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How to prepare functional nanocomposites in a simple, facile and efficient procedure has attracted
tremendous effort in the past decades. In this investigation, Ag nanoparticles (NPs)/multi-walled
carbon nanotubes (MWCNTs)/poly(vinylidene fluoride) (PVDF) composites were fabricated by
blending PVDF with MWCNTs, followed by incorporation of Ag NPs into the MWCNTs/PVDF
composites via phase inversion process. The morphology, crystallinity, thermal stability as well as the
electrochemical properties of the composites were characterized. Particularly, the catalytic activities
of the composite-modified indium tin oxide glass (ITO-glass) electrode for the electrocatalytic
reduction of hydrogen peroxide (H,0O,) were investigated. It was found that the loading of the Ag

Published on 20 December 2011. Downloaded on 10/03/2014 00:31:57.

NPs onto MWCNTs/PVDF was dramatically improved compared to that of the neat PVDF,
resulting from the presence of the MWCNTs. In addition, the good dispersion of Ag NPs in the
MWCNTs/PVDF matrix endowed the Ag NPs/MWCNTs/PVDF composites with high

electrocatalytic activity toward the reduction of H,O,.

1 Introduction

The construction of functional nanomaterials is one of the most
significant and interesting challenges in nanoscience and
nanotechnology. Owing to their potential applications in
catalysis, optoelectronics, sensors, hydrogen storage, power
storage and so on, carbon nanotubes (CNTs)-based hybrids
have attracted much attention as an emerging class of
nanomaterials for multifunctional systems.! In view of the
fabrication of the nanocomposites, polymer/CNTs composites
have continued to receive considerable interest due to their
favorable mechanical,” optical,® electrical* and thermal® proper-
ties and their important applications in many fields such as
actuators,® sensors’ and supercapacitors.®” Meanwhile, metal
nanoparticles (NPs) have also been highly concerned all along
owing to their important potential applications in catalysts,
electronics, and chemical sensors, ezc.'%!!

To date, a large number of results have shown that the
performance of electrochemical devices, such as fuel cells and
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electrochemical sensors, heavily depended on the size, shape, and
composition of the nanomaterials used. In particular, when the
hybrid nanomaterials containing metal NPs were used as
nanoelectrocatalysts, the performance of electrochemical devices
could be greatly enhanced relative to that recorded for the
unsupported catalysts.""'>"'* For example, Carillo e a/. demon-
strated that gold NPs could be incorporated in polyethylenei-
mine/poly(acrylic acid)-coated CNTs by using the layer-by-layer
technique.'> Okamoto ez al. used a polyol method to deposit the
Pt NPs onto poly(benzimidazole)-wrapping of MWCNTs and
the formed composites showed very good catalytic ability for the
oxidation of methanol.'® Also it was found that CNTs/gold NPs/
polyethylenimine-functionalized ionic liquid thin film composites
did not only demonstrate favorable linear catalytic response to
glucose as a novel glucose biosensor, but also showed obvious
electrocatalysis toward reduction of hydroxide peroxide (H,O,)
and oxygen.'” However, most of the preparation of these
composites usually involves a tedious, time-consuming and
complicated process. Hence, searching for the combination of ideal
hybrid materials and optimal protocol for constructing electro-
chemical devices with high performance is still of great challenge.

Phase inversion method is a typical process in which the
polymer dissolved homogeneously in the solvent can be
precipitated from the coagulation bath which is miscible with
the polymeric solvent.'® It bears merits such as easy, fast, and
versatile that it is commonly used to prepare symmetric and
asymmetric polymeric membranes for a wide range of applica-
tions in water treatment, biomedical technology, as well as
electrical industry.lg‘zo Marais et al. studied the O,, CO, and
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H,O permeabilities of ethylene vinyl acetate copolymer and its
blends with poly(vinyl chloride) (PVC) using the phase inversion
method.*"?> Zhao et al prepared porous poly(vinylidene
fluoride) (PVDF) membranes using hyperbranched polyglycerol,
amphiphilic polymers and amphiphilic hyperbranched-star
polymer as the additives via the phase inversion method and
studied the water flux and liquid electrolyte uptake of the porous
membranes.>° Interestingly, metal NPs can be incorporated,
via phase inversion method into the CNTs/polymer matrix in
a simple one-step process by dispersing metal NPs in the
coagulation bath homogeneously. Recently, Sanchez et al
reported a way of incorporating gold NPs into CNTs/
polysulfone composites by the phase inversion method, which
involved successful immobilization of the gold NPs and
coagulation of the soft composite at the same time.?°

