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92295 Châtenay-Malabry Cedex, France
bLaboratoire de Photophysique et Photochimie Supramoléculaires et Macromoléculaires, Ecole Normale Supérieure de Cachan,

CNRS UMR8531, PRES UniverSud, 61 Avenue du Président Wilson, 94235 Cachan Cedex, France
A R T I C L E I N F O

Article history:

Received 12 March 2008

Accepted 3 September 2008

Available online 16 September 2008
0008-6223/$ - see front matter � 2008 Elsevi
doi:10.1016/j.carbon.2008.09.030

* Corresponding authors: Fax: +33 147 40 24 5
E-mail addresses: mioman@ppsm.ens-ca
A B S T R A C T

A cavity microelectrode (CME) was used to perform an electrochemical synthesis of hybrid

materials made of carbon nanotubes (CNTs) and conducting polymers. The confinement of

the CME is used to produce a uniform nanometric coating of an electronically conducting

polymer such as poly(N-methylpyrrole) (Pmpy) on multiwalled carbon nanotubes. The CME

also allows easy characterization of the presence of the polymer layer on the surface of the

CNTs by cyclic voltammetry. Transmission electron microscopy allowed us to measure the

thickness and confirm the homogeneity of the Pmpy coating around the CNTs. Finally

Raman spectroscopy brings additional information on the electrogenerated hybrid

materials.

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

Hybrid materials constituted from CNTs and electronically

conducting polymer (ECP) have been extensively studied

these last years, mainly because of their wide potential appli-

cations, from supercapacitors to biochips, including gas sen-

sors [1–5]. In most cases, the effective electrical conductivity

of the hybrid is enhanced compared to the conductivity of

the conducting polymer alone, but is lower than the conduc-

tivity of CNTs [6,7]. Our motivation for the present research

started with the necessity to address the three following is-

sues. The first one concerns the need to reduce electrical con-

tact resistance between CNTs (used as fillers) in a

thermoplastic or thermoset polymer matrix [8]. Secondly,

we are interested in improving the mechanical properties of

the CNT/polymer matrix interface [9]. The last issue is justi-

fied by achieving a biocompatibility of the CNTs (because of
er Ltd. All rights reserved
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their eventual toxicity). In this work, we focused on Pmpy as

an example of stable electroactive layer for nanotubes [10].

Most of CNT/ECP hybrids are synthesized by using conven-

tional chemical oxidative polymerization techniques, espe-

cially for CNT/polypyrrole hybrids, as used for the

elaboration of ECPs for about 25 years [11]. However, the gen-

eration of hybrids with stable and controlled structure, such

as ‘‘core-shell’’ ones, requires an adequate dispersion of the

CNTs in the synthesis medium. This was obtained mainly

by the micro or miniemulsion polymerization or the use of

surfactants [12–15]. Another way to generate well defined

structures of CNT/polypyrrole hybrids is the application of

radiations [16]. Besides chemical polymerization approaches,

electrochemical routes are often applied to obtain ECPs, but

much less frequently in the case of CNT/ECP hybrids [17–

19]. However, electropolymerization presents several advan-

tages over oxidative chemical methods, among which a better
.
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Fig. 1 – Scheme of the cavity microelectrode used for

electropolymerization.

Fig. 2 – FESEM images of pristine CNT carpet: (a) low

magnification and (b) high magnification.
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control of the thickness of the electrodeposited layer through

the injected charge and the absence of purification steps after

the synthesis. A challenge is to limit the electropolymeriza-

tion outside the CNTs resulting in a disordered incorporation

of the CNTs in the ECP matrix, which often occurs when start-

ing from a dispersion of the CNTs in the monomer containing

electrolyte solution. Controlled structure hybrids can be ob-

tained for example when performing the electrodeposition

on a well-aligned CNT array [18,20] or by using a surfactant

as the supporting electrolyte to favor the electropolymeriza-

tion on the CNT surface [19]. Recently an electrochemically

induced deposition method of the CNTs on ITO electrode

was described [21], which constitutes an interesting way to

confine the CNTs on the location where electropolymeriza-

tion takes place. We propose here an alternative solution to

this issue by using the CME sketched in Fig. 1. This electrode

was first described by Cha et al. [22] and later developed on

the one hand by Vivier for conducting polymers [23,24], bat-

tery materials [25] and on the other hand by Qiu et al. [26]

for molten salt applications. It is especially designed to deal

with small amounts of materials, but the main interest in

our case comes from the confinement of the CNTs in a very

small volume close to the electrode surface, thus favouring

the polymer deposition on the CNT surface, while this is

much more difficult to achieve with conventional millime-

ter-size electrode. This makes it possible to avoid the use of

surfactants, which may influence the properties of the elec-

trogenerated hybrid material. Moreover, thanks to pulse elec-

trochemical techniques, very thin layers of conducting

polymers can be coated homogeneously onto the surface of

CNTs in a one-step easy method that could be successfully

scaled up to continuous coating processes.

