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X-Ray diffraction and X-ray photoelectron spectros-
copy studies, applied on some silicone-silver nano-
composites, revealed the influence of the solvent used
in preparation on the morphology of the resulted mate-
rials. It has been emphasized that dimethylformamide
solvent favors the formation of silver nanoparticles and
their migration at the surface, while water solvent
favors the formation of a homogeneous composite
with small silver nanoparticles. The places occupied by
Ag nanoparticles (some prevent their oxidation and
others that favor the oxidation process) are dependent
on the mixture used in sol-gel technique and have
influence on the nanocomposite electrical conductivity.
The temperature dependence of the electrical conduc-
tivity is investigated. A linear relationship between the
pre-exponential factor (r0) and activation energy (Ea)
was observed, in the high temperature range (T > 315 K),
for all the samples, indicating that the conductivity data
obey Meyer-Neldel rule. POLYM. COMPOS., 32:1751–1756,
2011. ª 2011 Society of Plastics Engineers

INTRODUCTION

Polymer/metal nanocomposites and particularly poly-

mer/silver composites with well-defined dimensions and

structures are of particular interest due to their specific

catalytic, antimicrobial, optical, electronic, and magnetic

properties [1–4].

The sol-gel technique, consisting in hydrolysis and

condensation reactions of the matrix precursor, has

attracted much interest for preparing nanocomposites con-

taining metallic nanoparticles because it can be controlled

at mild and biocompatible conditions [5, 6].

In a previous article [7], we reported the preparation of

silicone-silver composites containing in situ generated sil-

ver nanoparticles.

By using X-ray diffraction (XRD), scanning electron

microscopy, optical spectroscopy, and electron paramag-

netic resonance methods, it was evidenced that dimethyl-

formamide (DMF) solutions and low water contents favor

the formation of silver aggregates on the of upper surface

of the layer and that high water content favors the forma-

tion of a homogeneous composite containing small silver

nanoparticles [7, 8].

It was established that the electrical conductivity of sil-

ver-polymer composites was enhanced by increasing the

silver amount, whereas the flexibility was achieved by

decreasing it [7, 9]. On the other hand, for a composite

with narrower size distribution of conducting fillers or

monosize distribution as an extreme case, less number of

direct contacts between fillers are expected, contributing

to higher composite resistivity.

In our experimental results, there was an uncertainty

concerning the influence of the chemical state of nanopar-

ticles on the nature of the electron transport in nanocom-

posites. To provide a better understanding of temperature-
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dependent conductivity, a more detailed analysis is

needed. On the other hand, there are only few attempts to

explain electrical conduction mechanism in nanocompo-

sites to date [10, 11]. To overcome the lack of studies

explaining the electrical conduction in nanocomposites, it

is necessary to correctly determine kinds of electrical con-

duction mechanism.

To give a rational explanation about the influence of

nature of nanoparticles on the electron transport in sili-

cone-silver composites, XRD and X-ray photoelectron

spectroscopy (XPS) are used to examine the structure and

bonding structure, while Meyer-Neldel rule (MNR) is

used to describe the temperature dependent conductivity.

EXPERIMENTAL

Three composites, C1, C2, and C3 were prepared as al-

ready was described in Ref. 7 by mixing methyltrime-

thoxysilane (MTES), dimethyldiethoxysilane (DMDES),

and 3-aminopropyltriethoxysilane (APTES), after which

silver nitrate was added dissolved either in DMF-water

mixture or in water only in the ratios presented in Table

1. Each of the three prehydrolyzed silanes were intro-

duced to fulfill a certain role. While DMDES is a precur-

sor for highly flexible dimethylsiloxane chain, MTES is a

crosslinker highly compatible with polydimethylsiloxane

and APTES is a particle stabilizer, as it can readily com-

plex to metal through its amine functionality.

The obtained sols were layered on glass substrates and

aged in the laboratory environment when yellowish to

brown films were formed. Layer thicknesses, d, were

determined by mean of a DEKTAK profilometer. Silver

contents (at%) and Ag/Si ratios were evaluated from the

energy dispersive X-ray spectra (EDX), registrated for the

cross section and the upper surface of composite layers,

respectively (VEGA II LSH with EDX - QUANTAX

QX). The determined values are shown in Table 1 [7, 8].

