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Abstract: Ag nanoparticles were sputter-deposited on ammonium persulfate ((NH4)2S2O8) powder to obtain (NH4)2S2O8Ag powder, which 
was used to synthesize the HCl-doped polyanilineAg (HClPANIAg) composite via a polymerization procedure. The Ag nanoparticles 
were dispersed in the HClPANI matrix, and their sizes mainly ranged from 3 to 6 nm. The Ag nanoparticles did not affect the structure of 
emeraldine salt in the composite, and they increased the ordered crystalline regions in the HClPANI matrix. The HClPANIAg composite 
had a conductivity of (6.8 ± 0.1) S/cm, which is about four times larger than that of the HClPANI. The charge transport mechanism in the 
composite is explained by the three-dimensional Mott variable-range hopping (3D-Mott-VRH). 
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1. Introduction 

Composites with polyaniline (PANI) and Ag nanopar-
ticles have attracted scientific interests because of their po-
tential applications. Syntheses of the PANI–Ag composites 
have been achieved by chemical methods, in which the Ag 
nanoparticles were prepared by silver nitrate (AgNO3) solu-
tions. Khanna et al. [1] prepared PANI–Ag nanocomposites 
by reducing Ag salt in aniline. Kang et al. [2] used polyvi-
nylpyrrodione-stabilized and aniline-stabilized Ag colloids 
to synthesize PANI–Ag nanocomposites. Oliveira et al. [3] 
used dodecanethiol-stabilized Ag nanoparticles to obtain 
PANI–Ag nanocomposites by a two-phase water/toluene 
interfacial reaction. Jing et al. [4] synthesized PANI–Ag 
nanocomposites via a chemical oxidation polymeriza-
tion of aniline based on a mercaptocarboxylic ac-
id-capped Ag nanoparticle colloid. Lee et al. [5] syn-
thesized PANI–Ag composite particles via a two-step 
reaction process comprising PANI reduction by the subs-
titution of 3-mercapto-1,2-propanediol (MPD) and a redox 
reaction between AgNO3 and MPD-substituted PANI. Bou-
azza et al. [6] prepared a PANI–Ag composite by reducing 
Ag ions with PANI in AgNO3 aqueous solution. Stejskal’s 

group [7–12] carried out a series of detailed studies on the 
synthesis of the PANI–Ag nanocomposites, which include 
(1) aniline oxidation with AgNO3 in solutions of nitric acid, 
(2) AgNO3 reduction with various PANI salts, (3) aniline 
oxidation with AgNO3 in sulfonic acids solutions, (4) aniline 
oxidation with mixed oxidants, AgNO3, and ammonium pe-
roxydisulfate, (5) aniline oxidation with Ag ions and the re-
duction of Ag ions with PANI. Roussel et al. [13] used 
AgNO3 to chemically synthesize PANI–Ag composites hav-
ing a silver volume fraction of 2% to 34%. Huang et al. [14] 
used different oxidation states of PANI and AgNO3 to pre-
pare PANI–Ag composites by a one-step synthesis method. 
Besides, we sputter-deposited Ni and Fe nanoparticles on 
HCl-doped PANI (HCl–PANI) pellets. Then, these pellets 
were mechanically milled to obtain HCl–PANI–Ni and 
HCl–PANI–Fe composites [15–16]. The sputter-deposition 
is a physical preparation method; thus, studies are being car-
ried out to determine the possibility of sputter-depositing Ag 
nanoparticles on solid chemicals to synthesize HCl–PANI–Ag 
composites, which is of great scientific and practical signi-
ficance. Therefore, in this study, Ag nanoparticles were de-
posited on ammonium persulfate ((NH4)2S2O8) powder by 
direct-current sputtering. Then the (NH4)2S2O8–Ag powder 
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was used to synthesize HCl–PANI–Ag composite via a po-
lymerization procedure. The structural properties of the 
composites were analyzed using transmission electron mi-
croscopy (TEM), X-ray diffraction (XRD), and Fourier 
transform infrared spectroscopy (FT-IR). The composite 
conductivity is measured by a four-point probe technique, 
and the temperature dependence of the conductivity is 
measured from 100 to 290 K.  