Herein, we describe a facile and efficient way of incorporating
NPs into multiwalled carbon nanotubes (MWCNTs)/poly
(vinylidene fluoride) (PVDF) composites, in which Ag NPs/
MWCNTs/PVDF composites were fabricated by blending
PVDF with MWCNTs, followed by the incorporation of Ag
NPs into MWCNTs/PVDF composites via phase inversion
method. In this case, the PVDF was specifically selected as the
polymeric matrix since 1) it can be easily solvent-casted into an
uniform and robust thin film; 2) it has wide application, due
especially to its piezo- and pyroelectric properties; and 3) it has
ample polymorphs, including the two main crystal polymorphs,
the so-called non-polar «-phase and polar p-phase, which
depends on the crystallization and preparation conditions. In
this case, the loading of the Ag NPs onto MWCNTs/PVDF was
dramatically enhanced up to 1.66 (mole ratio) compared to that
of the neat PVDF, owing mainly to the presence of MWCNTs.
Additionally, Ag NPs were also well dispersed in the MWCNTs/
PVDF matrix, which thus imparts the Ag NPssyMWCNTs/PVDF
composites with extremely high electrocatalytic activity toward
the reduction of H,0O,.

2 Experimental procedure

2.1 Chemicals

Poly(vinylidene fluoride) with MFT of 15 g/10 min was obtained
from Wuxi Fluorine ST Co., China. The multi-walled carbon

A) B)

A .52
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nanotubes (MWCNTSs) were purchased from Aldrich. They were
first functionalized by refluxing in sulfuric acid and nitric acid at
the ratio of 3 : 1 by volume at 120 °C for 3 h, to give surface
carboxyl groups at the defect sites of the outer graphene layer of
the nanotubes and to remove residual metal-catalyst impuri-
ties.”” Silver nitrate (AgNOs) was purchased from Shanghai
Chemical Corp. and was used as received. N,N-dimethylforma-
mide (DMF, purity of 99.5%) was purchased from Tianjin
Guangfu Fine Chemical Research institute (Tianjin, China),
and distilled before being used. Ultrapure (DI) water (resis-
tance = 18.2 MQ) was used throughout the experiment. ITO-
glass electrodes were indium tin oxide with one side-coated
float glass (<= 15 Q/cm?) and were purchased from Shenzhen
Laibao Hi-Tech Co., Ltd.

2.2 Preparation of the colloidal Ag solution

The aqueous solution of Ag NPs (9.3 + 2.8 nm in diameter,
derived from the TEM measurement) was synthesized by
sodium borohydride reduction of AgNO; in the presence
of sodium citrate as a stabilizing reagent as previously
described.?®2°

2.3 Preparation of Ag NP/MWCNTs/PVDF composites

The purified MWCNTs (20 mg) were dispersed in DMF (4 ml),
and the suspension was sonicated for 3 h using an ultrasonic
bath. PVDF (340 mg) was dissolved separately in DMF (4 ml)
and both solutions were mixed together in a ratio of 1: 1 and
subsequently sonicated for 30 min to achieve a stable suspension.
After releasing the bubbles, the MWCNTs/PVDF suspension
solutions were spread on a glass plate with a glass rod, and then
the solution films were immediately immersed in a coagulation
bath of the colloidal Ag solution to prepare the Ag NPs/
MWCNTs/PVDF composites (Scheme 1). The formed mem-
branes were subsequently washed with DI water to remove
residual solvent and dried for 24 h under vacuum at room
temperature. For the preparation of MWCNTs/PVDF compo-
sites, DI water was used instead of colloidal Ag solution. For
control samples, a similar procedure was carried out without
using MWCNTs to obtain the neat PVDF and Ag NPs/PVDF
composites.

