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and digital communication [1–8]. They store energy via 
two mechanisms: (a) electrochemical double layer capaci-
tance (EDLC) of the carbon materials and (b) pseudocapac-
itance of metal oxides and conducting polymers. It is worth 
noting that conducting polymers can offer the advantages 
of lower cost compared with metal oxides, and high charge 
density compared to carbon materials [9, 10]. Hence, they 
have received a lot of research interest due to their high 
conductivity and have become trendy basic materials for 
advanced applications such as energy storage and batteries 
[11, 12]. Among various conducting polymers, polyaniline 
is recognized as one of the most promising pseudocapaci-
tive materials, which is suitable for the next generation of 
supercapacitors due to the advantageous properties of high 
pseudocapacitance, high energy density, light weight, con-
trollable electrical conductivity, low cost, environmental 
friendliness and facile synthesis [13, 14]. The excellent 
electrode materials for supercapacitor principally demand 
high surface area, electrochemical stability, and good elec-
trical conductivity. The electrical conductivity of metals is 
much higher than that of PANI. Therefore, the extensive 
research work has been focused on enhancing the electri-
cal conduction of PANI composite electrode materials by 
using metal doping.

Recently, the PANI/metal composites have been exten-
sively investigated for supercapacitor applications. First, 
these hybrid materials are expected to display some syn-
ergistic properties between PANI and metal nanoparticles, 
making them potential candidates for application in several 
fields such as catalysis, sensors, memory devices, fuel cells 
and so on [15–17]. Second, the structure of PANI or metal 
nanoparticles can be well controlled by the experimen-
tal methods and the interaction of PANI and metal salts. 
Finally, the high surface-to-volume ratio of metal nano-
particles in these PANI/metal composites should result in 
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oparticles into the PANI chains. The PANI/Ag composite 
exhibited the excellent capacitive performance with a spe-
cific capacitance as high as 553 F g−1 at 1 A g−1 because of 
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its electrical conductivity was 215.8  S cm−1. Eventually, 
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attributed to the silver nanoparticles, which could increase 
the electrical conductivity and promote the electron transfer 
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1  Introduction

Supercapacitors have attracted great interest for the impor-
tant application in the area of electrochemical energy stor-
age because of increasing demand of electric equipment 
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a large number of binding sites [18]. The metal nanopar-
ticles could exhibit excellent electronic properties because 
of their high surface area to volume ratio in the technologi-
cal applications [19, 20]. Among metal nanoparticles, the 
silver nanoparticles could exhibit the highest electrical and 
thermal conductivities among all the metal nanoparticles. 
The hybrid nanocomposites integrated silver nanoparticles 
on the surface of PANI are particularly important due to 
their excellent electrochemical properties. Therefore, the 
PANI/Ag nanocomposites can display unique combinations 
of the complementary advantages of PANI and Ag nano-
particles, and have been widely used in the secondary bat-
teries, fuel cells and supercapacitors [21–23]. Moreover, 
the implementation of green methods to synthesize Ag nan-
oparticles can be easily adapted to modern advancements 
in nanotechnology, relieve progressively the cost pressure, 
increase the efficiency of the synthesized material, and 
more importantly maximize the use of environmentally 
benign solvents and nontoxic chemicals [24, 25]. Thus, as 
an effort to minimize the impact of Ag on the environment 
and to act accordingly with the above mentioned goals of 
the green synthesis methods, Ag has been commonly used 
in its nanoparticles form while getting homogeneously 
dispersed/embedded inside polymeric matrices to form 
functionally advanced nanocomposites [26]. Therefore, 
the incorporating Ag nanoparticles by the green synthesis 
method into PANI chains can increase their electrical con-
ductivity and electrochemical storage capacity.

