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ABSTRACT: Ag/polypyrrole (PPy) composites were synthesized with different dispersants via interface polymerization method. The

morphology of the composites was investigated by scanning electron microscopy and transmission electron microscopy, and the

results showed that the dispersant had strong effect on the morphology of the obtained composites. The structure of the products

was characterized by Fourier transform infrared spectroscopy, and X-ray diffraction. The specific capacitance and impedence of Ag/

PPy composites electrode was evaluated through charge/discharge measurements and electrochemical impedance spectroscopy, respec-

tively. Electrochemical performances indicated that Ag/PPy composite electrode used polyvinyl alcohol as dispersant exhibited the

highest specific capacitance of 635.5 F/g at a current density of 2.45 mA/g, which provided potential application as supercapacitor

materials. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2013
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INTRODUCTION

In recent years, the electrically conducting composites have

attracted intensive attentions of researchers because of their

potential applications in various fields, such as sensors, actua-

tors, and electric devices.1–4 Among these electrically conducting

polymers such as polypyrrole (PPy),5,6 polyaniline ,7–9 polythio-

phene,10 poly(3,4-ethylenedioxythiophene)11 and poly(p-phenyl-

ene vinylene),12 PPy is known as one of the most important

conducting polymers owing to its high conductivity, easy prepa-

ration, good environmental tolerance, and a large variety of

applications.13 Accordingly, the fabrication of metal and PPy

nanomaterials has become an important branch of electrically

conducting composite researches. It is well known that nanopar-

ticles have attracted increasing interests because one-dimen-

sional (1-D) nanomaterials can offer a range of unique advan-

tages in electrochemical- and energy-related fields. Complex

nanostructures have been increasingly reported in recent years

because they could offer better electrochemical performance

than single-structured materials. For example, Ag/PPy core–shell

nanoparticles have been synthesized via in situ chemical oxida-

tion of pyrrole based on mercaptocarboxylic acid-capped Ag

nanoparticles colloid.14 PPy-coated Au nanoparticles were syn-

thesized by using Martin M€oller group using HAuCl4 as an oxi-

dizing agent with the formation of very fine Au nanoparticles

within the core.15

Herein, we report the synthesis of PPy-coated Ag nanocompo-

sites by using the redox reaction of silver nitrate and pyrrole via

interface polymerization in the presence of dispersant. In this

report, two phases of CCl4-containing pyrrole and water-dis-

solved AgNO3 and dispersant acted as the reactive biphasic sys-

tem to prepare PPy-coated Ag nanocomposites.

EXPERIMENTALS AND CHARACTERIZATION

Materials

Pyrrole, carbon tetrachloride (CCl4), polyethylene glycol (PEG),

polyvinylpyrrolidone (PVP), and polyvinyl alcohol (PVA) were

purchased from Sinopharm Chemical Reagent. Silver nitrate

(99.8%) was purchased from Beijing Chemical Plant. Pyrrole

monomer was distilled under reduced pressure before using,

and other reagents were used as received without further

treatment.

VC 2013 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39102 1



Preparation of Ag/PPy Nanocomposites

In a typical procedure for the synthesis of PPy-coated Ag nano-

composites, 0.07 mL of pyrrole was dissolved in 10 mL of CCl4,

0.12 g AgNO3 and 0.2 g dispersant were dissolved in 10 mL of

deionized water, the two solutions were mixed in the beaker,

and an interface was generated immediately between two solu-

tions. Brownish black PPy-coated Ag nanocomposites were

formed at the interface and then some black particles gradually

diffused into the upper aqueous phase. The reaction was

allowed to proceed for 72 h at room temperature. The product

was first ultrasonicated and then the aqueous phase was centri-

fugated at 10,000 rpm for 30 min. The bottom layer in the cen-

trifuge tube was collected as coarse product. After washing with

acetone and ethanol and repeating the ultrasonication and cen-

trifugation, the final product was obtained. The product was

dried at 60�C in vacuum for 12 h. Sample A is fabricated with

PVP as dispersant and in a similar manner samples A, B, and C

are prepared with PEG and PVA as dispersants, respectively. The

concentration of all of the three dispersants is 2%.

Characterization

The morphology of the product was directly observed with

scanning electron microscopy (SEM) (FEIco-Holland, JSM-

6700F) and transmission electron microscopy (TEM) (JEOL,

JEM-1011). An X-ray diffraction (XRD) pattern was taken with

a Bruker D8 ADVANCE XRD instrument at a 10�/min scan-

ning speed from 20 to 80�. Fourier transform infrared spectros-

copy (FTIR) spectra of the samples were obtained with a Shi-

madzu FTIR-8400s spectrophotometer in the range of 4000–500

cm�1 and the sample was impressed into KBr pellets. The com-

posites for fabricating positive electrode were prepared by mix-

ing active materials (80 wt %), carbon blacks (10 wt %), and

polyvinylidene fluoride (10 wt %) and stirring at 25�C for 1 h

to mix thoroughly. The materials were then coated on the sur-

face of nickel foam (1.5 cm2), dried at 60�C for 8 h, and

pressed at 15 MPa to get PPY composite electrode. The electri-

cal performance of the synthesized samples was determined by

the ZL10 LCR instrument (Shanghai Instrument Research Insti-

tute, China).