R =

D)

The colloidal Ag solution

Scheme 1 Preparation process of the Ag NPssMWCNTs/PVDF composites via phase inversion method. A) and B) spreading the MWCNTs/PVDF
suspension on the substrate with a glass rod. C) Immediate immersion of the substrate in the colloidal Ag solution, and subsequent coagulation of the
PVDF and incorporation of Ag NPs by the phase inversion method. D) Formation of Ag NPs/sMWCNTs/PVDF composites.
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2.4 Electrocatalytic experiments

Prior to the surface coating, the ITO-glass electrodes were
sonicated for 10 min in 1 : 1 nitric acid/water (v/v), acetone, and
DI water successively, and then allowed to dry under nitrogen
flow. Neat PVDF, MWCNTs/PVDF, Ag NPs/PVDF and Ag
NPs/MWCNTs/PVDF composites were deposited on the surface
of ITO-glass electrodes by the above-described procedure.
Electrochemical impedance spectroscopy was performed in the
presence of 10 mM K;[Fe(CN)g[/K4[Fe(CN)g] (1/1) mixture as a
redox probe. The alternative voltage was 5 mV and the frequency
range is 0.01-10° Hz. Cyclic voltammetric experiments were also
carried out at a scan rate of 100 mV s~ ' in 0.01 M Fe(CN)g® /4.
H,O, electrocatalytic oxidation experiments were carried out in a
0.2 M PBS (pH = 7.0) containing 1.0 mM H,O, at a scan rate of
50 mV s~ '

2.5 Characterizations

The X-ray photoelectron spectra were obtained with an
ESCALab 220i-XL electron spectrometer from VG Scientific
using 300 W Al Ka radiation. The base pressure was about
3 x 10~ mbar. The binding energies were referenced to the Cls
line at 284.8 eV from adventitious carbon. The morphologies of
the films were visualized by scanning electron microscopy (SEM)
on a JEOL JSM-6490 scanning electron microscopy at room
temperature. Transmission electron microscopy (TEM) was
carried out on a JEOL JEM 2100. The TGA curves were
measured using a TGA Q500 (TA Instruments) operated in
nitrogen atmosphere at a heating rate of 10 °C min~'. The FT-
IR spectra was collected in attenuated total reflection (ATR)
mode with the IR Tensor 27, Bruker Corp. DSC measurements
of films were performed on a TA Q100 DSC system, over a
temperature range from 20 to 200 °C at heating and cooling rates
of 10 °C min"! and a N, flow of 50 mL min~'. Raman spectra
were obtained at 514.5 nm laser excitation on a Renishaw
Microscope System RM2000 at room temperature. Spectra were
collected at various locations on each sample to determine the
reproducibility. The CV and EIS experiments were performed
on a CHI 600D electrochemical workstation (ChenHua Co,
Shanghai, China). A conventional three-electrode cell was used
at room temperature (25 °C), using neat PVDF and composite
films on an ITO-coated glass substrate as the working electrode,
a platinum electrode as an auxiliary electrode and an Ag/AgCl
(saturated KCl) electrode as the reference electrode.

3 Results and discussion
3.1 Morphology and interface structure via phase inversion method

The phase inversion method is usually indicative of the porous
inner structure for the resultant samples. As shown in Fig. 1, a
honeycomb-like porous structure is revealed from neat PVDF
(Fig. 1A), MWCNTs/PVDF (Fig. 1B), Ag NPs/PVDF (Fig. 1C)
and Ag NPsMWCNTs/PVDF (Fig. 1D) composites.?
Meanwhile, it can be clearly seen that the average pore size of
Ag NPssMWCNTs/PVDF composite became obviously larger
than those of neat PVDF and other two composites (Fig. 1D).
Fig. 2 represents the typical TEM images of MWCNTs,
MWCNTs/PVDF and Ag NPs'yMWCNTSs/PVDF composites.
The images demonstrate that the MWOCNTs surfaces of
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Fig. 1 SEM images of neat PVDF (A), MWCNTs/PVDF (B), Ag NPs/
PVDF (C) and Ag NPssMWCNTSs/PVDF (D) composites.

MWCNTs/PVDF (Fig. 2B) and Ag NPsMWCNTs/PVDF
(Fig. 2C) composites are covered by a polymeric layer, resulting
from the adsorption of PVDF by the nonspecific molecular
interactions between the C-H groups of PVDF and
MWCNTSs,**3! while the purified MWCNTs (Fig. 2A) surfaces
are very smooth with clear edges. It is also clear from Fig. 2C
that Ag NPs (represented by black dots in the TEM image) are
well dispersed in the surface of MWCNTs.