Herein, the PANI/Ag composite was obtained by in situ 
reduction of nitric acid-doped PANI with the assistance of 
vitamin C as a nontoxic reducing agent, which the nanofib-
ers with the nanoporous structure could offer a relatively 
larger surface area, thereby improving their capacitive per-
formance and electrical conductivity for supercapacitors. 
PANI/metal nanofibres are suitable candidates for high-per-
formance supercapacitors because of the high conductiv-
ity and low charge transfer resistance. In principle, it is the 
electrode material that directly determines specific capaci-
tances, cycling stability and rates capability of supercapaci-
tors. Compared with other PANI-based electrode materials 
(PANI/metal ions, PANI/metallic oxide and PANI/carbon 
materials), the PANI/metal electrode material for super-
capacitors has the advantages in contrast with the other 
PANI-based electrode materials (PANI/metal ions, PANI/
metallic oxide and PANI/carbon materials), because PANI 
as typical pseudocapacitive materials has high energy stor-
age capacity and metal has high electrical and thermal 
conductivities. On the one hand, the electrochemical prop-
erties of the PANI/metal composite electrode were much 
superior than that of PANI/metal ions electrode materials 
[27–29]. On the other hand, the synthesis of PANI/metal-
lic oxide electrode materials was more complicated, and 
PANI/metallic oxide electrode materials suffer from poor 

stability and poor electrical conductivity [30, 31]. Fur-
thermore, although PANI/carbon materials (CNTs and 
graphene) showed the excellent electrochemical behavior, 
the fabrication cost of the carbon materials would limit 
their application potential [32–34]. In addition, the doping 
concentration of Ag is varied to determine its effect on the 
magnitude of its specific capacitance as the electrode mate-
rial for supercapacitors.

2 � Materials and methods

2.1 � Materials

Aniline was distilled twice under vacuum and stored in the 
dark below 0 °C, and ammonium peroxydisulfate (APS), 
nitric acid, silver nitrate, Dimethylformamide (DMF) were 
of analytical grade. Vitamin C, acetylene black and polyte-
trafluoroethylene (PTFE) 60 wt% dispersion were obtained 
from Sigma–Aldrich. All chemicals were used as received 
without further purifications.

2.2 � Preparation of materials

For the synthesis of PANI/Ag composite, aniline (0.913 ml) 
was sonicated for 15 min in 100 ml of 1 M HNO3 solution. 
Afterward, X ml of 0.1 M AgNO3 and 1 M HNO3 mixture 
solution was added to the mixture. 2.282 g APS in 50mL of 
1 M HNO3 solution was added to the above mixture drop 
by drop while stirring the mixture at 0 °C for 12  h. Then 
X/2 ml of 0.1 M Vitamin C solution was added dropwise 
to the reaction mixture and stirred for 8 h. After that, the 
product was filtered and washed several times with double 
distilled water and ethanol. Lastly, it was vacuum-dried 
at 80 °C for 24 h. PANI was synthesized in 1 M HNO3 by 
chemical oxidative polymerization techniques in an ice 
water bath. To study the effect of doping concentration of 
Ag on the specific capacitance of PANI/Ag, the resultant 
samples were denoted as PANI/Ag1, PANI/Ag2 and PANI/
Ag3, where X is 20, 60 and 100 ml during the synthesis.

2.3 � Electrochemical measurements

All the nanocomposites were electrochemically char-
acterized by cyclic voltammetry (CV), galvanostatic 
charge–discharge (GCD) and an electrochemical imped-
ance spectroscopy (EIS) study by using a CHI 730B 
electrochemical workstation system (Shanghai Chenhua 
Instrument Factory, China). The electrochemical behavior 
of an electrode material not only depends on the nature, 
conductivity and the porosity of the electrode materi-
als but also on the nature of the electrolytes. The three-
electrode system was employed for all measurements 
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using 3  M NaOH as the electrolyte, where the samples 
coated the nickel foam electrode, platinum foil and Ag/
AgCl (satd. KCl) served as the working electrode, the 
counter electrode and the reference electrode, respec-
tively. The mixture of 90  wt% active materials, 5  wt% 
acetylene black and 5 wt% PTFE (60 wt%) in N-Methyl-
pyrrolidone was coated onto the nickel foam plate with a 
definite area of 1 cm2 was used as the working electrodes. 
CV tests were measured at 10  mV s− 1 scan rate within 
a voltage range of −0.4 to 0.6 V (vs. SCE) and the gal-
vanostatic charge/discharge curves were recorded at the 
current density range of 1–5  A g−1. EIS was conducted 
by applying an AC voltage with a 5 mV amplitude in a 
frequency range from 0.01 Hz to 100 kHz under open cir-
cuit potential conditions. The specific capacitance from 
the discharge plot can be calculated by using the follow-
ing equation:

where I/m represents the current density in A g−1, Δv is the 
potential sweep in V, and t is the discharge time, in seconds.

