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ABSTRACT A variety of new multisegmented nanowires based on magnetic metals and conjugated polymers, polypyrrole (PPy) and
poly(3,4-ethylenedioxythiophene) (PEDOT), were synthesized by an all-electrochemical template method for precise control over
segment lengths. To overcome the major problem occurring when performing direct electrodeposition of PPy or PEDOT on active
metals, such as nickel, the concomitant metal oxidation and redissolution at the positive potentials required for polymer formation,
we developed a two-step chemical process. Prior to electropolymerization, the Ni surface was pretreated with 3-(pyrrol-1-yl) propanoic
acid. This strategy allowed the improvement of the polymer adhesion, resulting in the formation of mechanically robust Ni/conjugated
polymer interfaces. By this way, we successfully prepared various original trisegmented nanostructures, such as systems containing
one magnetic segment, Ni-PPy-Pt and Ni-PEDOT-Au nanowires, and systems containing two different magnetic metals, Ni-PPy-Co
and Ni-PEDOT-Co nanowires. All these one-dimensional multicomponent nanostructures present both fundamental interest and
potential applications in nanoelectronics and in biomedical field.

KEYWORDS: electrochemical template synthesis • multisegmented nanowires • conjugated polymers • magnetic metal • organic
spintronics.

INTRODUCTION

Because of their unique properties, one-dimensional
(1D) nanowires are particularly attractive for sensing
and electronics applications. However, to incorporate

these nanostructures into devices, it is critically important
to be able to control their motion and position. Various
approaches for controlling the position and alignment of
nanowires or nanotubes have already been reported. Among
them, the use of chemically patterned prefabricated elec-
trodes (1) and the use of electrical or magnetic fields (2) are
particularly developed. For performing such a type of nano-
wire manipulation, the nanostructures must generally con-
tain an appropriate material different from the functional
one. For that reason, the design and synthesis of multicom-
ponent 1D nanostructures, containing different materials
that can perform specific functions, have recently received
considerable attention (3-12). An attractive route for pre-
paring multisegmented nanowires involves sequential elec-
trodeposition into a nanoporous membrane, followed by the
dissolution of the nanoporous template. However, one of the
major issue for the application of multicomponent nanow-
ires is the improvement of the mechanical strength of the
different in-wire material interfaces, this problem being even
more marked in narrow (Φ < 120 nm) diameter nanowires.
Recently, we reported on an effective all-electrochemical
template-based method for preparing a variety of well-
shaped and mechanically robust tri- and tetra-segmented
noble metal (Au or Pt)-conjugated polymer (PPy and PEDOT)

nanowires (13, 14). In the present work, we aimed at
developing a method allowing the preparation of magnetic
metal (Ni or Co)-conjugated polymer (CP) based nanowires.
The electropolymerization of pyrrole or 3,4-ethylenedioxy-
thiophene on active metals is much more difficult than on
noble metals. Indeed, the oxidation potentials of these
metals are much lower than that of the conjugated mono-
mers and, consequently, dissolution of the metal occurs
before electropolymerization begins. To form homogeneous
and adherent conjugated polymer layers onto oxidizable
metals, it is thus necessary to find synthesis conditions that
will strongly passivate the metal without impeding elec-
tropolymerization. Though, there is an extensive literature
on the electropolymerization of conducting polymers on
oxidizable metals, there are very few reports devoted to
deposition on nickel (15-17), and none on the synthesis of
Ni-conjugated polymer based nanowires.

