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ABSTRACT: Ion migration and electron transfer are crucial phenomena in
electrochemistry and interfacial sciences, which require effective coupling
and integration of separated charge pathways within medium materials.
Here, in this work, we fabricated an ordered nanowire material based on
hybrid polymers of polypyrrole, with electronic conductance, and
perfluorosulfonic acid ionomers, with ionic conductance, via a facile one-
step electrochemical route. Because of the nanoconfined effects for the
different charge-transfer channels within the nanowire polymer matrix, the
electronic and ionic conductivities of the hybrid polymer are surprisingly
enhanced, being 26.4 and 0.096 S cm−1, respectively. Such an improvement
in the formation of charge pathways also leads to an increased
electrochemical capacitance through enlargement of the area of ion/
electron transport boundaries, which may show great potential in the
applications of supercapacitors, fuel cells, rechargeable batteries, and other
electrochemical devices.
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■ INTRODUCTION

Charge transportation, including ion migration and electron
transfer, is recognized as a ubiquitous and critical phenomenon in
a wide range of natural and technical fields, such as biology,
catalysis, electrochemistry, etc.1−5 For example, the redox
reactions in many bioprocesses, such as photosynthesis or
nitrogen fixation, are crucially dominated by the construction of
proton and electron pathways.6,7 Also, in electrochemical
systems, the formation of reaction boundaries is fundamentally
based on the coupling of electronic and ionic conducting phases.8

In general, the transportation of electrons is basically derived
from the movement of free electrons, whereas the environment
and pathways for ion transportation are constructed from the
ionized molecules or organic groups.9 Such a fundamental
difference leads to separated material fabrication and inves-
tigation of ionic and electronic conduction, despite the two
processes being synchronized and synergetic in the same
electrochemical system in many situations.
In a typical electrochemical system related to most of the

energy storage and conversion devices, such as fuel cells,
rechargeable batteries, supercapacitors, etc., the formation and
structures of the interfaces between the ion- and electron-
conductive phases can greatly determine the behaviors and
properties of the electrochemical processes.10,11 The area of the
interfaces reflects the spatial capability for electrochemical
reactions, and charge transport through the electrode would
predominate in the activity of such reactions coupled with ions

and electrons.12,13 However, electrode construction in most
electrochemical devices suffers from the requirement of
physically mixing the ion carriers and electronic conductors,
resulting in random distribution of the transport structures,
which leads to the lack of structural integration and material
utilization.14 Especially for the ions (e.g., protons), the well-
defined nanostructures could be crucial for enhancement of
transport within a nanoconfined environment.15−20 Therefore,
construction of a composite nanoarchitecture with hybrid
pathways for ions and electrons might be a breakthrough in
solving these problems and a novel concept for the fabrication of
electrodes.
Conductive polymers are a kind of effective electronic

conductors with removable π-conjugated electrons,21 and the
organic nature of these materials make them compatible and
interactive with other organic molecules or polymers.22,23

Besides, the optional synthesis methods, for example, electro-
chemical deposition and chemical oxidation, lead to the
formation of hybrid compositions using facile approaches.
Herein, we design and fabricate a new nanowire array
constructed from a hybrid polymer matrix with polypyrrole
(PPy) and perfluorosulfonic acid (PFSA) ionomers via a facile
one-step method. The excellent ionic and electronic conductiv-
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ities could be detected simultaneously for the homogenous
distribution and nanoconfinement of the conductive pathways
and the electrochemical properties were greatly enhanced as a
result.

■ EXPERIMENTAL SECTION
Synthesis of the Hybrid Polymer. Hybrid polymer nanowire

arrays are prepared via electrochemical polymerization on a platinum
(Pt) foil substrate. Briefly, 1.34 g of pyrrole is mixed with 10 g of Nafion
ionomer (10 wt % dispersed in water; Sigma Aldrich) and continuously
stirred for 12 h at room temperature under a nitrogen atmosphere. The
as-prepared mixture is then dissolved in 200 mL of 0.2 M phosphate
buffered solution with the addition of 0.1 M p-toluenesulfonic acid. A
piece of polished Pt foil, a saturated calomel electrode (SCE), and a Pt
plate were used as the working electrode, the reference electrode, and
the counter electrode, respectively. Electrochemical synthesis was
carried out using an electrochemical workstation (SI1287; Solartron) at
a constant current of 1 mA cm−2 for 20 min. Samples of PPy nanowire
arrays without Nafion decoration (denoted as PPy) were synthesized in
the same manner as the other samples, without the addition of the
Nafion ionomer.
Physical Characterizations. The as-prepared samples were