The electrical conductivity of the samples were meas-
ured by conventional four-electrode probe methods with 
compressed pellets. The thickness of the pellets for con-
ductivity measurements is from 1.0 to 1.5 mm. The elec-
trical conductivity was calculating with the following 
equation:

where � is the resistivity (Ω cm), V is the measured voltage, 
I is the source current, and t is the thickness of the samples.

2.4 � Characterization

The X-ray powder diffraction (XRD) was conducted by 
using the Rigaku Rotaflex D/Max diffractometer with Cu 
Kα of wavelength λ = 1.5418 Å. The morphologies of the 
as-prepared samples were observed by scanning electron 
microscope (SEM) (Hitachi S-4800) and TEM (JEM-
2100) at 200 KV. The Raman spectroscopy was carried 
out at an excitation wavelength of 532 nm from a He–Ne 
laser excitation source of a Renishaw Raman microscope. 
The UV–visible spectroscopy analysis was performed by 
dissolving all of the materials in DMF solvent by using 
a Perkin-Elmer, Lambda 750 spectrophotometer. The N2 
adsorption/desorption isotherms and pore size distribu-
tion curves were analyzed by the analyzer (ASAP2020 
MP).
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3 � Results and discussion

3.1 � SEM analysis

The FESEM images of the PANI, PANI/Ag1, PANI/Ag2 
and PANI/Ag3 composites, are shown in Fig.  1, respec-
tively. Figure  1a indicates that the pure PANI are char-
acterized by the nanofibers with the diameters of about 
50 nm, and the length of the fibers ranged from hundreds 
of nanometers to several micrometers. The formation of the 
nanofibers are due to the self-assembly of individual poly-
mer or oligomers through π–π interaction, hydrogen bond-
ing and Vander Walls forces between aniline oligomers 
which causes the formation of polymeric nanofibers [35]. 
However, some aggregations existed in the pure PANI. As 
seen in Fig. 1b, the PANI/Ag1 composite exhibited isolated 
aggregates of silver nanoparticles into the PANI matrix. 
Figure 1c shows the PANI/Ag2 composite consisted of Ag 
nanoparticles clusters, which equally dispersed throughout 
the PANI matrixes. In addition, many PANI nanofibers can 
join with others and form the branched structures or inter-
connected electric networks in the composite. But with 
increasing Ag loading, Fig. 1d exhibits the PANI/Ag3 com-
posite had the obvious agglomeration of Ag nanoparticles. 
So the schematic illustration of the formation processes of 
the PANI/Ag composite is supposed and shown in Fig. 1e. 
The Ag has several positions for doping and tends to bind 
with nitrogen sites of PANI leading to interchain linkage 
between many adjacent PANI chains by coordination [36]. 
The high surface area to volume ratio of the Ag nanopar-
ticles can provide the high charge/discharge rate and spe-
cific capacitance at the same time. Furthermore, it is worth 
noting that the PANI/Ag2 composite exhibits that Ag nan-
oparticles are uniformly covered with PANI chains with 
increasing Ag contents, and the nanofibers with the nano-
porous structure can offer the relatively larger surface area. 
In brief, the nanofibers and porous structure are beneficial 
for supercapacitors, because they can reduce the diffusion 
resistance of the electrolyte into the electrode matrix [37].