Here, we report on the development of a strategy consist-
ing of a two-step process for preparing Ni-PPy and Ni-PEDOT
nanowires with a good adhesion between the polymer and
the metal. Prior to electropolymerization, the Ni surface was
pretreated with a bifunctional molecule, which through
specific interactions ensures a good adhesion between the
two nanowires segments. In a second part, we describe the
synthesis of trisegmented magnetic metal-conjugated poly-
mer (CP)-noble metal nanowires, typically Ni-PPy-Pt and Ni-
PEDOT-Au nanowires, and their structural characterization
by SEM and TEM. This kind of 1D nanostructures offers
various possibilities in terms of self-assembly or functional-
ization by using the specific surface chemistry of the differ-
ent segments. Finally, for the first time, we report on the
preparation of nanowires composed of a CP junction sand-
wiched between two magnetic segments of different nature,
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typically trisegmented Ni-CP-Co nanowires. The efficiency
of the process, in particular the Ni/CP and CP/Co interfaces
robustness, was checked by observing the different nano-
structures by SEM and/or TEM. These fully magnetic multi-
segmented nanowires meet all criteria required for tunnel
magnetoresistance manifestation: as good organic conduc-
tors, conjugated polymers have both relatively long spin
relaxation times and a sufficient large conductivity when the
multistriped geometry offers an inorganic/organic interface
quality. This suitable configuration makes them very attrac-
tive candidates for fundamental investigations in organic
spintronics (18-20).

EXPERIMENTAL SECTION
Materials. Polycarbonate track-etched membranes with a

thickness of 21 µm, a pore density of 1 × 109 pores cm-2, and
an average pore size of 110 nm, supplied by it4ip (http://
www.it4ip.be), were used as nanoporous templates. Nickel
plates consisted of silicon wafers on which Ni was thermally
evaporated (thickness of the Ni layer was 20 nm). They were
kept in an inert atmosphere and rapidly used after metallization.
Pyrrole (Py, Acros, 99%) and 3,4-ethylenedioxythiophene (EDOT,
Sigma-Aldrich) were purified immediately before use by passing
them through a microcolumn constructed from a Pasteur pipet,
glass wool, and activated alumina. Lithium perchlorate (LiClO4,
Acros), sodium dodecylsulfate (SDS, Acros), boric acid (H3BO3,
UCB), nickel(II) sulfate hexahydrate (NiSO4.6H2O, Acros), co-
balt(II) sulfate heptahydrate (CoSO4.7H2O, Sigma-Aldrich), po-
tassium chloride (KCl, Acros), potassium hydrogenophosphate
(K2HPO4, Acros), hydrogen tetrachloroaurate trihydrate
(HAuCl4.3H2O, Sigma Aldrich, 99,9%), sodium hexachloro-
platinate hexahydrate (Na2PtCl6.6H2O, Sigma Aldrich, 98%),
ferrocyanide(II) trihydrate (K4Fe(CN)6.3H2O, Acros), and dichlo-
romethane (CH2Cl2, Acros) were used without any prior purifi-
cation. Deionized water was used to prepare all aqueous
solutions. The iodine solution was prepared by dissolving 6 g
of potassium iodide (KI, Merck) and 1.5 g of iodine (I2, Sigma-
Aldrich) in 60 mL of deionized water.

Synthesis of 3-(Pyrrol-1-yl)Propanoic Acid (3PPA)
(21, 22). Twenty-five grams (0.2 mol) of N-(2-Cyanoethyl)-
pyrrole (C7H8N2, Acros) and 60 mL of a solution of potassium
hydroxide 6.7 M were brought to reflux until the organic phase
disappeared (about 5 h). To the resulting cooled amber trans-
parent solution was added 18 mL of water. The solution was
then acidified to reach a pH of 5 with hydrochloric acid 8 M.
The crude product was extracted five times with diethyl ether.
The resulting organic phase was dried with sodium sulfate
anhydrous and evaporated under reduced pressure to lead to a
beige product. Recrystallization was then carried out in hot
n-heptane (90-100 °C). Nucleic magnetic resonance (NMR)
was used to identify the product. NMR spectra were recorded
at 300 MHz for 1H and 75 MHz for 13C on a Bruker Avance with
a 5 mm BBFO probe gradients-z. 1H NMR (CDCl3): δ 2.84 (t, J )
6.9 Hz, 2H); 4.20 (t, J ) 6.9 Hz, 2H); 6.15 (t, J ) 2.1 Hz, 2H);
6.70 (t, J ) 2.1 Hz, 2H). 13C NMR (CDCl3): δ 36.2 (CH2-COOH);
44.5 (CH2-N); 108.6 (C�); 120.5 (CR).