X-ray photoelectron spectroscopy (XPS) is employed to
measure the elemental composition of the PVDF, MWCNTs/
PVDF, Ag NPs/PVDF and Ag NPsyMWCNTSs/PVDF compo-
sites (Fig. 3). As expected, strong signals from carbon (Cls) and
fluorine (F1s and F2s) are observed for neat PVDF (Fig. 3A), Ag
NPs/PVDF (Fig. 3B), MWCNTs/PVDF (Fig. 3C) and Ag NPs/
MWCNTs/PVDF (Fig. 3D) composites. The signal of the Ag3d

Fig. 2 TEM images of the purified MWCNTs (A), MWCNTs/PVDF
(B) and Ag NPsyMWCNTSs/PVDF (C) composites.
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Fig. 3 X-ray photoelectron spectra of neat PVDF (A), Ag NPs/PVDF
(B), MWCNTs/PVDF (C), and Ag NPssMWCNTs/PVDF (D) compo-
sites. The insets in the expanded spectra are detailed scan spectra of
Ag3d.

peak is observed in the expanded spectra for the Ag NPs/PVDF
and Ag NPs'MWCNTs/PVDF composites, as shown in Fig. 3B
and Fig. 3D, respectively. The peak energies of Ag3ds,
and Ag3ds;, locate at 368.0 ev and 374.0 ev, 1respectively,32
corresponding to the silver metallic state.>> The atomic
concentration of silver is evaluated to be 0.08% for the Ag
NPs/MWCNTs/PVDF composite, almost 3-times higher than
that of the Ag NPs/PVDF composite (about 0.03%). As a result
of the addition of MWCNTs that is typically used for metal
supporting on carbon nanotubes,'” the mass loading of the Ag
NPs onto the Ag NPssyMWCNTSs/PVDF composite is dramati-
cally improved up to 1.66 compared to that of the Ag NPs/
PVDF composite (see Supporting Information)f. The enhanced
loading of Ag particles via the adoption of MWCNTs is ascribed
mainly to electrostatic interaction between MWCNTs and Ag
NPs, supported by our complementary & potential test.

The interfacial interactions between polymer and carbon
materials, such as MWCNTSs, have also been studied using
Raman spectroscopy.’***2® The Raman results of the
MWCNTs/PVDF and Ag NPsMWCNTs/PVDF composites
are shown in Fig. 4. The purified MWCNTs have two
characteristic peaks at 1352 and 1585 cm™ ' which correspond
to the D-band (the disordered graphite structure) and G-band
(sp>-hybridized carbon), respectively.*> In comparison, the
frequencies of the D-band and G-band of the both MWCNTSs/
PVDF and Ag NPssMWCNTs/PVDF composites are slightly
shifted upward to 1353 and 1586 cm ™', respectively. In addition,
the ratio of D-band to G-band intensities (Ip/Ig) can directly
describe the structure changes of MWCNTSs.*¢ It is noticed that
the value of Ip/lg is shifted upward from 0.88 for purified
MWCNTs to 1.03 and 1.31 for MWCNTs/PVDF and Ag
NPs/MWCNTs/PVDF, respectively (Table S1, Supporting
Information)f. According to previous reports, this phenomenon
of the higher Ip/lg ratio and the minor upshift of D- and
G-bands is attributed to a strong donor—acceptor interaction
between the MWCNTs and fluorine atom of PVDF at the
interfaces.*-3436
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Fig. 4 Raman spectra of the MWCNTs/PVDF (a) and Ag NPs/
MWCNTs/PVDF (b) composites. Inset: the Raman spectra of purified
MWCNTs.

3.2 Polymorphs and thermal stability

As a typical semi-crystalline thermoplastic, PVDF possesses
mainly non-polar o-phase and polar f-phase main crystal
polymorphs.®” In this case, only one melting peak at ca.162 °C
corresponding to a-phase appears for all samples, including the
neat PVDF, Ag NPs/PVDF, MWCNTSs/PVDF and Ag.