2. Experimental

2.1. Materials

The CNTs used in the present work have been obtained by

chemical vapor deposition. A mixture of xylene, C8H10 (as car-

bon source) and ferrocene, Fe(C5H5)2 (as catalyst source) with

concentration of (0.1 g mL�1) was injected into a reactor at
750 �C, during about 10 min. The CNT growth was performed

on a SiO2 substrate. Field-emission scanning electron micros-

copy (FESEM) reveals a carpet of aligned and clean multi-

walled carbon nanotubes (MWCNTs) obtained using this

method (Fig. 2). N-methylpyrrole monomer with purity 98%

and lithium perchlorate salt (LiClO4) were purchased from

Aldrich.

2.2. Electrochemistry

Raw MWCNT carpets are disaggregated by a mortar and pes-

tle. This preliminary phase promotes the CNT dispersion in

the CME. Then, using the CME as a pestle, CNTs are inserted

into the cavity (dimensions: ca. 15 by 30 lm). The electro-

chemical measurements were performed using an EGG

Princeton Applied Research PAR273 Potentiostat/Galvanostat

electrochemical workstation, with a three-electrode cell at

room temperature. Hence, the CME was involved as the work-

ing electrode in an aqueous solution of lithium perchlorate

(0.5 M); a platine wire and an Ag|AgCl wire were used as the

counter and reference electrodes, respectively. The presence

of CNTs within the CME is confirmed by the cyclic voltammo-

grams in Fig. 3a. Afterwards, the monomer (N-methylpyrrole)

was injected into the solution (concentration 10�2 M). Elec-

tropolymerization was achieved following two procedures.

In the first one, we carried out classical cyclic voltammetry

methods (1 cycle from 0 to +1.2 V with a scan rate of

100 mV s�1) and in the second one, we applied an electro-

chemical pulse (0 to +1.2 V for 0.5 s). Then, the electrochemi-

cal features of the Pmpy coating are identified by substituting

the solution containing the monomer by a pure electrolyte

solution and applying 1 cycle from �0.6 to +0.6 V with a scan

rate of 50 mV s�1 (Fig. 3b). Ultimately, the hybrids are col-

lected by sonication in tetrahydrofuran (THF) for 20 min at



Fig. 3 – (a) Cyclic voltammograms showing residual currents

in the electrolyte solution without monomer (scan rate:

100 mV s�1). (b) Cyclic voltammograms of the CNT/Pmpy

hybrids and Pmpy characterizations (scan rate: 50 mV s�1).
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45 kHz. Observations and analyses are carried out by evapo-

rating a droplet of the hybrids suspending in the previous

solution onto a copper grid (with randomly perforated carbon

tape) (Agar Scientific).
2.3. Other characterization

Pristine CNT carpets were observed using FESEM (LEO 1530

Gemini operated at 5 kV). The morphology and the structure

of the CNT/Pmpy hybrids were analyzed with Transmission

electron microscopy (TEM) (FEI Tecnai G2). In situ Raman

spectroscopy was performed using a microspectrometer Lab-

ram, Jobin Yvon with a resolution: 1 cm�1.
3. Results and discussion

3.1. Electrochemistry

The electrochemical features of the CNT/Pmpy hybrid are dis-

played in Fig. 3. Fig. 3a shows the residual currents recorded

without monomer, respectively, in presence and absence of
CNTs. The increase of the electroactive area results in a

slightly higher current when CNTs are introduced in the

CME. Once the electropolymerisation performed, the electro-

activity of the electrogenerated polymer appears on the cyclic

voltammograms of Fig. 3b, recorded after substituting the

monomer containing solution by a pure electrolyte one. The

comparison with cyclic voltammogram of pure Pmpy powder

synthesized under similar conditions in the CME but without

CNTs shows very similar features: in particular the peak po-

tential for the redox process converting the polymer from

the neutral reduced form into the conducting oxidized one

is almost the same (ca. 0.38 vs. 0.4 V). This shows that the

conjugation length in the Pmpy layer in the hybrid is not al-

tered by the presence of CNTs compared to pure Pmpy. The

reversibility of the doping process is also fully maintained

in the hybrid. The cyclic voltammogram of Pmpy electrosyn-

thesized on a conventional Pt electrode and cycled in the CME

also exhibits the same features, demonstrating that the use of

the CME for electropolymerization has no influence on the

polymer electroactivity.

The doping level d of the ECP can be estimated from the

following equation, assuming an electropolymerization yield

of 100%

d ¼ 2Qr

Qs � Qr

ð1Þ

where Qr (Qr = 490 nC) and Qs (Qs = 4.5 lC) correspond to the

redox and synthesis charges, respectively [11]. In our case, d

has a value about 0.25 which is in accordance with usual val-

ues for doped polypyrrole.