SAM Grafting on Nickel. Self-assembled monolayers of
3-(Pyrrol-1-yl)propanoate were deposited on freshly prepared
nickel plates by immersing the substrates during 18 h in
aqueous solutions of 3PPA of various concentrations ranging
from 2 to 250 mM. The pH of all solutions was fixed at 12 by
addition of an adapted amount of NaOH (Table 1).

The electrochemical probe used to confirm the formation of
a 3PPA monolayer on nickel was the FeIII/FeII redox couple. The
electrochemical bath contained 2.5 mM potassium ferrocyanide
(II) trihydrate (K4Fe(CN)6 · 3H2O, Acros) and 0.1 M lithium per-
chlorate (LiClO4, Acros) in deionized water.

Preparation of Bisegmented Ni-PPy and Trisegmented Ni-
PPy-Pt, Ni-PEDOT-Au, Ni-PPy-Co, and Ni-PEDOT-Co Nano-
wires. All electrochemical experiments were performed with a
CHI660B Electrochemical Workstation (CH Inc.) in a conven-
tional one-compartment cell at room temperature with a Pt disk
counter electrode and a Ag/AgCl reference electrode. A 300 nm
thick layer of gold evaporated on one side of the polycarbonate
membrane served as working electrode. In these conditions of
gold evaporation, the base of the nanopores is not completely
blocked and has an annular shape. As reported by Lee et al.,
this electrode shape can strongly affect the conjugated polymer
morphology, when the polymer is directly electropolymerized
from the working electrode (23). However, in this work, the
shape of the electrode has no impact on the resulting CP
segment morphology as we always started the nanowire syn-
thesis by electrodepositing a first long metal segment termi-
nated by a flat top surface. All the metal/conjugated polymer
nanowires were fabricated by a sequential electrodeposition of
metal and polymer segments into the nanopores of a polycar-
bonate membrane through reduction of the corresponding
metallic salt or oxidation of the corresponding monomer,
respectively. The length of each material segment is controlled
by the electrical charge passed through the system during the
electrodeposition. Prior to each electrodeposition step, the elec-
trodeposition solution was allowed to diffuse within the nano-
pores for a few minutes. After each electrodeposition step, the
samples were thoroughly rinsed with deionized water. Nickel
and cobalt segments were deposited from aqueous solutions
containing 0.5 M H3BO3 and 0.85 M NiSO4 · 6H2O or 0.85 M
CoSO4 · 7H2O, respectively. Nickel was electrodeposited at a
constant potential of -1.05 V. The electrodeposition of Co
nanowires was carried out by chronoamperommetry at a
potential of -0.95 V.. Electropolymerization of pyrrole was
carried out by cyclic voltammetry from an aqueous solution
containing 0.1 M LiClO4, 0.02 M pyrrole, and 7 × 10-4 M SDS.
The potential was swept between 0 and 0.85 V with a scan rate,
if not specifically mentioned, of 400 mV s-1. Electropolymer-
ization of EDOT was performed by using an aqueous electrolyte
containing 0.1 M LiClO4 and 0.014 M EDOT, and by sweeping
the potential between 0.2 and 1.1 V at a scan rate of 400 mV
s-1. In this work, no sodium dodecylsulfate surfactant was
added to the electropolymerization bath as at the used EDOT
concentration, the monomer was still soluble in pure water.
Electrodeposition of Au was performed by cycling the potential
of the working electrode from 0.7 to 0 V at 200 mV s-1 using a
homemade cyanide free solution (0.1 M KCl, 0.1 M K2HPO4,
and 0.03 M HAuCl4 · 3H2O in deionized water). Electrodeposi-
tion of Pt was accomplished potentiostatically at -0.2 V from
an electrochemical bath containing 0.01 M Na2PtCl6 · 6H2O and
0.5 M H2SO4 in deionized water.

