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Multi-walled carbon nanotubes (CNTs) functionalized both by nickel and silver nanoparticles

were obtained using a single step chemical deposition method in an ultrasonic bath. The new

composite material was characterized by means of scanning electron microscopy (SEM), X-ray

diffraction (XRD) and cyclic voltammetry (CV). The electroactivity of the bi-functionalized CNTs

multi-walled carbon nanotubes was assessed in respect to the electrooxidation of methanol. It was

found that the carbon nanotube supported silver nanoparticles have significantly higher catalytic

properties than the bulk metal of the same surface area. Furthermore, it was shown that the

presence of only a very small proportion of magnetic nickel nanoparticles (1.5% of the total

number of metallic nanoparticles) allows the bi-functionalized carbon nanotubes to be moved

magnetically in solution, making them easily recoverable after use whilst keeping an optimal

electrocatalytic surface area.

1. Introduction

The synthesis of magnetic nanomaterials has attracted con-

siderable attention in the last few years. One of the reasons for

that interest is that magnetic material can be moved using a

magnet and which makes the considered material recoverable

both for economical and environmental issues.1–4 Nanomater-

ials that can be magnetically driven are also very promising

for medical applications, such as drug delivery5 or complex

biomanipulations.6

The functionalization of carbon materials with magnetic

particles is particularly attractive due to the properties and

wide use of carbon materials. In particular, magnetic nano-

particles have been synthesized on the surface of carbon

nanotubes using various different methodologies.6–10

As far as the use of magnetic nanomaterials in electro-

chemistry is concerned, there have been only a limited number

of reports on the matter. Most notably Willner et al. studied

the use of hydrophobic magnetic nanoparticles capable of

blocking an electrode surface11–13 and Wang et al. addressed

the use of magnetic nickel nanoparticles both for on-demand

control of electrocatalytic processes and to reduce electrode

surface fouling.14–16

A lot of interest is devoted to methanol electrocatalytic

oxidation as it can be used in fuel cells and both bulk silver and

silver nanoparticles are known to be efficient electrocatalysts

for methanol oxidation in alkaline solutions17,18 with less

poisoning observed than at platinum materials.19 However,

even though silver is much less expensive than platinum its

cost remains an issue.

In order to get the benefits of both the magnetic properties

of magnetic nanoparticles and the catalytic properties of

AgNPs we designed a hybrid material, which contains both.

NiNPs and AgNPs were synthesized on CNTs using a one-

pot chemical deposition in an ultrasonic bath using a

methodology recently developed in our laboratory for the

synthesis of NiNPs on glassy carbon microspheres.20 To

date, this publication is the first report of the bi-functionaliza-

tion of CNT with NiNPs and AgNPs. In addition, the

electrocatalytic oxidation of methanol at the new hybrid

material was studied.

2. Experimental

2.1 Reagents and equipment

Bamboo-like multi-walled carbon nanotubes (CNTs, diameter

30 � 10 nm, 5–20 mm length, o95% purity) were purchased

from NanoLab (Brighton, MA, USA). Nickel(II) chloride

(NiCl2, 99.9%) was obtained from Alfa Aesar (Heysham,

UK). L-Ascorbic acid (99.7%) and silver nitrate were supplied

by BDH (Poole, UK). Nafion was purchased from Aldrich

(Poole, UK). Acetonitrile (ACN) was supplied by Sigma-

Aldrich (Gillingham, UK). All the reagents were used without

further purification. All solutions were prepared using purified

water from Vivendi UHQ grade water system with a resistivity

of not less than 18.2 MO cm.

Electrochemical measurements were recorded using an

Autolab PGSTAT 30 computer-controlled potentiostat with

a standard three-electrode setup. Either a home-made 4 mm
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diameter disc paraffin-impregnated graphite electrode21 or a

0.08 mm diameter disk bulk silver served as working electro-

des. Paraffin-impregnated graphite electrodes have similar

behaviour than other common graphite electrodes and have

been chosen here because they are easy to fabricate and it is

easy to renew their surface by a polishing step. A platinum

wire was used as a counter electrode, and a silver wire used as

the reference electrode completed the cell assembly. The

paraffin-impregnated graphite electrode surface was renewed

by successive mechanical polishing steps on alumina powders

(Micropolish II, Buehler) of 1 to 0.3 mm in diameter. The

electrode was sonicated for 5 min in deionized water after each

polishing step. All experiments were carried at a temperature

of 20 � 1 1C. All the solutions were degassed with nitrogen

prior to the electrochemical recordings.