3.2 � TEM analysis

The surface morphologies of PANI and PANI/Ag2 compos-
ite are investigated by TEM, as shown in Fig. 2. Figure 2a 
shows the pure PANI nanofibers have been synthesized 
with hundreds of nanometers in length and 50 nm in width. 
And the Ag nanoparticles were distributed with a spherical 
shape on the surface of the PANI without agglomeration in 
Fig. 2b, which also was confirmed by X-ray diffraction. The 
average diameter of the Ag nanoparticles is in the range of 
10–20 nm. It is possible to observe in the micrographs that 
the Ag nanoparticles are well dispersed in the polymeric 
matrix. The main reason for the highly dispersion of the 



7772	 J Mater Sci: Mater Electron (2017) 28:7769–7777

1 3

Ag nanoparticles may due to the strong interaction between 
the polymer and the metal nanoparticles. Moreover, the Ag 
nanoparticles as a good electrical conductor tended to form 
clusters during the synthesis reactions due to their high 
surface energies, but they still kept their particle shapes 

on those clusters simply because of their electrochemical 
interactions with the PANI nanofibers. Furthermore, simi-
larly formed Ag nanoparticles clusters were expected to 
exhibit distinctive size-dependent properties owing to their 
nanoparticles’ narrow particle size distribution and facet 

Fig. 1   FESEM images of a 
PANI, b PANI/Ag1, c PANI/
Ag2 and d PANI/Ag3, and e 
the schematic illustration of the 
formation steps of PANI/Ag

Fig. 2   TEM images of a PANI 
and b PANI/Ag2
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compositions [38], thus inducing a further improvement of 
capacitive performance.

3.3 � UV–Visible Spectroscopy Analysis

Figure  3 shows the UV–Visible spectra of pure PANI, 
PANI/Ag1, PANI/Ag2 and PANI/Ag3 composites, respec-
tively. PANI exhibited the two absorption bands at 330 and 
630 nm. The band at 330 nm is attributed to the π–π* tran-
sitions in the benzonoid units of PANI chains, while the 
other band at 630 nm is attributed to the exciton-like tran-
sition in quinonoid units. The spectrum of the PANI/Ag1 
composite displayed three absorption peaks at 322, 450 
and 638 nm, whereas the absorption spectra of the PANI/
Ag2 and PANI/Ag3 composites exhibited three absorption 
peaks at 312, 450, 651 nm and 306, 450, 658 nm, respec-
tively. And more importantly, the peak appeared at 450 nm 
for the PANI/Ag1, PANI/Ag2 and PANI/Ag3 composites, 
corresponding to the surface plasmon resonance of the 
silver nanoparticles that were embedded in the polymer 
matrix [39]. Compared with the pure PANI, the shifts of 
the two absorption bands may be due to the interaction of 
Ag nanoparticles and amine/imine units of PANI chains 
[40].

3.4 � XRD analysis

The XRD patterns of the pure PANI, PANI/Ag1, PANI/
Ag2 and PANI/Ag3 composites are shown in Fig.  4. The 
characteristic peaks of PANI appear at 15.1°, 20.6°, 25.3° 
corresponding to the (011), (020), and (200) crystalline 
plane, respectively [41]. For the PANI/Ag1 composite, the 
sharp crystalline peaks appearing at 38.10°, 44.25°, 64.38°, 

and 77.42° corresponded to the face-centered cubic (fcc) 
phase of silver (111), (200), (220), and (311), respectively 
[42]. The same crystalline peaks were observed for the 
PANI/Ag2 and PANI/Ag3 composites. The existence of 
sharp peaks in both PANI/Ag composites clearly indicates 
the presence of Ag nanoparticles in the composite with 
their crystalline nature, confirming the successfully incor-
poration of the silver nanoparticles into the PANI matrix. 
Moreover, it was observed that all of the XRD patterns 
show a broad peak at 2θ values of ∼17–30°. This is mainly 
because of the amorphous behavior of PANI. Therefore, 
compared with the pure PANI the intensity of the char-
acteristic peaks of PANI became weak because many Ag 
nanoparticles were uniformly distributed on the surface of 
the PANI nanofibers.