Structural Analysis. The dimensions and morphology of the
nanowires were studied by transmission electron microscopy
(TEM) after dissolution of the PC template. TEM pictures were
obtained using a LEO 922 transmission electron microscope
(Carl Zeiss SMT Inc.) operating at 200 kV. After removing the
evaporated gold layer with iodine solution and, dissolving the
template in dichloromethane, two or three drops of the resulting
nanowires suspension were placed on a carbon film grid (Agar
Scientific Ltd.). Energy-dispersive X-ray spectroscopy (EDX)

Table 1. Composition of the Different Solutions
Used for the SAM Deposit on Nickel
Co (mM) [NaOH] (M)

2 0.012
6 0.016

10 0.02
50 0.06

250 0.26
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experiments were carried out with the LEO 922 TEM equipped
with an INCA x-sight detector (Oxford Instruments).

RESULTS AND DISCUSSION
Synthesis of Robust Magnetic Metal-Conju-

gated Polymer Bisegmented Nanowires. With the
aim of preparing multisegmented nanowires containing one
or two magnetic metal segments, we first focus our attention
on the development of a synthetic process allowing the
preparation of strong Ni/CP interfaces. Our approach con-
sists in a chemical pretreatment of the active metal substrate
with an appropriate bifunctional molecule to form a passi-
vating self-assembled monolayer (SAM) (24) that suppresses
or limits the metal redissolution without preventing the
electrodeposition of the CP. More precisely, for promoting
the adhesion of the CP on nickel, we used 3-(Pyrrol-1-yl)
propanoic acid (3PPA). This passivating molecule was cho-
sen because of its facile synthesis (21, 22) and because it
contains two end-functional groups, a carboxylate group at
one extremity and a pyrrole group at the other end, that can
specifically interact with the Ni substrate (25) and the
growing CP, respectively. Moreover, the presence of a short
alkyl chain between the two reactive groups allows the
formation of well-covering monolayer without stopping
further electrochemical process at the Ni electrode. As
shown in Scheme 1, a molecular layer of 3PPA is chemi-
sorbed onto the nickel surface and, as observed by others
(26), the monomeric units within the molecular layer act as
favorable nucleation sites for electrochemical polymeriza-
tion. Very recently, Okner et al. (27) also reported on the
use of this 3PPA molecule in order to improve the adhesion
of polymer coating onto medical implants. However, in this
work, the suggested strategy was different from the one
developed in this study, as they directly coelectropolymer-
ized 3PPA with to other pyrrole-derivatives monomers onto
the metallic surface.

We first investigated the ability of forming a 3PPA mono-
layer onto a nickel substrate by using flat nickel substrates
as model systems. The substrates were immersed for 18 h
in basic aqueous solutions of 3PPA of different concentra-
tions (see Experimental Section), rinsed abundantly with
deionized water, and dried under nitrogen flux. The forma-
tion of a more or less dense layer was highlighted by cyclic
voltammetry using a redox probe (K4Fe(CN)6 · 3H2O, see
Figure S1 in the Supporting Information). The electrochemi-
cal activity of the redox couple FeIII/FeII using different

chemically modified nickel substrates as working electrodes
was followed by sweeping the potential between 0 and 0.5
V. From this study, it clearly appears that increasing the
[3PPA] in the pretreatment solution leads to an increased
gap (∆E) between the oxidation and reduction peak poten-
tials of the redox couple FeIII/FeII (Table 2). This transition
toward a less-reversible system can be explained by the
decrease of the electron transfer rate, resulting from the
grafting of a progressively denser 3PPA monolayer onto
the Ni electrode. This was confirmed by X-ray photoelectron
spectroscopy showing the disappearance of the peak as-
signed to metallic Ni and the appearance of a nitrogen peak
in the XPS spectrum when Ni plates were chemically treated
with 3PPA molecules (see Figure S3 in the Supporting
Information).