2. Experimental 

Analytically pure reagents and chemicals were purchased 
from Beijing Chemical Works. The aniline was doubly dis-
tilled under reduced pressure and stored at 4°C. Ag nanopar-
ticles were deposited on (NH4)2S2O8 powder at room tem-
perature by an SBC-12 sputtering system (KYKY Technol-
ogy Co., Ltd.) [17–18]. The Ag target had a diameter of 60 
mm and purity of 99.99%. The (NH4)2S2O8 powder weighed 
4.929 g. It was evenly divided into four sets, and every part 
was sputter-coated with Ag nanoparticles to obtain an 
(NH4)2S2O8–Ag powder. Each set of the (NH4)2S2O8 powder 
was evenly spread in a tray (2 cm × 4 cm) and placed in a 
sputter-deposition chamber. The distance between the target 
and the tray was 40 mm. Prior to deposition, the chamber 
was evacuated to 2 Pa for 2 min by a rotary pump. The 
sputtering conditions were an Ar gas (99.9995% pure) pres-
sure of 4 Pa, a voltage of 1000 V, and a current of 6 mA. 
The Ag deposition rate was 13 nm/min, and the total deposi-
tion time was 60 s. To maintain a room-temperature deposi-
tion of Ag, the 60-s deposition was divided into six stages, 
where the deposition time of each stage was 10 s, and there 
was an interval of 15 s between two subsequent depositions. 
The Ag nanoparticles had a bulk density of 10.53 g/cm3, and 
the Ag content in the (NH4)2S2O8–Ag powder was about 
0.009wt%. 

By substituting the pure (NH4)2S2O8 powder with 
(NH4)2S2O8–Ag powder, HCl–PANI–Ag composite was 
synthesized via the well-established polymerization proce-
dure [15–16,19]. The raw HCl–PANI–Ag powder consisted 
of some small agglomerate particles; therefore, it was me-
chanically milled at the constant speed in an agate mortar 
for 30 min in ambient conditions to obtain a fine and uni-
form HCl–PANI–Ag composite powder. For comparison, 
pure HCl–PANI was also synthesized by the same proce-
dure. 

The structure of the Ag nanoparticles in the composite 
was observed using TEM (F20, Philips), and the structures 
of the composite and HCl–PANI were analyzed by XRD 
(Rigaku) under the standard θ–2θ scan using Cu Kα radia-

tion (wavelength λ = 0.15406 nm). The molecular structures 
of the composite and HCl–PANI were analyzed by FT-IR 
(Nexus). The HCl–PANI–Ag composite and HCl–PANI 
powders were pressed at the same pressure into pellets with 
a thickness of 0.5 mm and diameter of 13 mm. The 
room-temperature resistances R of the pellets were meas-
ured by the four-point probe technique. The conductivity σ 
of the pellet is given by the following equation [15–16]: 

1

3.31 R d
 

 
 (1) 

where 3.31 × R is the sheet resistance, and d is the pellet 
thickness measured by a micrometer. The room-temperature 
conductivities of three HCl–PANI–Ag pellets and three 
HCl–PANI pellets were measured, and the average was 
taken as the final conductivity. The conductivities of 
HCl–PANI–Ag composite and HCl–PANI were measured 
within 100–290 K using the CFM-5T-H3-CFVTI-1.6K-24.5 
system (Cryogenic). 

3. Results and discussion 

Fig. 1 shows a TEM microphotograph and high-resolution 
TEM (HRTEM) images of the HCl–PANI–Ag composite.  

 

Fig. 1.  TEM (a) and HRTEM (b, c) microphotographs of the 
HCl-PANI-Ag composite. 
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Ag nanoparticles, including aggregates, were present in the 
composite (Fig. 1(a)). According to the HRTEM images 
(Figs. 1(b) and 1(c)), the Ag (200) and Ag (111) plane spac-
ings were calculated to be (0.209 ± 0.002) nm and (0.238 ± 
0.001) nm, respectively. On the basis of the Ag (200) and Ag 
(111) plane spacings, the average lattice constant of Ag na-
noparticles was (0.414 ± 0.002) nm, which is a little larger 
than that of the bulk Ag (0.4086 nm). It is considered that 
some impurity atoms such as C, N, and O were present in 
the Ag nanoparticles when they were sputter-deposited on 
the (NH4)2S2O8 powder. Furthermore, the grain boundary 
between the Ag nanoparticles was narrow. A distribution of 
the Ag nanoparticle size in the composite can be obtained 
from Fig. 1(a). Fig. 2 shows the Ag nanoparticle size distri-
bution, which was narrow and mainly ranged from 3 to 6 
nm. 

