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Polypyrrole coated copper nanowires were synthesized in a one-pot

manner in the presence of cupric precursor and pyrrole. They

displayed ultra-high sensitivity as a potentiometric sensor with

considerable environmental stability comparable to noble metals.

Copper nanowires (CuNWs) have attracted significant

research attention within decades due to their potential appli-

cations in fabricating high performance catalysts,1 chemical

sensors,2 and substrates for tip-enhanced Raman spectroscopy

(TERS).3 Various synthetic methods have been developed

towards the formation of CuNWs with well-defined morphology

and high aspect ratio.4 For example, ‘‘bottom up’’ methods such

as chemical vapour deposition (CVD)5 or ‘‘top down’’ methods

such as photolithography.6 However, the process of these

synthetic methods is usually complicated and tedious where high

temperature and long reaction time are required.4–6 At the same

time, surface protection is necessary for CuNWs due to their

rapid surface oxide formation upon exposure to air, which

would change the chemical structure and surface characteristics

permanently.7 Here we report a facile, one-pot synthetic method

to synthesize CuNWs coated with a conducting polymer poly-

pyrrole (PPy), through the metal–organic interaction of a cupric

precursor and a pyrrole monomer, for which only mild reaction

conditions are required. Simultaneous coating and morphology

control could be achieved during the synthetic process. The

as-synthesized nanowires demonstrated superior chemical

sensing properties, as well as environmental stability, which

unravel unprecedented application potentials for this type of

PPy coated CuNWs in the fabrication of high performance

chemical sensors and catalytic substrates.

PPy coating has been widely recognized as one of the most

effective protectionmethods for reactive metals against corrosion.8

And it is also sufficient to enhance the electrical properties of

the substrate, such as carbon nanotubes,9 ceramics,10 and

polymers,11 to a significant extent through interfacial charge

transfer interaction.12 The metal oxide/PPy core–shell structure

has also been proved to possess superior electronic properties

compared to the pristine substrate material.13 With our method,

formation of Cu wires and the PPy coating on their surface

could be completed at the same time. This simultaneous for-

mation of controlled metal–polymer nano core–shell structure is

very unique and has been achieved for the first time. And the

novel all-in-one concept of generating functional metal–polymer

core–shell structure could possibly open a new era for the

fabrication of high performance engineered nanocomposites in

a rapid and cost-effective manner.

Fig. 1A shows the SEM image of the PPy-CuNWs, where

wires ofB350 nm in diameter and length up to 20 mm could be

observed. Fig. 1B shows the HRTEM image of the PPy-

CuNWs. The fringe spacing of 2.1 Å could be ascribed to

the {111} reflection of face-centered cubic (fcc) Cu. It is also

clearly observed from the HRTEM image that surfaces of the

Cu wires are coated with an amorphous polymer layer with a

thickness of 5–6 nm, proving the existence of PPy coating. The

selected area electron diffraction (SAED) pattern of the same

Cu wire (Fig. 1B, inset) indicates that it is a piece of single

crystal growing along the {110} direction with {100} facets

exposed on the side surface. The XRD pattern shown in

Fig. 1 (A) SEM image, (B) HRTEM image and (C) XRD pattern

of the as-synthesized CuNWs. (D) FT-IR spectrum of (a) polypyrrole,

(b) PPy-CuNWs, and (c) Cu particles synthesized without adding

pyrrole. Inset (B): SAED pattern of CuNWs.
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Fig. 1C also reveals that the CuNWs are in fcc phase with a

lattice constant of 3.614 Å, which is very close to the value of

pure copper (a = 3.615 Å, JCPDS 4-836). Therefore single

crystal CuNWs with PPy coating of 5–6 nm could be synthe-

sized in one-pot with our method. PPy is believed to exhibit a

synergistic reduction and capping effect during the synthetic

process, similar to the role of polythiophene in producing gold

nanocubes.14 The FT-IR spectrum of PPy-CuNWs (Fig. 1D)