NPs/MWCNTs/PVDF composites (Fig. S1B).*® This is con-
sistent with the FT-IR result, in which the bands at 1383, 976,
795, 764, and 615 cm ! are ascribed to a-phase crystals for all
samples (Fig. SI1A).** Based on these results, it can be
concluded that all the composites, as well as the neat PVDF
are all a-phase crystals dominated. Meanwhile, it is also observed
that the melting peak temperature (T,) remained almost
unchanged at 162 °C; whereas the degree of mass crystallinity
(Xc) of the three composites, being derived from the calculated
enthalpies concerning the melting of the PVDF component,
decreased as compared with that of the neat PVDF and this
trend is more evident in the presence of MWCNTs, ie.
MWCNTs/PVDF and Ag NPssyMWCNTSs/PVDF (Table S2)7.
This phenomenon could be ascribed to the two-edge effect from
MWCNTs, i.e. on one hand, the nano-sized MWCNTs will act
as a nucleating agent which is beneficial to the crystallization of
PVDF; on the other hand, MWCNTSs possess a remarkably high
superficial area so that they will restrict the molecular motion of
PVDF segment and thus interfere with the crystal growth.*!' In
addition, from the DSC cooling curve, no marked change
detected in the crystallization temperature (T.) for all samples
(Fig. S1C). (Table S2, Fig. S1A, S1B and S1C, Supporting
Information.)

Additionally, a distinct one-step, thermal degradation process
is observed in the thermal gravimetric analysis (TGA) for neat
PVDF, Ag NPs/PVDF, MWCNTs/PVDF and Ag NPs/
MWCNTs/PVDF composites (Fig. S2)t. As indicated, the Ag
NPs/MWCNTs/PVDF  composites had the lowest initial
degradation temperature (T;), temperature at the highest
degradation rate (T.x) and weight loss rate at T, among
the four samples, suggesting that the introduction of MWCNTs

This journal is © The Royal Society of Chemistry 2012
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and Ag nanoparticles will slightly decrease the thermal stability
of this PVDF membrane (Table S3, Fig. S2, Supporting
Information). This observation can be interpreted as follows:
MWCNTs possess high aspect ratio and high thermal con-
ductivity,** and thus when trace of MWCNTSs is added and
dispersed homogeneously in the polymer matrix, it will bring a
considerable improvement on the thermal conductivity of the
composite.**** In this context, more homogeneous dispersion of
MWCNTs in the PVDF matrix will lead to a higher thermal
conductivity of the hybrids. Moreover, Ag NPs also exhibits
the largest thermal conductivities among all the metals.***4
Therefore, the composite comprising of MWCNTs and Ag NPs
will have high thermal conductivity, and thus leads the Ag NPs/
MWCNTs/PVDF composite to have the higher Tc and lower
thermal stability than the other three samples. Conclusively, the
above observations from the thermal analysis, including TGA
and DSC, and FT-IR measurements imply 1) the good
dispersibility of MWCNTs and Ag NPs in the PVDF matrix

. 1 . ) ¥ I
a b c d
Sample

and 2) good distribution of MWCNTs and Ag NPs will not bring
detectable variation in the polymorphs of PVDF matrix.

3.3 Application of MWCNT-Based nanocomposites into
electrochemistry and electrocatalysis

The combination of MWCNTSs and noble metal nanoparticles
are noted for their excellent electrocatalytic property.*’** As a
classical characterization, electrochemical impedance spectro-
scopy (EIS) is an effective method to probe the interface-related
changes in capacitance and resistance to heterogeneous electron
transfer. The advantage of EIS over other electrochemical
techniques is that only small amplitude perturbations from the
steady state are needed and information concerning the interface
can be provided.* In the EIS analysis, the linear part represents
the diffusion-limited process, and the semicircle portion corre-
sponds to the electron transfer-limited process. The electron
transfer resistance (Ret) at the electrode surface is equal to the

B

Rs 1

Current (mA)

: S
08 06 04 02 00 02
Potential / V (vs.Ag/AgCl)