RESULTS AND DISCUSSION

Morphology and Structure of Ag/PPy Composites

Figure 1 shows the TEM images of the three samples. In Figure

1, the clear dark–light contrast can be seen, which belongs to

PPy shells (light contrast) and silver cores (dark contrast),

respectively. PPy-coated Ag nanocomposites were synthesized

through the redox reaction of AgNO3 and pyrrole monomer.

Many differences including size and morphology of the Ag/PPy

composites could be observed in Figure 1, illustrating that the

dispersant has a strong effect of the resultant products because

the whole polymerization process of the three samples is the

same except dispersants. As shown in Figure 1(A), when the

PVP was used as a dispersant, the obtained Ag/PPy nanocom-

posites were composed of the rod with diameter of 100 nm and

triangular particles of 100–200 nm. The rod is actually a smooth

core about 100 nm in diameter and a surrounding sheath about

50 nm in thickness, and the contrast between surrounding poly-

mer and inner core can be easily observed. Figure 1(B) shows

the size of the resultant particles was about 100–300 nm and

the diameter of the generated rod was about 100 nm with the

length of tens of micrometers. As shown in Figure 1(C), a typi-

cal core–shell structure was formed because of the addition of

PVA. The product displays a darker core sheathed with lighter

layer which suggests the formation of core–shell composites.

The outer thickness is �100 nm and the diameter of the central

core of the composites is about 200 nm.

The morphology of the samples was further examined by SEM

images as shown in Figure 2. Some polymers exhibit a rod-like

morphology with diameter ranging from 100 to 200 nm consist-

ing of particle blocks and more polymer particles congregate

into bumps owing to different dispersants as shown in Figure

2(A,B). In Figure 2(B), the linear product is clear and the

coaxial nanowires come into existence of which length and di-

ameter are about 10 lm and 200 nm, respectively. Figure 2(C)

shows that Ag/PPy composites are microspheres with diameter

about 200–300 nm and uniform core–shell structure formed

within the microspheres.

The XRD pattern of the nanocomposites indicated the crystal

structure of the resulting polymer and the incorporation of the

silver nanoparticles (Figure 3). Figure 3(D) shows the XRD pat-

terns of silver, and in the other three curves, the diffraction

peak at 2h value of 24� was characteristic peak of the doped

amorphous PPy,16–18 and at the diffraction lines of 2h ¼ 38.5,

44.5, 64.7, and 77.7� were attributed to the (111), (200), (220),

and (311) planes of the standard cubic phases of silver, respec-

tively.19,20 Owing to the higher scattering intensity of the metal

nanoparticles compared to the amorphous organic PPy struc-

tures, the peaks assigned to the silver crystal plains appear with

a higher intensity than the bands of PPy.

Figure 1. TEM images of samples.
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The characteristic absorptions of PPy in the Ag/PPy composites

nanoparticles are shown in Figure 4 in which the peaks located

at 1543 and 1396 cm�1 are attributed to the pyrrole ring

stretching and the conjugated CAN stretching mode, respec-

tively.21 The peak at 1170 cm�1 was related to CAN stretching

wagging vibrations.22 The peak at 910 cm�1 was owing to the

ring deformation. The peaks at 1294 and 1043 cm�1 are related

to the in-plane vibrations of ¼¼CAH and the peak at 788 cm�1

is attributed to CAH wagging vibration.23 These results indi-

cated the PPy was polymerized during the process at room

temperature.

According to the literature, the dispersant has a strong effect on

the size and morphology of the resultant products, without

which the core shell–structure could not be formed.24,25 It is

well known that specific functional groups can be used to

induce coating during the precipitation and surface reactions on

the cores. There are three requirements for preparing Ag/PPy

composites through the above one-step polymerization process

as shown in Figure 5. First, polymerization of pyrrole into PPy

and the reduction AgNO3 to silver should occur simultaneously.

Second, core–shell structures can be formed in this system.