Membrane-based technology has already been success-
fully used to fabricate nanowires of magnetic metals such
as Ni and Co (28-30). Here, we used this template electro-
chemical method for preparing smooth, homogeneous and
narrow Ni nanowires (Figure 1a, b). Nickel was electrode-
posited by chronoamperommetry at E )-1.05 V within the
pores of a polycarbonate membrane (Φ ) 110 nm) from an
electrochemical bath containing Ni sulfate hexahydrate
(NiSO4 · 6H2O) and boric acid (H3BO3) (31). The length of the
Ni nanowires can be easily tuned by the electrodeposition
time (Figure 1c).

Assuming that the chemical pretreatment of Ni by 3PPA
molecules is also efficient in confined environment, the
adhesion of the conjugated segment onto Ni nanowires
should depend on the homogeneity and compactness of the
deposited monolayer. To determine the optimal [3PPA] to
be used for the formation of a SAM that will efficiently slow
down the oxidation and redissolution of the nickel without
stopping the electropolymerization process, we carried out
pyrrole electropolymerization on Ni nanowires that were
previously treated with 3PPA solutions of four different

Scheme 1. Schematic Representation of the Chemical Pretreatment of the Nickel Substrate with
3-(Pyrrol-1-yl) Propanoic Acid Molecules (3PPA) for the Formation of an Adherent Polypyrrole Coating

Table 2. Evolution of the Anodic Peak (EA),
Cathodic Peak (EC), and ∆E ) EA s EC of the Redox
Probe FeIII/FeII as a Function of the [3PPA] Used for
the Formation of a SAM onto the Ni Electrode
[3PPA] (mM) EA (mV) EC (mV) ∆E (mV)

0 (bare Ni) 389 225 164
2 403 220 183
6 403 220 183
10 428 215 213
50 473 203 270
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concentrations, 2, 10, 50, and 250 mM. In all cases, Ni
nanowires embedded in the PC membrane were immersed
in the 3PPA solution for 18 h. An aqueous solution contain-
ing 0.02 M pyrrole and 7 × 10-4 M sodium dodecylsulfate
(SDS) was then used for the electrosynthesis of the polymer.
According to the length calibration curve presented in Figure
1c, 8-0 µm long nickel nanowires were prepared. PPy
nanowires were deposited by sweeping the potential be-
tween 0 and 0.85 V at a scan rate of 400 mV s-1 during 1000
cycles. The morphological observations performed by TEM
on this series of samples are gathered in Figure 2.

When the electropolymerization of pyrrole was carried
out on bare nickel nanowires, only one-component PPy
nanowires and one-component Ni nanowires were found,
but no bisegmented Ni-PPy nanowires (Figure 2a, b). This
observation results from the Ni oxidation and partial redis-
solution mainly occurring at the beginning of the polymer
electrosynthesis and, leading to the formation of very fragile
Ni/PPy interfaces. Consequently, all nanowires break at the
metal/polymer interface. When using a 2 or 10 mM 3PPA
solution for the formation of a SAM on the top of the Ni
nanowires prior to pyrrole electropolymerization, a few
entire Ni-PPy nanowires are obtained, but in most cases,
with very short PPy segments bound to Ni nanowires (Figure

2c, d). Furthermore, a large number of one-component
nanowires are still present, demonstrating the weakness of
the formed metal/polymer interface. By increasing the
[3PPA] up to 50 mM, a much larger number of unbroken
Ni-PPy bisegmented nanowires are recovered (Figure 2e, f).
As a further increase in the [3PPA] (up to 250 mM) does not
lead to any significant improvement of the PPy adherence,
we decided to use a 3PPA concentration of 50 mM for
monolayer deposition in the next experiments.