The silver-composite layers were structurally analyzed

by using a Shimadzu LabX XRD-6000 equipment (stand-

ard XRD technique with CuKa radiation, k ¼ 1.5418 Å).

Silver particle sizes, D, were determined from Scherrer’s

equation [7].

Compositional analysis and binding energies of the

film surface was conducted using XPS (XPS SPECS

PHOIBOS 150 MCD, Al Ka source, 1486.6 eV). Charge

referencing was used for all spectra by applying charge

correction to the saturated hydrocarbon C 1s peak at the

binding energy of 284.6 eV. Analysis of the spectra was

performed by using XPSPEAK4.1 fitting program. This

analysis typically involved back-ground subtraction using

the Shirley method followed by nonlinear least squares

fitting to a mixed Gaussian–Lorentzian peak shape.

Although the algorithm used requires the user to define

initial conditions for the fitting procedure, we typically

explored several different curve-fitting procedures to

determine the sensitivity of the results to the fitting proce-

dure, using the results to estimate uncertainty in both

peak position and area.

Electrical properties of silicone-silver composites were

investigated as a function of temperature, in a two-point

probe arrangement, using a Keithley 6517A Electometer.

The electrical conductivities were determined by meas-

uring the volume electrical resistance, under normal air

atmosphere. The MNR is used to describe the high tem-

perature conductivity data of the samples.

RESULTS AND DISCUSSION

The XRD patterns of composites are shown in Fig. 1a.

A broad peak centered at 2y ¼ 238 is observed for all

samples and can be ascribed to weak ordering parallel to

the polymer chain. Sharp XRD peaks corresponding to

(111), (200), (220), and (311) silver planes are evidenced

for sample C1. As expected, the intensity of the Ag dif-

fraction peaks increases significantly with the feed amount

of AgNO3. These results indicate that the Ag (I) complex

ions in the silicone-silver films were reduced to form Ag

metal crystals. All the peaks can be indexed to face-cen-

tered cubic silver belonging to space group Fm3m (no.

225). The silver was preferentially oriented along the

(111) plane. XRD patterns of samples C2 and C3 do not

show sharp XRD peaks in agreement with the previous

results [7]. These results evidence the role of DMF in Ag

(I) complex ion reduction.

A decomposition of (111) XRD peak in two Gaussian

components, I1 and I2 (Fig. 1a) was performed, and the

results are presented in Table 2. Lattice parameters as

determined from (111) XRD peak evidence a linear de-

pendence on the particle radius reciprocal, conform to the

literature [9]. The ratio of intensities of (111) XRD peak

components, I1/I2, is dependent on DMF content in the

reaction medium, decreasing from the value of 2.6 for

sample C1 to the value of 1.4 for sample C2.

To get more information about chemical state of silver

nanoparticles, XPS investigations were performed. Figure

2 shows the wide scan XPS spectra of the upper surface

TABLE 1. The molar composition of the mixtures used for the composites preparation. Silver contents and thickness of composite layers [7].

Sample

Feed molar parts

Ag (at%) Ag/Si surface D (lm)MTES DMDES APTES H2O DMF AgNO3

C1 1 1 1.5 9.5 1.7 1.0 4.80 2.06 36.6

C2 1 1 2.0 11.0 1.8 0.8 3.50 0.20 35.7

C3 1 1 1.5 17.4 – 0.8 3.68 0.21 36.3
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of C1, C2, and C3 silicone-silver composites. The binding

energies of the Si 2p, C 1s, Ag 3d, N 1s, and O1s elec-

tron levels are close to those reported in the literature

[9–12]. Some differences in the intensities of these XPS

peaks are evident. XPS peaks of Ag 3d observed in the

XPS survey of sample C1 are more intense than those

observed in XPS spectra of sample C2 and C3. This result

can be related to the silver nanoparticles migrated at the

film surface, nanoparticles evidenced also by our previous

SEM analysis [7]. The presence of Ag nanoparticles at

the film surface explain also why the XPS peaks of Si 2p

are less intense in comparison with those observed in the

survey spectra of sample C2 and C3.