Third, pyrrole monomer can stably polymerize in situ on the

surface of silver nanowires or silver particles. As shown in Fig-

ure 5, the silver ions interact with negative group of the disper-

sants first arose from electrostatic attraction, then reduced to

silver atoms with dispersant adsorbed on the surface, and at the

same time pyrrole radical cation was formed. During the syn-

thetic process, the adsorbed dispersant might provide active

sites on the silver particles and pyrrole radical cation so as to

influence the morphology of the Ag/PPy composites.26

Electrochemical Performances of Ag/PPy Composites

The specific capacitance of the composites electrode was calcu-

lated from the discharge cycle of the typical voltage–time

response curve in cyclic charge–discharge measurements using

the following equation:

Cm ¼ i � Dtð Þ= DV �mð Þ (1)

where Cm is the specific capacitance obtained from discharge

cycle of constant current charge/discharge measurements, i is

the constant current, Dt is the discharge time, DV is the poten-

tial range, and m is the mass of the sample.27,28

Figure 6(A–C) shows the galvanostatic charge–discharge curves

of three composite electrodes at the current density of 2.45 mA

g�1. The discharge time increases in the order of A < B < C,

and it can be calculated based on Figure 6 in which the specific

capacitances of these electrodes are 15.6, 347.6, and 635.5 F/g,

Figure 3. XRD patterns of Ag and samples. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. FTIR spectra of samples. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 2. SEM images of samples.
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respectively. The high-specific capacitance value of samples B

and C indicates that the different structures would be responsi-

ble for the permeation of electrolyte within the electrode.

Hence, this composite electrode was more favorable for the

applications of supercapacitors in low current density. It is sig-

nificant for the electrode material that it can afford the higher

specific capacitance, and hence Ag/PPy composite electrode

could be a potential anode material for lithium battery.29,30

The specific capacitance of the composite electrode decreased

with cycle number as shown in Figure 7. The specific capaci-

tance retentions of samples A, B, and C after 50 cycles were 93,

95, and 97% of the initial value, respectively. The results of the

above research explained that the sample C electrode had a fast

redox process, leading to good cycle stability.31 The possible rea-

son is that the hydroxyl radical (AOH) group of PVA can bind

with more than one site of PPy chains and form interchain

linkages of several PPy chains to form conjugated network.32,33

This leads to better accommodation of volume changes during

redox process. Although some fluctuations in the capacitance

were encountered, the perfect stability of the composites was

demonstrated at a low current density.

Electrochemical impedance spectroscopy (EIS) has been widely

used to study the redox (charging/discharging) processes of

electrode materials and to evaluate their electronic and ionic

conductivities.34 The Nyquist plots of the Ag/PPy composite

electrodes prepared under different conditions (Figure 8), as

well as the fitting results using an equivalent circuit are shown

in Figure 9. In this equivalent circuit, Rs and charge transfer

resistance (Rct) are the ohmic resistance (total resistance of the

electrolyte, separator, and electrical contacts) and charge transfer

resistance, respectively.35,36 CPE is the constant phase angle ele-

ment, involving double-layer capacitance, and W represents the

Warburg impedance. CPE is defined as:

ZCPE ¼ Q0 jxð Þn
� ��1

(2)

where Q0 is the frequency-independent constant related to the

surface and electroactive species, x is the angular frequency, n

arises from the slope of logZ versus logf plot. The values of n

range from 0 to 1; n ¼ 1 indicates the ideal capacitor behavior

of CPE element, n ¼ 0 indicates the resistor, and n ¼ 0.5 indi-

cates the Warburg behavior.37

Furthermore, the EIS was also carried out to prove the capaci-

tive performance at the open-circuit potential in the frequency

range of 0.01–100 Hz with AC-voltage amplitude of 5 mV. The

typical Nyquist plots of Ag/PPy composites electrode are shown

in Figure 8. In high-frequency intercept of the real axis, an

internal resistance (Rs) can be observed, which included the re-

sistance of the electrolyte, the intrinsic resistance of the active

material, and the contact resistance at the interface active mate-

rial/current collector.38 The difference in the real part of the

impedance between low and high frequencies could be used to

evaluate the value of electrochemical charge transfer resistance

(Rct).
39 From comparing the diameters of the semicircles

Figure 6. The charge–discharge curves of Ag/PPy electrodes at current

densities of 2.45 mA/g (A, B, and C).

Figure 5. Schematic illustration of the formation process of Ag/PPy

composites.
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(Figure 8), the charge transfer resistance (Rct) of the sample C

electrode is lower than those of the sample A and sample B

electrode. The Rct was calculated to be 2806, 516, and 318 X/cm
for the samples A, B, and C, respectively.40–42

CONCLUSIONS

Ag/PPy nanocomposites were successfully synthesized by facile

interface polymerization with AgNO3 as the redox in the

presence of different dispersants at room temperature. The elec-

trochemical performance of the different Ag/PPy composites

electrodes had been evaluated by galvanostatic charge–discharge

and EIS. A series tests showed that the dispersant had great

influence on the size, morphology, structure, and electrochemi-

cal characteristics of the obtained products. The specific

capacitance reached 635.5 F/g of the Ag/PPy nanocomposites at

a constant current of 2.45 mA g�1 and retained 97% of the ini-

tial value after 50 cycles when PVA was used as the dispersant.

These promising results, combined with the convenient and

effective technique, make the composites an exceptional choice

for electrode material of electrochemical supercapacitors.
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