3.5 � Raman spectroscopy

The Raman spectra of the pure PANI, PANI/Ag1, PANI/
Ag2 and PANI/Ag3 composites are shown in Fig. 5. For the 
pure PANI, the characteristic peaks appear at 1171, 1488 
and 1590  cm− 1 are corresponding to the C–H bending, 
C=N stretching and C=C stretching respectively, which 
are the characteristic peaks of the quinoid segment. The 
other two peaks characteristic of PANI appearing at 1241 
and 1618 cm− 1 indicate the C–H bending and C–C stretch-
ing of the benzenoid ring [18]. Moreover, the characteristic 
band of C–N•+ at 1340  cm−1 demonstrates the formation 
of the radical cation on the doping and co-doping of PANI 
[43]. It is noteworthy that the C–N stretching (1220 cm−1) 
and the quinoid C=C stretching (1590  cm− 1) are slightly 
shifted to lower values in the case of PANI/Ag1 (1216 and 
1585 cm−1), PANI/Ag2 (1212 and 1581 cm−1) and PANI/

Fig. 3    UV–Vis spectra of a PANI, b PANI/Ag1, c PANI/Ag2 and d 
PANI/Ag3

Fig. 4   XRD patterns of a PANI, b PANI/Ag1, c PANI/Ag2 and d 
PANI/Ag3
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Ag3 (1209 and 1578 cm−1), reconfirming that the interac-
tions between PANI and silver nanoparticles readily occur. 
Furthermore, there is a slight shift in the peaks associated 
with C–N, C=N stretching indicating the interaction of 
PANI and Ag nanoparticles.

3.6 � Surface area and pore size distribution

The N2 adsorption/desorption isotherm plot and the pore 
size distribution of the PANI/Ag2 composite are shown 
in Fig.  6. The surface area calculated from the BET the-
ory based on the isotherms for the PANI/Ag2 composite is 
17.2  m2/g, respectively. Moreover, the N2 adsorption/des-
orption plot exhibits a H3-type hysteresis loop, confirming 
the existence of mesopores, which can be also confirmed 

by the pore size distribution curve in the inset. These 
mesoporous networks can provide low-resistance pathways 
through the porous structure, which is helpful to improve 
the charge transport and power capability [44]. These high 
specific surface and suitable pore size are the important fac-
tors for the large specific capacitance and high-rate charge/
discharge ability. Hence, it is expected that the PANI/Ag2 
composite has an excellent electrochemical performance.

3.7 � Electrochemical analysis

The capacitive performances of the PANI, PANI/Ag1, 
PANI/Ag2 and PANI/Ag3 composites were measured by 
cyclic voltammetry, as shown in Fig.  7a. It was observed 
that the redox reaction takes place at the electrode–electro-
lyte interface which leads to the pseudocapacitance behav-
ior. Compared with the pure PANI, the PANI/Ag1 compos-
ite shows additional anodic peak at 0.21 V because of the 
oxidation of Ag, which again proves the presence of Ag 
nanoparticles [39]. As the doping concentration of the Ag 
increases, the shift in the oxidation and reduction peaks of 
the PANI/Ag2 and PANI/Ag3 composites is also observed. 
It is noteworthy that the PANI/Ag2 composite exhibits a 
larger enclosed area, reflecting the larger specific capaci-
tance. The enhanced specific capacitance in the PANI/Ag2 
composite is attributed to the charge hopping through Ag 
nanoparticles that mediate the effective charge migration 
through the PANI chains [18]. It is well known that PANI 
with conjugated π-electron backbones can be oxidized or 
reduced more easily and more reversibly. As a result, the 
insertion of Ag nanoparticles into PANI can take place 
over the bulk volume of the polymer rather than just at the 
surface of PANI, and then a very large amount of charge 
carriers are generated per unit volume. Hence, the reason 
is that it can prevent the agglomeration of Ag nanoparti-
cles and obtain the uniform dispersion over the entire PANI 
nanofibers.