To show the ability of the 3PPA monolayer in reducing
the nickel oxidation and redissolution occurring at the
positive potentials applied for polymer formation, pyrrole
electropolymerization on bare and chemically pretreated
nickel nanowires was followed, at different steps of the
process, by cyclic voltammetry (Figure 3). In the first cycle
recorded during pyrrole electropolymerization on bare Ni
nanowires, nickel oxidation starts at a potential located
around +0.3 V. In the following potential sweeping cycles,
metal oxidation appears at a slightly higher potential (∼ +
0.5 V), indicating the formation of an oxide layer that
partially passivates the Ni electrode toward oxidation but
does not completely suppress it. As a consequence, the
interface with PPy is based on metal oxidespolymer mix-
ture, which leads to a very poor adhesion between PPy and
Ni and consequently to the formation of broken nanowires,
as preceedingly revealed by TEM (Figure 2a, b). For com-
parison, the CV curves recorded during electropolymeriza-
tion of pyrrole onto 3PPA pretreated Ni segments are
presented in Figure 3b. Though in the first cycle, a weak
nickel oxidization peak (lower oxidation current than on bare
Ni) still appears at a potential around +0.5 V, the phenom-
enon is no more observed during the following cycles.
Moreover, in this case, the CV cycles look like typical I-V
curves recorded during electropolymerization of pyrrole on
noble metals.

We also compared the CV curves recorded during poly-
mer electrosyntheses on top of various pretreated nickel
surfaces (see Figure S2 in the Supporting Information) and,
found that the SAM compactness has a significant influence
on pyrrole electropolymerization rate. Indeed, by increasing
the homogeneity and compactness of the organic barrier
onto the Ni segment, nickel oxidation and redissolution is
strongly hindered and consequently, PPy growth is faster.
This trend can be correlated with the TEM observation that
the length of PPy segment increases with increasing [3PPA]
used during the chemical pretreatment of the Ni nanowire
top surface, while keeping all the other synthesis parameters
constant.

Though the electropolymerization conditions were even
more drastic (potential sweeping up to 1.1 V vs Ag/AgCl),
3,4-ethylenedioxythiophene (EDOT) was also successfully
electropolymerizd on chemically pretreated Ni nanowires
(see Figure S4 in the Supporting Information).

Synthesis of Magnetic Ni-CP-Noble Metal Tri-
segmented Nanowires. With the aim of producing
trisegmented nanowires containing one magnetic segment,
we considered the synthesis of two types of nanostructures:

FIGURE 1. (a, b) SEM pictures of Ni nanowires after dissolution of
the template membrane: (a) electrodeposition time ) 200 s (LNi ≈
800 nm), (b) electrodeposition time ) 600 s (LNi ≈ 5 µm). (c) Length
of the Ni nanowires as a function of electrodeposition time.
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Ni-PPy-Pt and Ni-PEDOT-Au nanowires. This choice was
based on the observed preferential affinities between PPy
and Pt and between PEDOT and Au. As previously reported,
for the upper metal-onto-polymer interfaces, no chemical
pretreatment was required to get mechanically strong in-
terfaces (13, 14). The resulting Ni-PPy-Pt and Ni-PEDOT-Au
nanostructures were characterized by SEM and TEM. As
shown in Figure 4, entire nanowires are formed for both
types of nanostructures. Trisegmented nanowires including
polymer and metal segments of various lengths were then
prepared. When the length of the conjugated polymer seg-
ment and the top noble metal segment are increased, the
chemically modified Ni/CP interface is subjected to increas-
ing strain. This leads for Ni-PPy-Pt nanostructures to the
breaking of the bottom magnetic metal/polymer interface,
while the Ni/PEDOT interfaces withstand this strain and,

entire long Ni-PEDOT-Au nanowires can be prepared (Figure
4c). This higher strength of the Ni/PEDOT interfaces might
be due to the larger flexibility of PEDOT segments that leads
to their easier ability of bending (as illustrated in Figure 4d),
compared to PPy-based nanowires.