 

Fig. 2.  Ag nanoparticle size distribution in the HCl–PANI–Ag 
composite. 

The XRD patterns of the HCl–PANI and the 
HCl–PANI–Ag composite (Fig. 3) show that they had an 
emeraldine salt structure (ES-I) [20–21]. The Ag nanopar-
ticles did not affect the emeraldine salt structure in the 
composite. Furthermore, the Ag diffraction peaks cannot be 
observed because the amount of Ag nanoparticles was too 
small to be detected by XRD. However, the diffraction 

peaks of the HCl–PANI–Ag composite were stronger than 
those of the HCl–PANI. This indicates that the polymer 
chains in the composite were more ordered than those in the 
HCl–PANI; i.e., the composite had more ordered crystalline 
regions than the HCl–PANI. The presence of Ag nanopar-
ticles between polymer chains promotes the separation of 
chains and improves inter-chain stacking; therefore, the Ag 
nanoparticles enhanced the ordered alignment of the chains. 
The diffraction peak at about 25° corresponded to the 
d-spacing, which is related to the distance between the 
phenyl rings of adjacent chains, i.e., the periodicity perpen-
dicular to the polymer chains [21–22]. The d-spacing of the 
HCl–PANI–Ag composite (0.354 nm) was slightly larger 
than that of the HCl–PANI (0.349 nm). This suggests that 
Ag nanoparticles existed between the polymer chains.  

 

Fig. 3.  XRD patterns of the HCl–PANI and the HCl–PANI–Ag 
composite. 

The FT-IR spectra of the HCl–PANI and the 
HCl–PANI–Ag composite (Fig. 4) show that the two sam-
ples had the same absorption peak positions. The peaks at 
1572 and 1468 cm−1 are related to the presence of a quinone 
structure and benzene ring stretching [23–24]; therefore, the 
aromatic structure of PANI was retained in the HCl–PANI–Ag 
composite. Furthermore, the peak intensity ratio between the 
1572 and 1468 cm−1 peaks for the two samples was the  

 

Fig. 4.  FT-IR spectra of the HCl–PANI (a) and the HCl–PANI–Ag composite (b). 
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same, which indicates that the Ag nanoparticles did not 
change the oxidation state of PANI [23]. The HCl–PANI–Ag 
composite had a lower infrared transmittance compared with 
the HCl–PANI; this is attributed to scattering of the infrared 
light waves by the Ag nanoparticles in the composite. 

The relationship between voltage V and current I for the 
HCl–PANI pellet and the HCl–PANI–Ag composite pellet 
(Fig. 5) reveals that the voltage linearly increased with cur-
rent, indicating that the two samples exhibit ohmic characte-
ristics. The slope of the straight line in Fig. 5 gives the re-
sistance R of the pellet. The conductivities of the HCl–PANI 
and the HCl–PANI–Ag composite were calculated in terms 
of Eq. (1), where the former was (1.4 ± 0.1) S/cm and the 
latter was (6.8 ± 0.1) S/cm. The conductivity of the 
HCl–PANI–Ag composite was about four times larger than 
that of the HCl–PANI. In the composite, the Ag nanopar-
ticles were dispersed in the HCl–PANI matrix. The content 
of Ag nanoparticles was little and did not reach the percola-
tion threshold in the HCl–PANI matrix [10]. Therefore, the 
increase of conductivity for the composite is attributed to the 
Ag conductive junction between the HCl–PANI agglome-
rates [25] or between polymer chains and the electronic 
tunneling through the Ag nanoparticles [26]. Furthermore, 

the increase of the ordered crystalline region in the 
HCl–PANI–Ag composite can also lead to its higher con-
ductivity compared to the HCl–PANI [27]. 

 
Fig. 5.  Relationship between voltage V and current I for the 
HCl–PANI and the HCl–PANI–Ag composite. 