Figure  7b gives the typical GCD curves of the pure 
PANI, PANI/Ag1, PANI/Ag2 and PANI/Ag3 composites. 
The specific capacitances of the pure PANI, PANI/Ag1, 
PANI/Ag2 and PANI/Ag3 composites obtained from the 
charge–discharge plots were 316, 476, 553, and 512 F g−1 
at 1 A g−1, respectively. The PANI/Ag2 composite showed 
the higher specific capacitance of 492  F g−1 at 2  A g−1, 
457 F g−1 at 3 A g−1, 416 F g−1 at 4 A g−1 and 395 F g−1 
at 5 A g−1, as shown in Fig. 6c. As the Ag doping concen-
tration increases, the specific capacitance increases from 
476 F g−1 to 553 F g−1 for PANI/Ag1 composite to PANI/
Ag2 composite, respectively. The better specific capaci-
tance of PANI/Ag2 composite may be due to the follow-
ing possible reasons: (a) the stronger interaction between 
PANI and Ag nanoparticles; (b) the uniform coating of 
Ag nanoparticles on the surface of PANI gives a superior 

Fig. 5   Raman spectra of PANI, PANI/Ag1, PANI/Ag2 and PANI/
Ag3

Fig. 6   N2 adsorption/desorption isotherm plot and pore size distribu-
tion of PANI/Ag2
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structure for easy electrolyte accessibility. However, with 
further increment in the Ag doping, there is the decrease in 
the specific capacitance observed for the PANI/Ag3 com-
posite, which may be due to the poorer contact between the 
electrolyte and PANI. This is because more Ag nanoparti-
cles are covered with the surface of PANI which lowers the 
redox reaction rate of the active material [18]. The electro-
chemical redox reaction in the electrodes occurs at three-
phase boundaries where the active material, the electrolyte 
and the nickel foam. Due to the inherent low electronic 
conductivity of PANI, the resistance to electron conduction 
from the nickel foam to the active materials is very high. 
But the presence of Ag nanoparticles on the PANI nanofib-
ers can provide a least resistance path to electrons. Hence, 
the fast electron transport between the nickel foam and the 
active material can enhance the specific capacitance. How-
ever, when Ag content increases, it leads to the decrease in 
active site area and the utilization of PANI and hence the 
decrement in the specific capacitance.

It was observed that the PANI/Ag2 composite shows 
the higher specific capacitance than the other composites. 
The plot of specific capacitance vs. cycle number for PANI 
and PANI/Ag2 composite is shown in Fig. 6d. In order to 
evaluate the durability of cycle life, the charge–discharge 
test was continued to 1000 cycles at 1 A g−1 current den-
sity for each of the PANI and PANI/Ag2 composite respec-
tively, showing specific capacitance retention of 81 and 
90% of initial specific capacitance at the end. All the two 

materials exhibited a quick decrease of specific capacitance 
at the initial cycles, which may be due to the degradation 
of some undoped PANI or incompletely formed polymer. 
With increasing cycle number, the variation showed almost 
parallel behaviour to the cycle number axis. The decrease 
of the conductivity resulting form swelling and shrinkage 
of PANI may the principle reason for the lower specific 
capacitance. The higher cyclic stability of the PANI/Ag2 
composite can be attributed to the extraordinary electri-
cal conductivity of the composite electrode due to the for-
mation of the conductive network by the effective doping 
effect in the PANI chains with Ag nanoparticles, which is 
due to the chemical linkage between PANI and Ag nano-
particles [20]. The integration of Ag nanoparticles leads to 
the formation of the network structure of the PANI chains 
and accordingly results in a slow volume expansion during 
charge–discharge. Hence, the long life-cycle stability of the 
PANI/Ag2 composite is a crucial parameter for their practi-
cal supercapacitor applications.