Synthesis of Magnetic Ni-CP-Co Trisegmented
Nanowires. On the basis of the promising results obtained
on Ni-CP-Noble metal nanowires, our next objective was to
adapt the process for preparing magnetic metal-organic
conjugated polymer based nanowires, presenting new physi-
cal interesting properties. More specifically, we aimed at the
preparation of trisegmented nanowires containing a very
short polymer junction sandwiched between two different
magnetic segments, typically Ni-CP-Co nanowires.

To obtain a magnetoresistance effect in these triseg-
mented nanostructures, all three components have to satisfy
some length requirements, as illustrated in Scheme 2: a long

FIGURE 2. TEM images of Ni-PPy nanowires synthesized using different [3PPA] for the SAM deposition et the interface.

FIGURE 3. Cyclic voltammograms recorded during electropolymer-
ization of pyrrole on (a) 90 nm diameter bare Ni nanowires, (b) 3PPA-
modified Ni nanowires. Scan rate )50 mV s-1.

FIGURE 4. (a) SEM picture of 110 nm diameter trisegmented Ni-PPy-
Pt nanowires. (b) TEM picture of a 110 nm diameter trisegmented
Ni-PPy-Pt nanowire. (c, d) TEM pictures of Ni-PEDOT-Au nanowires
with a straight polymer junction (c) and a bent polymer junction
(d).

A
R
T
IC

LE

www.acsami.org VOL. 2 • NO. 5 • 1369–1376 • 2010 1373



Ni segment to get a magnetization of type “form”, directed
along the axis of the nanowire, a short organic junction
(lengthe100 nm) to mediate the spin-polarized signal, and
a short Co segment (length ≈ nanowire diameter) with a
magnetization of type “magnetocrystalline”, directed per-
pendicular to the axis of the nanowire. In this configuration,
the following expected magneto-resistance effect should
occur: at zero magnetic field (H ) 0), the current does not
cross the organic junction, but applying a magnetic field (H
) Hsat) aligns the magnetization of Co along the axis of the
nanowire and consequently, strongly decreases the resis-
tance of the system (Scheme 2b). First, in order to evaluate
the feasibility of preparing such hybrid nanostructures,
trisegmented nanowires with magnetic metal and polymer
segments of different lengths were prepared. First, a Ni
segment was electrodeposited into the nanopores of a
polycarbonate membrane and its top surface was covered
by a SAM of 3PPA molecules, under the optimized condi-
tions described previously (SAM was formed from a 50 mM
3PPA solution). Then a conjugated polymer (either PPy or
PEDOT) was electrodeposited onto this Ni-modified surface,
and finally, a top cobalt segment was electroplated. SEM and
TEM pictures of typical resulting nanostructures are gathered
in Figure 5.

The SEM picture in Figure 5a shows a bundle of PPy-
based nanostructures with some entire trisegmented Ni-PPy-
Co nanowires, but a majority of bisegmented Ni-PPy nano-
wires. TEM picture in Figure 5b confirms what was largely
observed for Ni-PPy-Co nanowires: breaking always occurs
at the PPy/Co interfaces, and never at the Ni/PPy ones. The
situation was quite different when using PEDOT as CP
segment. Indeed, even with long PEDOT segments, entire
Ni-PEDOT-Co nanowires were observed (Figure 5c). On this
figure, corresponding to a TEM image of a freshly prepared
Ni-PEDOT-Co nanowire sample (TEM observation made on
the day of the synthesis), the electronic contrast between
the cobalt and the polymer is sufficiently high to easily
distinguish both materials. However, when observing the

same sample 10 days after the synthesis (TEM pictures of
Figure 6), it was much more difficult to unambiguously
distinguish the Co and the PEDOT segments.

This lost of contrast, accompanied by the apparition of
dark “spheres”, as illustrated in Figure 6, results from the
fast oxidation and degradation of Co when kept in air. In
order to confirm the segmented composition of the nano-
wires, we performed TEM-EDX analysis. As illustrated in
Figure 6, EDX reveals the presence of the characteristic
element for each of the three segments (Ni, S for PEDOT,
and Co). The traces of sulfur and chlorine found in the Co
segment are probably due to the formation of Co complexes
with sulfate and chlorine ions, coming from cobalt and
PEDOT electroplating solutions, respectively.

