronic,

optical, high charge mobility and large surface area properties

[13e17]. The GNs, as the catalytic supports, have been incor-

porated into many functional materials to form nano-

composites for application in fuel cells [12] and many other

aspects of electrochemical technology [18,19], due to their

unique advantages, such as the large surface area, novel

electron transfer property.

However, due to some inherent drawbacks, such as its

chemical inertness, the application of GNs has been limited

[20,21]. These drawbacks could be overcome by further func-

tionalize the GNs in order to improve their surface properties,

leading to formation of GNs based nanocomposites. The GNs-

based nanocomposites formed via decorating of GNs with

metal nanoparticles, e.g. with Au-NP, Pt-NP [22], promise new

opportunities for developing the next generation of catalysts,

These nanocomposites are of scientific and industrial in-

terests due to the synergistic effect of two or more functional

components [23,24]. There are many imaginative methods for

decorating metal nanoparticles onto GNs based nano-

composites, each offering varying degrees of control of parti-

cle size and distribution [25,26]. One type of these methods is

based non-covalent functionalization of GNs, resulting in

higher activity andmore stability for decorating nanoparticles

[22].

The functionalization of GNs can be performed by covalent

or non-covalent methods [27,28]. Non-covalent functionali-

zation is preferable for catalyst support applications, since it

enables attachment of molecules through supermolecular

interactions such as pep stacking, and thus, preserves (con-

serves) the intrinsic electronic and structural properties of

GNs [29]. Therefore, it is important to modify the surface of

GNs by proper techniques andmaterials [22], enabling control

distribution of the metal nanoparticles on the substrate, and

avoid deterioration of the electronic network of GNs [30]. A

promising method could be based on using organic con-

ducting films such as Nile blue (NB) [31,32] or toluidine blue

(TB) [33,34].

However, to the best of our knowledge, there is no report

on the preparation and application of GC-GNs-NB-Pt nano-

structures for electrocatalytic oxidation of methanol. In the

present study, a new two-step electrochemical approach is

established to synthesize the nanostructured GNs-NB-Pt onto

the GC surface by using NB and graphene oxide (GO) as the

starting materials. The surface of GC-GNs-NB is further

modified by Pt nanoparticles. The electrocatalytic activity of

GC-GNs-NB-Pt nanostructured electrode is completely exam-

ined for methanol oxidation by cyclic voltammetry (CV),

chronoamperometry and electrochemical impedance spec-

troscopy (EIS).

Experimental

Material and reagents

Potassium hexachloroplatinate (K2PtCl6), graphite powder

(SigmaeAldrich® < 2 micron), sodium nitrate (NaNO3), meth-

anol, potassium permanganate, sulfuric acid (98%) solution,

hydrogen peroxide solution (30%), NB and other chemicals

were of analytical grade obtained from commercial sources

(SigmaeAldrich® or Merck®), and used without further puri-

fication. All solutions were prepared with deionized/distilled

water. The testing solutions were saturated with high purity

Ar, depend on the experimental conditions.

Synthesis of composites and modifications of the GC
electrode surface

The GO was synthesized according to the Hummers' method

[35], partially modified by us [24] (see Supporting Information,

Section Introduction, Fig. S1). The GC (0.0314 cm2) was pol-

ished with alumina powder (0.3 down to 0.05 mm) on a polish

cloth, and then, washed ultrasonically in ethanol/water/

ethanol each step for a fewminutes to get clean GC electrode.

A set of clean GC electrodes was prepared and modified ac-

cording to previous work [36].

Briefly, separate suspension solutions of GO and mixture of

NB and GO composite were prepared for deposition, named as

GOssd and GO-NBcssd. Volumes of 20 mL of the GOssd and GO-

NBcssd were selected and dropped onto the surface of clean GC

electrodes separately, and allowed to dry and formGC-GO and

GC-GO-NB electrode, respectively.

(i) A set of the GC-GO-NB electrodes was placed into the

cell containing 0.1 M KNO3 solution, and its potential

was cycled between 0.000 and �1.300 V vs. Ag/AgCl at

20 mV s�1 (~7 cycles) to reduce GO to GNs [23,36], and

absorb the GNs and NBs onto the GC simultaneously [37].

The constructed electrode is named GC-GNs-NB nano-

structured electrode.

(ii) Another set of the GC-GO-NB electrodes was treated in

the same conditions as (i), but its potential was cycled

between þ1.300 and �1.300 V to reduce GO to GNs, and

absorb the GNs and NBs onto the GC simultaneously by

electrochemical polymerization of NB [38]. The constructed

electrode is named GC-GNs-NBpoly nanostructured

electrode (see Supporting Information, Fig. S2).

(iii) A set of the GC-GO electrodeswas treated as (i) to reduce

GO to GNs electrochemically and form GC-GNs.

(iv) The Pt-contained modified electrodes; GC-GNs-Pt, GC-

GNs-NBpoly-Pt and GC-GNs-NB-Pt, were prepared by

electrodeposition of Pt nanoparticles onto the related

electrode surface at constant DC potential, EDC ¼
�0.2000 V vs. Ag/AgCl reference electrode, for 300 s in
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