analyzed via X-ray diffraction (XRD, D/max-2400X; Ricoh),
thermogravimetric analysis (Sta 409 PC/PG; Netzsch), and field-
emission scanning electron microscopy (JSM-6360LV; JEOL). High-
resolution transmission electron microscopy (HRTEM), high-angle
annular dark field scanning transmission electron microscopy (HAADF-
STEM), and energy dispersive X-ray (EDX) spectroscopy and mapping
were carried out with a Tecnai G2 20 microscope (FEI). X-ray
photoelectron spectroscopy (XPS) analyses were performed using a
Kratos AMICUS spectrometer equipped with a monochromatic Mg X-
ray source (Mg Kα, 1.2536 keV).
Electrochemical Measurements. Electronic conductivity was

measured by a traditional two-electrode method (Figure S1), and
ionic conductivity wasmeasured by amodified two-electrodemethod, as
illustrated in Figure S2. In brief, the samples were sandwiched by two
pieces of Nafion 212 membrane; and then two electrodes coated with
Pt/C (40 wt %, 1 mg cm−2; Johnson Matthey) were pressed on the
Nafion membrane surfaces. The as-prepared test electrode was
equipped with flow fields in the end plates. The testing procedures
were carried out on an electrochemical workstation (SI1287; Solartron).
To achieve potential stability of the electrodes, constant humidified
hydrogen flows (0.1 MPa, 20 mL min−1) were applied on the both sides
through the flow fields. The resistances of the samples were obtained by
applying electrochemical impedance spectra and recording the values of
the intersection points on the real axis. The conductivity values could be
calculated simply with the Ohm’s Law. Compared with the traditional

method (Figure S1), this modified measurement could isolate the ionic
conductance from the hybrid conductor for both the electron and ion.

Electrochemical characterization was performed in a 0.5 M sulfuric
acid solution at room temperature, with a Pt wire and an SCE as the
counter electrode and reference electrode, respectively. The scan rate of
the cyclic voltammetry (CV) tests is 50 mV s−1.

■ RESULTS AND DISCUSSION

Morphological and Structural Details. Synthesis of the
hybrid polymer matrix is illustrated in Scheme 1, and the
experimental details are described above. Briefly, after mixing of
the conductive polymer monomers (pyrrole) and PFSA
ionomers, the pyrrole molecules could be tangled up with the
PFSA ionomer chains via interactions between the electro-
positive nitrogen of pyrrole and electronegative sulfonate groups
of ionomers, and then, the process of electrochemical polymer-
ization is carried out on a piece of conductive substrate (Pt foil).
With the help of certain shape-directing reagents, the hybrid
polymermatrix could grow on the substrate with themorphology
of oriented nanowire arrays.24 The construction of oriented PPy-
based materials has been reported intensively in many other
works.25−27 Briefly, the oppositely charged groups of the shape-
directing reagents (e.g., p-toluenesulfonic acid) could be attached
to the initially formed PPy lines, and then, the hydrophilic sides
of the shape-directing reagents would be exposed toward the
solution to prohibit horizontal growth of PPy. Similar effects
could be also applied to the synthesis of hybrid polymers with
Nafion content.
Morphological details of the hybrid polymer nanowire arrays

are demonstrated in Figure 1. As shown in the SEM images
(Figure 1a,b), a kind of ultrauniform nanowire array is
synthesized on the substrate, with an approximate growth
density of 3.4 × 109 cm−2. The typical average length and
diameter of the single nanowire is measured as 780 and 83 nm
under the electrochemical polymerization conditions mentioned
in the Experimental Section. These morphological parameters
could be facilely controlled via variation of the synthetic
conditions, such as temperature, polymerization potential,
concentration of the pyrrole monomer, and pH, as described
in our previous work.28 Further analysis of the hybrid polymer on
the nanoscale and subnanoscale, as shown in Figure 1c,d,
revealed an amorphous structure of the hybrid polymer, without
obvious phase separation of the polymers, which also suggests