Fig. 5 (A) Electrochemical impedance spectroscopy of neat PVDF (a), MWCNTs/PVDF (b), Ag NPs/PVDF (c) and Ag NPssMWCNTs/PVDF
(d) composite-modified 110-glass electrodes for a 10 mM ferricyanide solution. (B) Randles equivalent circuit based on the electrochemical impedance
spectroscopy. (C) The values of electron transfer resistance (Ret) and the capacitances (Cdl) of neat PVDF (a), MWCNTSs/PVDF (b), Ag NPs/PVDF
(c) and Ag NPs/yMWCNTSs/PVDF (d) composite-modified I110-glass electrodes based on the electrochemical impedance spectroscopy. (D) Cyclic
voltammograms resulting from the electrochemical properties of neat PVDF (a), MWCNTSs/PVDF (b), Ag NPs/PVDF (c) and Ag NPssMWCNTSs/
PVDF (d) composite-modified IIO-glass electrodes. Conditions: scan rate, 100 mV s~ '; 0.01 mol L™! Fe(CN)¢*> ™4~
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semicircle diameter. This resistance controls the electron transfer
kinetics of the redox probe at the electrode interface. The
corresponding Nyquist impedance plots are shown in Fig. 5A.
As indicated, the PVDF-modified electrode had the largest
semicircle, implying high Ret to the redox probe dissolved in
electrolyte solution, which was caused by the great nonconduc-
tive properties of PVDF which acted as an inert electron layer
and retarded the electron transfer. After MWCNTs were added
into the PVDF, the resistance of MWCNTs/PVDF-modified
electrode decreased compared with the PVDF-modified elec-
trode. The reason is that MWCNTs have good conductivity and
additionally MWCNTs/PVDF-modified electrodes have larger
effective surface areas than the PVDF-modified electrode. Upon
the further incorporation of Ag NPs, the Ret of Ag NPs/PVDF
and Ag NPss/MWCNTs/PVDF-modified electrode decreased
rapidly, in that the Ag NPs play a role similar to a conducting
wire to promote electron transfer.’® Based on the results from
Fig. 5A, we simulated the Randles equivalent circuit of the
PVDF, Ag NPs/PVDF, MWCNTs/PVDF and Ag NPs/
MWCNTs/PVDF composites (Fig. 5B). And we also calculated
the values of Ret and the capacitances (Cdl) (Fig. 5C). As shown,
the values of Ret decreased successively to the minimum value of
155.4 Q (Ag NPss'MWCNTs/PVDF composites), and the values
of Cdl increased in succession to reach the maximum value of
935 nF for Ag NPssMWCNTs/PVDF composites. Therefore, the
Ag NPs'yMWCNTSs/PVDF composite, comparing with the other
three samples demonstrates lower resistance to heterogeneous
electron transfer and also higher capacitance, which is beneficial
for several electrochemical applications, including sensing/
biosensing and battery applications.

Further, the cyclic voltammetry of ferricyanide shows that the
oxidation/reduction signal of the ferrous/ferric couple at the Ag
NPs/MWCNTs/PVDF composite-modified ITO-glass electrode
is nearly two times higher than that at the Ag NPs/PVDF
composite-modified ITO-glass electrode (10 mM; Fig. 5D). As
seen, the magnitudes of the anodic current were 0.332 mA
(at Epa (anode peak potential) = 349 mV) and 0.205 mA
(at Epa = 312 mV) for Ag NPssMWCNTs/PVDF and Ag NPs/
PVDF composites, respectively; and the cathodic currents were
0.328 mA (at Epc (cathode peak potential) = 56 mV) and
0.176 mA (at Epc = 106 mV) for Ag NPssyMWCNTSs/PVDF and
Ag NPs/PVDF composite-modified ITO-glass electrodes, respec-
tively (all potentials are uncorrected from ohmic drop). Hence,
the obvious increase in the amperometric response implies that
the electron transfer kinetics of Fe(CN)¢* ™~ is enhanced.
Although the oxidation/reduction signals of the ferrous/ferric
couple are very weak for neat PVDF and MWCNTSs/PVDF
composite-modified ITO-glass electrodes, a higher background
current of the MWCNTSs/PVDF composite-modified ITO-glass
electrode than that of the PVDF composite-modified ITO-glass
electrode—due to the higher capacitance of the MWCNTSs/
PVDF composite—appears and this observation is consistent
with the above electrochemical impedance measurements.

The reliable, accurate, and rapid determination of H,0, is of
practical importance because it is an essential mediator in food,
pharmaceutical, clinical, industrial and environmental analyses.17
Therefore, it is interesting to explore whether the as fabricated
composites can be used as an candidate material for constructing
a H»O, electrochemical sensor with high performance. In the