As the volume of the cavity is about 1.6 · 10�8 cm3, this im-

plies a material mass (CNTs) of approximately 15 ng assum-

ing a volume filling rate of 50%. Knowing the average

dimensions of the CNTs (average diameter: 15 nm and aver-

age length: 45 lm) and their density (1.87 g cm�3), we can

evaluate the corresponding area of the CNTs inserted into

the CME to be roughly equal to ca. 2 mm2. Therefore, if we ne-

glect the side-wall surface of the cavity non-in contact with

the CNTs, we can estimate the value of the synthesis charge

to ca. 200 lC cm�2. In general, the thickness of a polypyrrole

coating on the surface of an electrode is related to the synthe-

sis charge Qs and the surface of the electrode A, as follows

[11]:

‘=lm ffi 4
Qs

A

� �
=cc m�2

ð2Þ

which leads to a thickness of ca. 0.8 nm. This value is cer-

tainly much lower than the actual thickness. Indeed, the area

has been overestimated by ignoring the non connected nano-

tubes as well as those within entanglements. Nevertheless,

the order of magnitude of the coating thickness is nanomet-

ric, as confirmed by electron microscopy.
3.2. TEM

TEM images of the produced hybrids (Fig. 4) show clearly the

location of the Pmpy coating on the CNT walls. The average

thickness of the amorphous polymer layer is 1.5 nm. We can

mention that the coating thickness is slightly higher at the

edge and at some irregular areas (if any) of the CNT, probably



Fig. 4 – TEM images of a pristine MWCNT (a), two crossing

CNT/Pmpy hybrids obtained by electropolymerization: 0.5 s

pulse (b) and cyclic voltammetry (c).

Fig. 5 – Raman spectroscopy of pristine MWCNTs (a), CNT/

Pmpy hybrids obtained using two different methods: pulse

for 0.5 s (b) and cyclic voltammetry (c).
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because these edges or defects promote higher current areas

for electropolymerization and thus act as favored nucleation
sites. A detailed analysis of the TEM images shows a signifi-

cant difference in the structure of the Pmpy film depending

on the synthesis method employed. In comparison with cyc-

lic voltammetry, the pulse technique has shown its ability to

improve the regularity and homogeneity of the coating. Such

results demonstrate the ability of the CME to produce reliable

and very thin coatings of ECP on CNTs.
3.3. Raman spectroscopy

Fig. 5 shows the Raman spectra of the different materials

studied in this work. The MWCNTs are identified by their

two characteristic peaks: the D band (disordered sp3 band)

at around 1350 cm�1, and the G band (atomic motions in the

graphene plane) at around 1580 cm�1 (Fig. 5a).

The spectra obtained for CNT/Pmpy hybrids (synthesized

by cyclic voltammetry and potential pulse) are in accordance

with previous works [15,27]. Especially, the broad peaks due to

the CNT graphene sheets (D and G modes, see Fig. 5a) are hid-

den in presence of the coating layer (see Fig. 5b–c). Indepen-

dently on the synthesis method, the spectra reveal specific

peaks due to CNT/Pmpy hybrids. The C@C backbone stretch-

ing is observed at 1580 cm�1, and the antisymmetrical C–H in-

plane deformation at 1210 cm�1 (it is shifted to 1400 cm�1 in

the case of cyclic voltammetry). The symmetrical C–H in-

plane deformation is represented by the peak at 1065 cm�1.

We assume that the peak at 970 cm�1 corresponds to the qui-

noidic polaronic structure, associated with the polymer dop-

ing. The broad bands below 900 cm�1 are due to diffusion of

silica of the glass substrate around the electrode.

In the meantime, we have also reproduced the spectra cor-

responding to pristine Pmpy prepared electrochemically in

aqueous LiClO4. In this latter case, we note the presence of

peaks at 1370 cm�1 (ring stretching) and 1580 cm�1 (C@C

backbone stretching). Peaks recorded at 1000 and 1150 cm�1

are characteristic of C–H in-plane deformation. A peak at

680 cm�1 can be assigned to the symmetric stretching mode

of ClO�4 dopants.
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4. Conclusions

A simple method is reported for coating the surface of CNTs

with thin layer of conducting polymer (poly N-methylpyrrole)

by electropolymerization using a CME. This electrode pro-

vides appropriate confinement allowing localization of the

polymer coating at the CNT surface, without any additive

(surfactant). The results reveal the production of high-quality

CNT/Pmpy hybrids with uniform coverage of the nanotube.

Moreover, this work shows an innovative way to modify pre-

cisely the surface of CNTs and especially those with small

diameters, whereas previous studies used mainly large diam-

eter CNTs. To overcome the problem of the small amounts of

material obtained with such a method, we are currently

developing a new experimental setup based on the same con-

cept, but likely to produce larger amounts of similar hybrids

to reinforce conventional polymer matrix.
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