Scanning electron microscopy (FEG-SEM, tungsten fila-

ment as electron source, acceleration voltage 20 keV) images

and energy dispersion X-ray spectra analysis were performed

using a JEOL 6300 F instrument. X-Ray diffraction patterns

(XRD) were collected on a PANalytical X’Pert instrument

with 40 kV and 40 mA settings.

Sonication was obtained using a D-78224 Singen/Htw

sonicator (50/60 Hz, 80 W, UK).

2.2 Ultrasonic synthesis of silver and nickel nanoparticles

on CNTs

The nickel and silver nanoparticles were synthesized onto

the surface of CNTs using the following protocol: The CNTs

were sonicated in conc. HClO4 + HNO3 (3:7, v:v) for

7 h in order to oxidize their surface, they were then filtered

and extensively washed with deionized water to pH 7, and

dried in air. Then, 2.9 mg NiCl2, 1.7 mg AgNO3 and 2.0 mg

oxidized CNTs were added to 60 mL of acetonitrile in an

airtight glass flask. The mixture was sonicated for one hour.

4.0 mg of L-ascorbic was then added in the flask and the pH

was adjusted to 5.2 using 1 M NaOH. The reaction was

allowed to proceed for 5 min at 65 1C under sonication.

Finally, the products were separated by centrifugation,

washed with acetonitrile and deionized water to remove any

unreacted species. The multi-walled carbon nanotubes deco-

rated with silver and nickel nanoparticles (AgNPs,NiNPs/

CNTs) were allowed to air-dry for 24 h prior to use. Multi-

walled carbon nanotubes decorated only with silver (AgNPs/

CNTs) or nickel nanoparticles (NiNPs/CNTs) were obtained

using the same method.

2.3 Modification of the paraffin-impregnated graphite

electrodes with CNTs

Films of CNTs on the surface of paraffin-impregnated

graphite electrodes were obtained as follows: 2 mg of CNTs

decorated with nanoparticles was suspended in 2 mL of

Nafion (0.05%) and acetonitrile solution to form a ‘‘casting’’

suspension. The casting suspension was then briefly sonicated

for 2 min in order to disperse the CNTs decorated with

nanoparticles. Some of the suspension was then pipetted onto

the surface of a freshly polished paraffin-impregnated graphite

electrodes and let to dry in air.

2.4 Movement of the AgNPs,NiNPs/CNTs composite

material

The AgNPs,NiNPs/CNTs (AgNPs/CNTs, NiNPs/CNTs)

composite materials were pipetted onto a 1.0 mm thick glass

surface with some water. A magnet (NdFeB alloy rod magnet,

purchased from e-magnets UK Ltd, Sheffield, UK) was posi-

tioned directly below the glass surface and moved by an

electronic motor. The directed movement of the nanocom-

posites was observed and recorded using an optical microscope

with a Bressler Visiomar video camera (160� magnification

using a 320 � 240 pixel frame).

3. Results and discussion

3.1 Synthesis and microscopic characterization of the

nanoparticle-modified CNTs

The synthesis of the silver and nickel nanoparticles on the

surface of the CNTs was obtained following the steps noted in

Scheme 1. First the CNTs are treated with concentrated nitric

and perchloric acids to generate carboxylic groups on their

edges and defects. The negatively charged sites chelate silver

and nickel cations added to the solution. It is then expected

that the addition of ascorbic acid as a mild reducing agent in

the presence of ultrasound results in the production of small

nickel and silver nanostructures on the surface of the CNTs.

Similar experimental routes were followed for the synthesis of

nickel or silver nanoparticles separately on the CNTs.