The EIS spectroscopy was performed to evaluate the 
electrode performance of the prepared materials in a par-
ticular electrolyte and the kinetics involved. It gives the 
information about the charge transport behavior of the elec-
trode material at the electrode/electrolyte interface. The 
EIS plot has been represented in terms of a Nyquist plot, 
after fitting with an equivalent electrical circuit and is rep-
resented in Fig. 7e with the circuit shown in Fig. 7 f. The 
semicircle in the Nyquist plot is characteristic of a single 

Fig. 7   Electrochemical performance of the electrodes: a CV curves 
of PANI, PANI/Ag1, PANI/Ag2 and PANI/Ag3 at 10 mV s−1, b GCD 
curves of PANI, PANI/Ag1, PANI/Ag2 and PANI/Ag3 at 1 A g−1, c 

GCD curves of PANI/Ag2 at different current density, d cycling life 
of PANI and PANI/Ag2, e EIS of PANI and PANI/Ag2 with the fitted 
curve and f the equivalent electrical circuit



7776	 J Mater Sci: Mater Electron (2017) 28:7769–7777

1 3

time constant circuit. The diameter of the semicircle gradu-
ally decreases from pure PANI to PANI/Ag2 composite, 
indicating a gradual increase of the available surface area 
with additional active sites for faradaic reactions, and 
fewer obstructions in the electron transfer process. These 
imperfect capacitors are signified by constant phase ele-
ment (CPE). CPE replaces the ideal capacitor and defines 
inhomogeneities of the electrode surface in electrochemi-
cal capacitors. The CPE arises due to the rough electrode 
surface, different dimension of coating, inhomogeneous 
distribution of reaction sites with different activation ener-
gies, non-uniform current distribution due to edge effect 
etc. CPE follow the equation: [42] Z = 1/(j.ω.C)n, where j 
is (−1)1/2, ω is the angular frequency, C is the ideal capaci-
tance and n is an empirical constant (0 ≤ n ≤ 1). When n = 1, 
CPE acts as an ideal capacitor. Moreover, n is an important 
parameter to decide the superiority of an electrode mate-
rial. Generally for the supercapacitor, 0.5 < n < 1, and the 
closer the value of n is to one, the more superior is the elec-
trode material. For PANI to PANI/Ag2, the value of n was 
determined to be 0.75 and 0.83, respectively, also assuring 
the excellent supercapacitive behaviour of PANI/Ag2 com-
posite compared with PANI.

3.8 � Electrical conductivity measurements

The electrical properties of the pure PANI, PANI/Ag1, 
PANI/Ag2 and PANI/Ag3 composites were studied by 
four-probe measurements at room temperature. The electri-
cal conductivity of the composites mainly depends on both 
the oxidation state of PANI and the silver content. The pure 
PANI shows electrical conductivity of 1.3 S cm−1, and the 
PANI/Ag1 and PANI/Ag2 composites show the electrical 
conductivity of 26.5 and 215.8 S cm−1, respectively. With 
the formation of the Ag nanoparticles, the nitrogen atoms 
electron become deficient state, thus enhancing the electri-
cal conductivity [45]. Hence, with the increase in the dop-
ing concentration of Ag, the increase in the electrical con-
ductivity of the PANI/Ag composite may help to enhance 
the specific capacitance. But when Ag content increases, 
the electrical conductivity of PANI/Ag3 composite is 
175.6 S cm−1. It’s all because that there is the decrease in 
active site area of the composite due to the agglomeration 
of Ag nanoparticles on the surface of PANI nanofibers. 
Hence, it leads to the decrement in the electrical conductiv-
ity [46, 47].

4 � Conclusion

In summary, the polymeric supercapacitor material PANI/
Ag composite has successfully been prepared by a simple 
and inexpensive technique, thus requiring less time for 

reducing silver nitrate and increasing the silver content 
in the PANI complexes. It achieved the highest specific 
capacitance of 553 F g−1 at 1 A g−1, and demonstrated the 
good rate capability and excellent long-term cyclic stabil-
ity because of the uniform coating of Ag nanoparticles 
on the surface of PANI nanofibers. Compared with the 
pure PANI, the PANI/Ag composite showed the enhanced 
electrical conductivity. The typical superior properties 
revealed that the PANI/Ag composite could be used as the 
promising electrode material for the fabrication of better 
supercapacitors.
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