presence of 1.0 mM H,O,, an obviously catalytic current appears
for the Ag NPssMWCNTSs/PVDF composite-modified ITO-glass
electrode (Fig. 6). The peak potentials locate at —0.653 V and
shifted positively as compared with that of the Ag NPs/PVDF
composite-modified ITO-glass electrode —0.714 V. In contrast,
the responses of H,O, for the PVDF and MWCNTs/PVDF
composite-modified ITO-glass electrode are significantly weak or
non-detectable. These results suggest that the Ag NPs'yMWCNTSs/
PVDF composite-modified ITO-glass electrode possess a signifi-
cant catalytic ability to H,O, reduction and the catalytic current is
mainly come from the Ag NPs on the electrocatalytic reduction of
H,0,.°"% In addition, it is noteworthy that a current of the Ag
NPs/MWCNTs/PVDF composite-modified ITO-glass electrode is
higher than that of the Ag NPs/PVDF composite-modified I110-
glass electrode, which is ascribed to the higher Ag NPs loading
efficiency of the Ag NPs/yMWCNTSs/PVDF composite than of the
Ag NPs/PVDF composite, as evidenced by the above-mentioned
XPS results (see Fig. 3). Fig. 7 displays the typical amperometric
responses of Ag NPssMWCNTs/PVDF (A) and Ag NPs/PVDF
(B) composites-modified ITO-glass electrode upon successive
additions of different concentration H,O, into the stirring 0.2 M
PBS solution (pH = 7.0). As exhibited in the inset of Fig. 7A, a
wide linear response to H->O, of Ag NPs/MWCNTs/PVDF
composite-modified ITO-glass electrode ranging from 50 to
810 pM can be observed with a quite fast response (about 4 s),
while the Ag NPs/PVDF composite-modified ITO-glass electrode
exhibits an insensitive response to H,O, with a non-linear range
from 50 to 810 uM (the inset of Fig. 7B). The fast response can be
attributed to the fact that H,O, can rapidly diffuse into the Ag
NPs/MWCNTSs/PVDF composite, owing to the porous structure
as demonstrated in Fig. 1D and the uniform dispersion of Ag NPs
shown in Fig. 2C. By calculation, the sensitivity of this Ag NPs/
MWCNTs/PVDF  composite-modified ITO-glass electrode
toward H,O, reduction was ca. 12.22 pA mM ™! em™2, nearly
comparable to 15.6 pA mM ! cm™? as previously reported for

0.00+

0.05+
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Potential / V (vs.Ag/AgCl)

Fig. 6 Cyclic voltammograms (CVs) of different electrodes in PBS
solution (0.2 M, pH = 7.0) and 1.0 mM H,O,: neat PVDF (a),
MWCNTs/PVDF (b), Ag NPs/PVDF (c) and Ag NPssMWCNTs/PVDF
(d) composite-modified ITO-glass electrodes. Scan rate: 0.05 mv/s.
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Fig. 7 Chronoamperometric response of Ag NPs/MWCNTs/PVDF
(A) and Ag NPs/PVDF (B) composite-modified ITO-glass electrodes
on the successive injection of H,O, into stirring air-saturated PBS
(0.2 M, pH = 7.0). Working potential: —0.6 V and —0.7 V for Ag NPs/
MWCNTs/PVDF and Ag NPs/PVDF composite-modified 1TO-glass
electrode, respectively. Inset: The plot of electrocatalytic current of H,O,
versus its concentrations.

MWCNTs/gold NPs/polyethylenimine-functionalized ionic liquid
thin film, in which the content of gold NPs was 18.9% (wt).!” This
result also reveals that the as-prepared Ag NPssMWCNTs/PVDF
composite possess a good electrocatalytic activity towards H,0,.

4 Conclusion

In summary, we have constructed Ag NPssyMWCNTs/PVDF
composites by blending PVDF with MWCNTs, followed by the
incorporation of Ag NPs into MWNT/PVDF composites via
phase inversion method. As indicated, this relatively simple
strategy will allow the Ag NPs with a higher loading efficiency
and dispersion uniformity, in the presence of MWCNTs. And for
the composites, the Ag NPs will not bring marked disturbance
on the polymorph, crystallization behavior or the thermal

stability of the polymeric matrix. More importantly, the Ag
NPs/MWCNTs/PVDF composite-modified ITO-glass electrode
shows a high electrocatalytic activity toward the reduction of
H,0,. We believe that this strategy of nanocomposite fabrication
is expandible to other noble metals NPs, such as Au NPs, Pt NPs
and Pd NPs, to construct the functional nanomaterials with
tunable uploading and good distribution of metal NPs in the
MWCNTs/polymers. Additionally, the homogeneity and stabi-
lity of the films will surely open up a range of potential
applications in the electrocatalytic device and biosensor, for
example.
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