exhibits characteristic absorption peaks of PPy, where the

absorption bands corresponding to the C–H (B2960 cm�1),

CQO (1680 cm�1), and C–N (1470 cm�1) stretching modes

could be observed.15 No peaks could be observed for the

Cu particles, indicating the unique surface characteristics of

PPy-CuNWs. The FT-IR spectrum of PPy-CuNWs differs

from polypyrrole in several aspects, where peak shifts and

different peaks could be observed. A clear increase of intensity

for the CQO band around 1680 cm�1 indicates a higher

oxidation state of the pyrrole ring segments of PPy-CuNWs, as

a result of the lengthy base reaction conditions; the weaker and

broader pyrrole ring stretching bands centered at 1500 cm�1 also

indicate the possible degradation of the polymer backbone

of PPy-CuNWs.16 These oxidative damage and degradation

processes would considerably lower the conductivity and alter

the electronic state of the PPy coating on CuNWs, resulting in

the less-specified IR absorption spectrum.

Open circuit potential (OCP) and UV-Vis spectroscopy

(UV) are utilized to monitor the Voc and spectral change

throughout the synthetic process. An enhanced main band at

235 nm could be observed after the addition of pyrrole

(20 min), indicating the formation of a Cu2+–pyrrole complex

(Fig. 2A), which is blue shifted compared to that of aliphatic

amines.17 The emergence of a ligand-to-metal charge transfer

(LMCT) band at 415 nm18 (Fig. 2B and C) and the increase

in steady-state Voc (Fig. 2D) during this stage indicate the

on-going redox reactions within the complex. Through this

LMCT excitation, it is believed that PPy-capped Cu particles

are produced, as pyrrole could be readily oxidized by Cu2+.19

After the addition of hydrazine (50 min), the complex struc-

ture is obviously disrupted, as Cu2+ is constantly reduced by

hydrazine,20 which is reflected by the decreasing intensity of

the main band as well as the disappearance of the LMCT band

(Fig. 2A and B). A clear step in the OCP profile could also be

observed for the synthetic process after hydrazine is added,

while only subtle changes could be observed for the case

without adding pyrrole (Fig. 2D). This thus proves that the

reactivity of Cu2+ is significantly altered upon its complexation

with pyrrole,21 which is considered to be favourable for the

nanowire formation.

It is believed that a synergistic crystal growth and polymeri-

zation process has induced the formation of the PPy-CuNWs.

The redox reaction between Cu2+ and pyrrole plays a key role

in this process. It induces the free radical polymerization of

pyrrole, which would last throughout the reaction process, and

generates PPy-capped Cu particles as seeds for the nanowire

growth, via the Ostwald ripening process.22 Nonetheless, the

as-formed PPy within the solution would coordinate to the

surface of the forming wires,23 eventually leading to the

formation of a PPy coating layer on top of the wires. Surface

energy and the capping effect are major driving factors for the

CuNWs formation. It is thermodynamically favourable for the

CuNWs to grow along the {110} direction by atomic addition

as it possesses the highest surface energy among the facets; the

selective adsorption of PPy to the side surfaces of the CuNWs

also promotes this direction-specific growth to a significant

extent.24

A hydrogen peroxide (HP) sensor based on the PPy-CuNWs

modified graphite electrode (PPy-CuNWs/G) was also fabricated.

The voltammogram of the PPy-CuNWs/G electrode in 0.1 M

NaOH solution exhibits characteristic redox peaks corresponding

to copper-based materials (Fig. 3A inset), with typical peaks

related to the transition of Cu0/Cu(I), Cu(I)/Cu(II), and Cu(II)/

Cu(III) observed.25 It is then evident that the PPy coating layer

does not remarkably affect the electrochemical properties of the

CuNWs underneath. For the case in 10 mM PBS solution, the

peaks are obviously overlapped and only two broad peaks at

+0.1 V and�0.45 V corresponding to the Cu0/Cu(II), and Cu(II)/

Cu0 have emerged (Fig. 3A, black line).26 However, upon intro-

ducing 0.1 mM HP into PBS, a significant increase of current

density could be observed on the PPy-CuNWs/G electrode

(Fig. 3A, red line), especially in the case of the cathodic peak at

�0.45 V. This phenomenon inevitably reveals the unique catalytic

properties of the PPy-CuNWs for the reduction of HP, as a result

of their enhanced direct electron transfer process in the presence

of HP during the cathodic scan.