Scheme 1. Schematic of the Synthesis of NfnPPy Nanowires
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uniform hybridization of the two kinds of polymers during the
electrochemical processes.
The compositional information and elementary distribution of

the hybrid polymer are investigated by HAADF-STEM and EDX
spectral mapping, as shown in Figure 2a,b. The distribution of
element N represents the content of PPy, whereas traces of
elements F and S suggest the distribution of the PFSA ionomer.
The similar and uniform distributions of the PPy and PFSA
ionomers reveals that a homogeneous phase of the polymer is
constructed from the two compositions during the electro-
chemical polymerization process. Thermal gravity (TG) analysis
(Figure 2c) can also confirm the composition of the PFSA
ionomers and PPy in the hybrid polymers. Compared with a
single drop in the weight loss curve of the PPy sample (Figure
S4), twomajor drops can be observed at temperatures of 230 and
328 °C, respectively, in the hybrid polymer; the former could be
ascribed to the decomposition of PFSA ionomers and the later
could be attributed to PPy pyrolysis.29 The intrinsic structure of
the hybrid polymer and pure PPy is further studied by XRD, as
shown in Figure 2d. Even though an amorphous structure is
observed in the hybrid polymers according to their HRTEM
results (Figure 1d), peaks at around 23° in the XRD patterns of
the hybrid polymer and PPy sample can be attributed to the
semicrystalline structure of the PPy chains, with a typical
interplanar distance of 0.39 nm.24,26 Compared to that of the
XRD pattern for the sample of PPy, the peak of the XRD pattern
for the hybrid polymer is obviously broadened. This phenom-

enon could be explained by the doping of PFSA ionomer chains
into the semicrystalline structure of PPy chains and partial
destruction of the long-term ordered structure.23 Further
analyses of the outer space electron structures via XPS tests
could also indicate the interactions between PFSA and PPy, as
shown in Figure S5. The ratio of N 1s electrons in higher binding
energy states (−N+−, −N) for PFSA/PPy is increased
compared to that for PPy, indicating partial transfer of electrons
from polypyrrole molecules to PFSA ionomers. Hence, it is
convincing that the structure of the hybrid polymer should be a
polymer matrix constructed with PPy chains and PFSA ionomer
chains tangled with each other because of the interactions caused
by the electrostatic force between the charge-positive nitrogen-
containing groups in PPy and the negative sulfonate groups in
PFSA ionomers.

Bifunctional Conductivity. As a kind of typical electronic
conductor for PPy and proton carrier for PFSA, the charge
conductance of the hybrid polymer is also derived from the
nature of its composing polymers. To detect the electronic and
protonic conductivities rationally, a modified measurement is
designed. First, the electronic conductivity of the samples could
be obtained from measurments using the traditional method, as
shown in Figure 3a. The typical magnitude of electronic
conductivity for PPy is 10−100 S cm−1 at room temperature,
and the electronic conductivity of the hybrid polymer can also
reach such value. This result reveals that hybridization of the
composite polymer chains does not significantly reduce the

Figure 1. Morphological characterization of the hybrid polymers. SEM images (a, b) and HRTEM images (c, d) of the nanowire arrays.
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electronic conductance of the conductive polymer originating
from the conjugated electron orbits. On the other hand, apart
from the nearly ion-insulated PPy sample, the hybrid polymer
exhibit remarkable ionic conductance (0.0082 S cm−1 at 50 °C
and 0.096 S cm−1 at 90 °C, with a full humidification), which is
comparable to that of a typical PFSA membrane (e.g., Nafion
membrane). In detail, the ionic conductivity increases with an
increase in environmental temperature, which is similar to that
for typical PFSA materials. It is noticeable that the PPy sample
also possesses a small ionic conductance, which could be derived
from the hydrofilm constructed on the hydrophilic surfaces of
PPy.30−32 To explore further details of ion migration through the
hybrid polymers, the conductivity data was then transformed
into an Arrhenius plot to reveal the relationship between
activation energy and ion-transport properties, as shown in
Figure 3b. The logarithmic ionic conductivity is approximately
linearly correlated to the reciprocal values of temperature, and
the activation energy could be calculated from the curve slope
according the Arrhenius equation as 83.27 kJ mol−1. This value is
obviously higher than that for typical PFSA materials (e.g., the Ea
of the Nafion 115 membrane is 10.8 kJ mol−1),33 which suggests
an increased resistance toward proton migration within the
transport pathways constructed using the hybrid polymers. The
tangled chains of polypyrrole molecules and PFSA ionomers
might narrow or obstruct the nanotunnels for proton transport
constructed by the hydrophilic groups of the ionomers.9