Fig. 6 shows a temperature (T) dependence of the con-
ductivity (σ) for the HCl–PANI and the HCl–PANI–Ag 
composite. For both samples, the conductivity increased 
with temperature (Fig. 6(a)). In the three-dimensional Mott 
variable-range-hopping (3D-Mott-VRH) model, a tempera-
ture T dependence of conductivity σ is given by [15–16,28] 

1

40
0 exp 

 
       

T

T
 (2) 

 

Fig. 6.  Temperature (T) dependence of the conductivity (σ) for the HCl–PANI and the HCl–PANI–Ag composite: (a) σ versus T; (b) 
lnσ versus T–1/4. 

where T0 is the Mott characteristic temperature, and σ0 is the 
conductivity at T = ∞. T0 is given by [29–30] 

0 3
F

18.1

( )
T

k N E L


 
 (3) 

where k is the Boltzmann constant, N(EF) is the density of 
the localized states at Fermi level, and L is the localization 
length of the wave function in the localized state. The hop-
ping distance Rhop and hopping energy Whop are expressed as 
Eqs. (4) and (5), respectively [29–30]. 
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3
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
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W

N E R
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The temperature dependences of the HCl–PANI and the 
HCl–PANI–Ag composite conductivities, plotted as lnσ 
versus T −1/4 (Fig. 6(b)), show that the two samples exhibited 
a good linear dependence in 100–290 K. The linear correla-
tion coefficient was better than 0.9995, indicating that the 
3D-Mott-VRH model can be used to explain the carrier 
transport mechanism in the HCl–PANI and the 
HCl–PANI–Ag composite. The T0 value was obtained by 
the slope of the fitted line in Fig. 6(b), and L was assumed to 
be 0.3 nm, i.e., the width of aniline monomer unit [29–30]. 
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Using Eq. (3), N(EF) was calculated. Then, using Eqs. (4) 
and (5), Rhop and Whop at room temperature (300 K) were 
obtained, respectively. The values of T0, N(EF), Rhop, and 
Whop are summarized in Table 1. The HCl–PANI–Ag compo-
site had a larger localized state density, shorter hopping dis-
tance, and lower hopping energy than the HCl–PANI (Table 
1). The HCl–PANI consists of ordered conductive crystalline 
regions and disordered non-conductive amorphous regions, 
and the conductive crystalline region is surrounded by the 
non-conductive amorphous region. The electronic wave func-
tion is localized in the ordered crystalline region by the dis-

ordered amorphous region. The hopping conduction is 
caused by electron hopping from one crystalline region 
(localized state) to other crystalline region [27]. The Ag 
nanoparticles increased the ordered crystalline regions, as 
shown by the XRD results. Thus, the HCl–PANI–Ag com-
posite had a larger localized state density, a shorter hopping 
distance, and a lower hopping energy compared with the 
HCl–PANI, indicating that the composite had larger carrier 
concentration and easier carrier migration compared with the 
HCl–PANI. Therefore, the conductivity of the HCl–PANI–Ag 
composite was larger than that of the HCl–PANI. 

Table 1.  Mott characteristic temperatures (T0), localized state densities (N(EF)), hopping distances (Rhop), and hopping energies 
(Whop) of the HCl–PANI–Ag composite and HCl–PANI 

Sample T0 / (106 K) N(EF) / (1021 eV−1cm−3) Rhop / nm Whop / meV 

HCl–PANI–Ag 2.94 2.65 1.1 64 

HCl–PANI 6.58 1.18 1.4 79 

 
4. Conclusion 

Ag nanoparticles were sputter-deposited on (NH4)2S2O8 
powders, and the obtained (NH4)2S2O8–Ag powder was 
used to synthesize the HCl–PANI–Ag composite via a po-
lymerization procedure. The Ag nanoparticles were dis-
persed in the HCl–PANI matrix. Their sizes mainly ranged 
from 3 to 6 nm, and they did not affect the emeraldine salt 
structure in the composite. The Ag nanoparticles increased 
the ordered crystalline regions in the HCl–PANI matrix. The 
conductivity of the HCl–PANI–Ag composite was about 
four times larger than that of the HCl–PANI. The charge 
transport mechanism in the composite was explained by the 
3D-Mott-VRH model. 
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