Typical potentiometric response of the PPy-CuNWs/G

electrode in PBS solution at different HP concentrations is

demonstrated in Fig. 3B. The electrode shows a relatively high

potential change with each addition of HP. It also displays a

sensitivity of 180.65 mVmM�1, in the linear range from 0.1 mM

to 0.8 mM, as illustrated by the calibration curve shown

in Fig. 3C. To the best of our knowledge, the sensitivity of

180.65 mV mM�1 is among the highest of existing reported

values. Furthermore, the PPy-CuNWs/G electrode retains at

least 97% response upon the detection of HP coexisting with an

equal amount of interfering agents, such as sulfuric acid (SA),

Fig. 2 (A,B) UV-Vis spectral changes for the whole synthesis process

from 200 to 325 nm, and 325 to 525 nm (Y-axis in (B) is 16 times

magnified compared to (A)). (C) Absorbance changes for the major peak

at 230 nm during the whole synthesis process as a function of reaction

time. Inset: absorbance changes for the band around 412 nm during the

whole synthesis process. (D) Open circuit potential curves for the whole

synthesis process of CuNWs with (blue) and without (red) adding pyrrole.

For the red curve, symbols represent the electrode response upon addition

of CuCl2 (a) and hydrazine (b); for the blue curve, symbols represent the

response upon addition of CuCl2 (a), pyrrole (b), and hydrazine (c).
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nitric acid (NA), glucose, and EtOH (Fig. 3D). However, a

distinct decrease in response could be observed for the case of

ascorbic acid (AA), possibly due to the anti-oxidant nature of

AA and its redox reaction with HP.27 The ultra-high sensitivity

of the PPy-CuNWs/G electrode to HP reported herein could be

attributed to three aspects: (i) catalytic and direct reduction of

HP by CuNWs both contribute to the electrode response; (ii) the

nano-size effect of the CuNWs provides high electrode surface

area and more active sites for the efficient electrode process;

(iii) the electron transfer on the electrode is more effective due to

the densely packed highly conductive CuNW network.28

Open circuit potential (OCP) measurement was also utilized

to investigate the environmental stability of the PPy-CuNWs.

Substantial enhancement in open circuit potential (Voc)

could be observed for the PPy coated CuNWs (PPy-CuNWs)

compared to the Cu particle control (Fig. S9w). The Voc value

of PPy-CuNWs reaches up to +0.1 V, which is at the noble

metal region.29 This phenomenon thus indicates significant

stability of PPy-CuNWs against oxidation and corrosion from

the surrounding environment.30 It was also found that PPy

nanocoating is more effective in protecting the substrate than

the conventional bulky coating, as the Voc of PPy-CuNWs

obtained in this work is among the highest of reactive metals

protected by PPy coating.31

In conclusion, we have demonstrated for the first time:

(i) a facile synthetic method to synthesize PPy coated CuNWs

in a one-pot manner; (ii) the as-produced PPy-CuNWs possess

outstanding non-enzymatic H2O2 sensing properties in a

physiological environment; (iii) PPy serves as both a capping

agent and a reducing agent for the CuNW formation; (iv) the

as-produced PPy-CuNWs have significantly enhanced environ-

mental stability, due to the ultrathin layer of PPy coating

(5–6 nm), without altering their chemical properties. This facile

PPy coating concept is not just limited to Cu substrates, it is

also speculated to extend to the other base metals such as Ni,

Mo, Co, and Fe. If these reactive metals are protected by PPy

from the surrounding environment, it would open a new era for

their widespread applications in catalysis, photoelectronics, and

chemical sensing.
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Fig. 3 (A) Cyclic voltammogram (CV) of a PPy-CuNWs/G electrode

in 10 mM PBS solution with (red) and without (black) 0.1 mM HP.

Inset: CV for the PPy-CuNWs/G electrode in 0.1 M NaOH solution.

Scan rate: 20 mV s�1. (B) Potentiometric response curve for the

PPy-CuNWs/G electrode upon successive addition of HP with

0.1 mM increment in 10 mM PBS solution; and (C) the corresponding

calibration curve of the PPy-CuNWs/G electrode for HP detection.

(D) Relative response of the PPy-CuNWs/G electrode upon addition

of mixtures of HP and different interfering agents (0.1 mM/0.1 mM).

The electrode response of 0.1 mM HP is shown to be 100%. Data

points are an average of three independent sensors prepared at

different times.
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