Two bands are visible in the XPS spectrum of sample

C1 located at about 374.4 and 368.4 eV, corresponding

to the binding energies of 3d3/2 and 3d5/2 of silver,

respectively (Fig. 3a). According to the literature, the

location of the XPS peaks of silver depends on the chemi-

cal state of the silver element and the size of the nanopar-

ticles [12–15]. The size effect is due to the change in

electronic structure that results from changes in the

boundary conditions with changes in size of the nanopar-

ticles. When water is present in the reaction medium,

micellization can occur due to the coexistence of hydro-

phobic dimethylsiloxane moiety and hydrophilic NH2

group leading to the formation and stabilization of the

small particles.

The chemical effect on the binding energy is due to

the adsorption of polymer onto the nanoparticles. Both

these effects are evidenced in the XPS spectra of sample

C2 and C3, not only for Ag 3d but also for O1s and N1s

(Fig. 3b and c, Table 2). As is shown in Scheme 1, both

primary and secondary carbon atoms can be found in the

sample. NH2 group can exist as free or involved in silver

coordination. At the same time, Ag can bind oxygen from

Si-OH groups by either coordination or covalent bonds.

XPS analysis indicates places that prevent Ag nanopar-

ticles from being oxidized and others that favor the oxida-

tion process.

Table 2 shows strong differences in the percentage of

chemical states of Si 2p and C1s at the surface of samples

C2 and C3 which may influence the samples properties.

At room temperature, the electrical conductivity values

of composite layers are: 8.03 3 1027 (O cm)21 (sample

C1), 4.26 3 1027 (O cm)21 (sample C2), and 1.28 3
1026 (O cm)21 (sample C3), respectively. The differences

in electrical conductivity values of samples C2 and C3

correlate well with the XPS results.

FIG. 1. (a) XRD patterns of layered silicone-silver composites; (b)

Decomposition of (111) XRD peak in its Gaussian components.

TABLE 2. XRD and XPS investigation results: lattice parameter, a; particle size, D; binding energy, Eb; percentage of chemical state, %.

XPS binding energy (eV)

(111) XRD C 1s Ag 3d5/2 O 1s N 1s Si 2p

Sample a (nm) D (nm) Eb (eV) % Eb (eV) % Eb (eV) % Eb (eV) % Eb (eV) %

C1 0.4085 16 284.5 96 368.4 100 530.6 74 398.9 100 92.9 100

0.4064 4 287.0 4 532.0 26

C2 0.4082 9 282.5 32 367.7 39 530.5 47 398.0 68 100.5 11

0.4034 3 284.5 68 369.6 59 532.0 53 399.3 32 102.5 81

C3 0.4065 5 282.6 27 367.5 55 530.0 65 397.4 52 100.7 78

284.6 68 369.6 45 532.0 20 399.7 47 102.6 22

286.5 5 533.3 15
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The plots ln (r) vs. 1,000/T corresponding to samples

C1, C2, and C3 are shown in Fig. 4. The conductivity of

the investigated samples increases when the temperature

increases, as would be expected for thermally activated

conduction. In this case, the conductivity (r) is expressed

by the Arrhenius law by following equation,

r ¼ r0exp � Ea

kBT

� �
ð1Þ

where r0 is a pre-exponential factor, Ea is thermal activa-

tion energy, and kB is Boltzmann’s constant. We first con-

sidered a least-square fit using Eq. 1 in whole temperature

range with the result shown in Fig. 4. At high tempera-

tures (T [ 315 K), ln r shows a linear dependence with

1,000/T indicating that transport is dominated by a simple

thermal activation process. On the other hand, there are

deviations of the experimental curves from Eq. 1 in the

low temperature range (T \ 315 K). This suggests that

the electrical conduction in the films is not dominated by

a simple thermal activation process at low temperatures.