The final step in the elaboration of the Ni-CP-Co nanow-
ires was to reduce the length of the cobalt segment and of
the polymer junction in order to fit with the aimed architec-
ture presented in Scheme 2. To produce polymer junctions
of very short length, we reduced the PPy growth rate by
increasing the potential scan rate applied during the elec-
tropolymerization. This electrosynthesis parameter change
has two interesting effects. On the one hand, it allows
obtaining nanowires of more uniform length, and on the
other hand, it leads to the formation of a rather flat upper
part of the polymer junction instead of the meniscus shape
previously observed. So, by sweeping the potential at 800
mV s-1 instead of 400 mV s-1, and by adjusting the number
of potential cycles, we succeeded, for the first time, to
prepare entire Ni-PPy-Co nanowires presenting a very short
polymer junction (of about only 20 nm length) and, without
any short circuit (Figure 7).

The Co segments were synthesized by chronoamper-
ometry at a constant applied potential of -0.95 V. Upon
these synthesis conditions, the growing of Co nanostruc-
tures was rather fast, the growth rate of Co nanowire in
nanopores of 110 nm being estimated to be about 12 nm
s-1. Despite this fast Co growth rate, it was however
possible to prepare relatively short Co segments by reduc-
ing the time of electroplating to only a few seconds. As
illustrated on the TEM picture of Figure 7, we succeeded
up to now to grow Co segments of about 300 nm length on
top of the short PPy junction. The study of the magnetore-
sistance properties of these trisegmented Ni-PPy-Co having
the right architecture is now considered. As Co is unstable
in air (see Figure 6), we are currently starting this investiga-
tion on nanowires still embedded into the polycarbonate
template.

CONCLUSIONS
In this work, we present the use of a template-based

method for the electrochemical synthesis of new magnetic-
conjugated polymer nanowires of controlled dimensionality
through the sequential synthesis of the multiple segments.
To deposit PPy and PEDOT onto an active metal such as Ni
and get mechanically robust metal/polymer interfaces, we
developed a strategy consisting in a two-step process. Prior
to the polymer electropolymerization, an organic monolayer
of 3PPA was deposited on the Ni surface. Though the process

Scheme 2. (a) Schematic Representation of the
Aimed tri-Segmented Ni-CP-Co Nanowire
Architecture. (b) Principle of the Magnetoresistance
Effect Expected in These Trisegmented Ni-CP-Co
Nanowires
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could still be improved, it already allows, as proved by SEM
and TEM analyses, the successful preparation of a series of
magnetic-conjugated polymer based nanostructures, typi-
cally Ni-PPy-Pt, Ni-PEDOT-Au, Ni-PPy-Co, and Ni-PEDOT-Co
trisegmented nanowires. All these multicomponent nano-
structures present interesting potential applications. On the
one hand, Ni-conjugated polymer-noble metal nanowires,
where each segment possesses unique physical and chemi-
cal properties (the noble metal offers excellent conductivity,
the conjugated polymer brings stimuli-sensitivity, and the
ferromagnetic nickel segment imparts the possibility to
magnetically position and align the nanowires on a device)

could be useful multifunctional nanostructures in the field
of biosensors. On the other hand, the successful synthesis
of trisegmented Ni-PPy-Co nanowires with a very short PPy
junction and a small Co segment are very interesting nano-
structures with potential applications in the field of organic
spintronics. These studies are currently under progress.
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(29) Ferré, R.; Ounadjela, K.; George, J. M.; Piraux, L.; Dubois, S. Phys.
Rev. B 1997, 56, 14066.

(30) Narayanan, T. N.; Shaijumon, M. M.; Ci, L.; Ajayan, P. M. Nano.
Res. 2008, 1, 465–473.

(31) Piraux, L.; Encinas, A.; Vila, L.; Mátéfi-Tempfli, S.; Mátéfi-Tempfli,
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