Electrochemical Property. To further investigate the
electrochemical properties of the hybrid polymers with bifunc-
tional charge transport, electrochemical analysis was performed.
The area of the electrochemical interfaces is an important
indicator for the performance of the electrodes, especially for
electrochemical sensors, fuel cells, rechargeable batteries, and
supercapacitors. Hence, CV curves for the hybrid polymer and
PPy sample are obtained, as shown in Figure 4a, both of which
demonstrate similar patterns, with oxidation and reduction peaks
characteristic of PPy-based materials. However, the increased
current in the CV curve of the hybrid polymer sample is
indicative of a 122% enhancement of the capacitance property
compared to that of the PPy sample. Such an increase would
indicate an area growth of the ionic/electronic conductor
boundaries (or electrochemical surfaces). However, the
morphological details for the two samples are similar (Figure
S3), which can hardly provide additional surface area for the
hybrid polymer in a geometric aspect. Hence, the increased
electrochemical surface area should be induced by the internal
structures of the hybrid polymer. On the basis of the hybrid
matrix structure proposed in the above analysis, the ionic
conductive chain of PFSA and the electronic conductive chain of
PPy could form a tangled polymer matrix with abundant internal
boundaries to extend the electrochemical surfaces from the outer
surface, as schematically represented in Figure 4b,c. The hybrid
polymer also possesses excellent electrochemical stability, as
shown in the similar CV curves before and after 2000 cycles of

Figure 2. (a) STEM and (b) element mapping results of the hybrid polymer nanowires; (c) TG curve of the PFSA/PPy sample and (d) XRD patterns of
the PFSA/PPy and PPy samples.
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the CV tests in Figure S6. This unique property of the hybrid
polymer tailored by the intrinsic structure will be crucial for

electrochemical analysis, and it might be a potential electrode
material for many energy-conversion and storage devices.

Figure 3. (a) Electronic and ionic conductivity of the PFSA/PPy and PPy samples; (b) Arrhenius plot of the ionic conductivity of the hybrid polymer.

Figure 4. (a) CV curves for PFSA/PPy and PPy samples in 0.5 M H2SO4 solution, with a scan rate of 50 mV s−1. (b) Schematic of the transport of
electrons and protons through the hybrid polymer. (c) Schematic of the increased electrochemical boundaries within the hybrid polymer.
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■ CONCLUSIONS
In this work, we demonstrate a kind of hybrid nanofiber polymer
with two functions, ionic and electronic conductance, which
could be derived from the properties of PFSA ionomers and the
conductive polymer (PPy), respectively. These two kinds of
linear polymers would be tangled with each other via electrostatic
interactions between the sulfonate groups in the PFSA ionomers
and nitrogen-containing groups in the PPy chains to form a
homogenous polymer matrix through a one-step electrochemical
polymerization process. The ionic conductivity of the hybrid
polymer is observed to be significantly enhanced by 2 orders of
magnitude compared to that of the pure PPy sample, whereas the
electronic conductivity is similar for the two samples. As a result
of the unique structure of the hybrid polymer matrix, the
electrochemical boundaries can be greatly increased by extending
the interfaces of the ionic and electronic conducting phases. This
property is believed to be critical for the design and construction
of electrodes in the future and might shed light on the
fundamental and applied aspects of electrochemistry, biomate-
rials, and energy-conversion techniques.
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