A scanning electronic microscopy analysis of the samples

reveals that silver and nickel nanoparticles of 100 nm in

diameter in average are obtained on the CNTs (Fig. 1). The

EDX (Fig. 2) and XRD spectra of the samples (Fig. 3) confirm

the presence of both silver and nickel nanoparticles. It can be

noticed that the peaks for Ni (111) and Ag (111) are larger

than the other peaks, which reveals that the most common

nanoparticles on the CNTs are face-centered cubic (fcc)

nickel and silver. The average crystallite size calculated using

Scherrer’s equation from the width at half peak maximum for

the NiNPs is 30 � 25, and 25 � 15 nm, respectively for the

Scheme 1 Preparation of multi-walled carbon nanotubes (CNTs)

functionalized both by nickel and silver nanoparticles using a single

step chemical deposition method in an ultrasonic bath and subsequent

immobilization of the new composite material on an electrode surface.
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NiNPs/CNTs and the AgNPs,NiNPs/CNTs and 20 � 10 nm

for the AgNPs of the AgNPs/CNTs and the AgNPs,NiNPs/

CNTs. It can be further stated on the nature of the silver and

nickel nanoparticles that those particles are distinct and do not

crystallise in the form of alloys, as it is well known that Ni and

Ag are immiscible in both the solid and liquid phases.22

3.2 Electrode modification and characterization

The electrode surfaces were modified by the decorated CNTs

in a Nafion film by following the protocol described in the

Experimental section. The electrode surfaces can be charac-

terized electrochemically by oxidizing the metallic nanoparti-

cles. Some metal oxides have a well-defined and specific

reduction potential and the corresponding reduction peak

can be used to estimate the surface area of specific metals.

Fig. 4 shows the cyclic voltammograms that were obtained in

0.1 M NaOH for the various modified electrodes. It can

be observed that the voltammogram corresponding to the

AgNPs,NiNPs/CNTs modified electrode corresponds to the

superposition of the characteristic features of both the AgNPs/

CNTs and the NiNPs/CNTs modified electrodes. Using the

literature values of 790 and 270 mC cm�2 for the charge passed

per unit area of surface area of nickel and silver,23–25 we can

estimate the total surface area of each of the metals for the

AgNPs,NiNPs/CNTs/Nafion material. The average loading

of the nickel and silver nanostructures on the CNTs were

estimated to be, respectively in the order of 3.4 � 10�2 and

2.2 cm2 mg�1. Which then shows that, for nanoparticles of

about the same size, the NiNPs represent only 1.5% of the

total number of nanoparticles.

3.3 Electrocatalysis

The electroactivity of the mono- and bi-functionalized multi-

walled carbon nanotubes was assessed and compared with the

Fig. 1 SEM images of the multi-walled carbon nanotubes functionalized both by nickel and silver nanoparticles (AgNPs,NiNPs/CNTs). The

square on Fig. 1(A) indicates where the EDX spectrum in Fig. 2 was obtained.

Fig. 2 EDX spectra of (A) AgNPs,NiNPs/CNTs, (B) NiNPs/CNTs

and (C) AgNPs/CNTs.

Fig. 3 XRD spectra of (a) Ni/CNTs, (b) AgNPs/CNTs and (c)

AgNPsNi/CNTs.

Fig. 4 Cyclic voltammetry (30th cycle) in 0.1 M NaOH at a 4 mm

diameter paraffin-impregnated graphite electrode modified with

(a) 20 mL CNTs/Nafion, (b) 20 mL NiNPs/CNTs/Nafion, (c) 20 mL
AgNPs/CNTs/Nafion and (d) 80 mL AgNPs,NiNPs/CNTs/Nafion

casting solutions. Scan rate: 50 mV s�1.
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electroactivity of bulk silver macroelectrodes in respect

to the electrooxidation of methanol. The cyclic voltam-

mograms obtained for the second cycle are shown in Fig. 5.

We choose to present the second cycle as a non-negligable

decrease in intensity (ca. 25%) is observed from the first cycle

to the second one. Measurements show a decrease of less

than 10% is then observed between the second and the

twentieth cycle. The electrochemical characterization of the

modified electrode surfaces, conducted independently as

described above, provides valuable data to compare the

electrocatalytic efficiency of the different materials. Indeed,

the catalytic currents obtained can be normalized with the

total metal surface area to provide the current density per unit

of electroactive surface (Table 1). The data reported in Table 1

show that the AgNPs/CNTs/Nafion- and AgNiNPs/CNTs/

Nafion-modified electrodes have similar properties, with a

current density about more than ten times higher than the

current density obtained at the bulk silver macroelectrode.

Such a higher electrocatalytic property can partially be

explained by the higher substrate diffusion that we expect to

observe at dispersed nanoparticles.26–31 Furthermore it has to

be said from the results reported in Table 1 that the experi-

mental results show that NiNPs and AgNPs have similar

electrocatalytic properties towards the electrooxidation of

methanol.

3.4 Characterization of magnetically driven movement of the

AgNPs,NiNPs/CNTs composites

The possibility of magnetically recovering the electrocatalytic

nanomaterial was explored by assessing the possibility to move

it with a magnet using the setup described in the Experimental

section. As it can be seen in Fig. 6 and Video S1 (ESIw), with
the shift of a magnet positioned directly below the glass

surface, the AgNPs,NiNPs/CNTs composites move from right

bottom to middle, then, to left up in the video screen,

suggesting an obvious movement for AgNPs,NiNPs/CNTs

composites on the surface of glass. The same test was

undertaken for the NiNPs/CNTs and AgNPs/CNTs nano-

composites. A similar response can be seen for NiNPs/CNTs

composites (Video S2, ESIw). However, no move was observed

for AgNPs/CNTs nanocomposites (Video S3, ESIw). It is then
possible to conclude that the bifunctionalisation of the CNTs

provides the possibility to magnetically drive them to a specific

location in a solution. This added property to the new

electroactive nanomaterial allows, for example, the recovery

of the catalyst once the reaction has taken place.

4. Conclusions

Multi-walled carbon nanotubes functionalized either by nickel or

silver nanoparticles or by both were obtained using a single step

chemical deposition method in an ultrasonic bath. The electro-

activity of the bi-functionalized CNT multi-walled carbon nano-

tubes was assessed in respect to the electrooxidation of methanol.

It was found that they have significantly higher catalytic proper-

ties than the bulk silver of the same surface area. Furthermore, it

was shown that the addition of a minute fraction (1.5%) of

NiNPs in respect to the total number of nanoparticles adds to

their electrocatalytic properties the possibility to easily move

them in solution using a magnet. The bi-functionalized carbon

nanotubes are then easily recoverable after use.

Table 1 Catalytic performance for methanol oxidation of various
electrode architectures; A is the metal total surface area estimated by
electrochemical oxidation of the surface, Ip is the peak current value
measured for a voltammetric scan obtained at 50 mV s�1 in 0.56 M
methanol and 0.1 M NaOH and Jp is the corresponding current
density in respect to the total surface of silver

Electrode A/cm2 Ip/mA Jp/mA cm�2

Ag bulk 0.16 � 0.05 9.28 � 10�2 0.58 � 0.2
NiNPs/CNTs/Nafion 0.29 � 0.1 3.00 10.3 � 2
AgNPs/CNTs/Nafion 0.30 � 0.1 3.3 11.0 � 2
AgNPs,NiNPs/CNTs/Nafion 0.56 � 0.2 4.14 7.4 � 2

Fig. 6 Optical microscopy images of the AgNPs,NiNPs/CNTs material, taken at 10 s time-intervals and following the movement of a magnet

going forward (images (A) to (C)) and then going backward (images (D) to (F)). These pictures were extracted from Video S1 (ESIw).

Fig. 5 Second cycle cyclic voltammetric curves obtained in 0.56 M

methanol and 0.1 M NaOH at a 0.08 mm diameter silver electrode

(curve a) and at a 4 mm diameter paraffin-impregnated graphite

electrode modified with casting solutions made of 80 mL CNTs/Nafion

(curve b), 80 mL NiNPs/CNTs/Nafion (curve c), 80 mL AgNPs/CNTs/

Nafion (curve d) and 120 mL AgNPs,NiNPs/CNTs/Nafion (curve e).

Scan rate: 50 mV s�1.
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