We consider that the variable range hopping conduction

mechanism [16] may dominate at low temperatures.

We focus here on high temperature conductivity data

of the samples. From the slopes and intercepts of the

straight lines in Fig. 4, the values of the activation energy

(Ea) and the pre-exponential factor (r0) are calculated for

each sample. The inset in Fig. 4 presents the relationship

between the Ea and the r0. The solid line indicates the

best fit to the experimental data. We can clearly see that

the experimental results can be well described by the

MNR [17]. The MNR proposes a simple correlation

between the Ea and the r0

r0 ¼ r00exp
Ea

EMN

� �
ð2Þ

where r00 and 1/EMN are the MNR prefactor and MNR

slope, respectively [18]. The estimated r00 and EMN are

0.8 (O cm)21 and 44 meV, respectively, which are found

FIG. 2. XPS survey spectra of layered silicone-silver composites.

FIG. 3. Deconvolution of Ag 3d XPS spectra for the layered silicone-

silver composites: (a) C1 (DMF solvent); (b) C2 (DMFþH2O solvent);

and (c) C3 (H2O solvent).
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to be typical for a variety of disordered materials [18].

Substituting Eq. 2 into Eq. 1 yields

r ¼ r00exp
1

EMN

� 1

kBT

� �
Ea

� �
ð3Þ

This gives a single crossing point for the different acti-

vation energies at a temperature (TMN) given by

TMN ¼ EMN

kB
ð4Þ

It is clearly that r becomes independent on activation

energy at this temperature. TMN can be estimated from

Eq. 4 to be 515 K, which is very close to the experimental

value (520 K) from Fig. 4. The MNR and experimental data

are in excellent agreement.

The applicability of the MNR to the conductivity data

of the investigated samples in the high temperature region

can be attributed to the statical shift of Fermi level which

also accounts for the positive curvature of deviation in

the Arrhenius plot of conductivity [19–22]. In this pro-

cess, the conductivity is due to charge carriers at the

mobility edge, so that Ea is the difference between the

mobility edge and the Fermi level. A rather high value of

r00 also indicates that the observation of MNR in our

case can be inferred in terms of the statical shift of the

Fermi level with temperature, by assuming the conduction

band tail with an exponential density of states distribution

[20]. Therefore, we note that the MNR arises from the

statical shift of Fermi level for the investigated samples.

CONCLUSION

Structural and electrical properties of some layered

nanocomposites based on silicone matrix and silver par-

ticles have been investigated using XRD, XPS, and con-

ductivity measurements.

XRD investigation evidenced a face-centered cubic

structure for silver nanoparticles and a linear dependence

of lattice parameter on the particle radius reciprocal. It

was found that the (111) XRD peak can be decomposed

in two Gaussian components with intensities dependent

on DMF content in the reaction medium.

XPS studies indicate the migration of silver to the

upper surface of the layer, when the synthesis mixture

contained silver nitrate dissolved in DMF (sample C1).

When silver nitrate was dissolved in water or in a mixture

of water with DMF (sample C2 and sample C3), the bind-

ing energies are influenced by the effect of nanoparticle

size, as well as by the disposal of Ag nanoparticles in dif-

ferent sites: ones that prevent and others that favor the

oxidation process. Differences in the percentage of chemi-

cal states of Si 2p and C1s at the layer upper surface

were also evidenced.

The room temperature electrical conductivity values

and the temperature dependence of the electrical conduc-

tivity are dependent on the nanocomposite structure and

homogeneity.

We found that the MNR can be applied to high tem-

perature conductivity data of silicone-silver composites.

We obtained that there is a strong correlation between the

pre-exponential factor (r0) and activation energy (Ea).

The origin of the MNR was attributed to the statical shift

of Fermi level.
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FIG. 4. Temperature dependence of the electrical conductivity plotted

as ln (r) vs. 1,000/T for the samples. Solid lines are the best-fit lines

with Eq. 1. The inset of Fig. 4 represents the relationship between the

pre-exponential factor (r0) and activation energy (Ea) at different stages

of the preparing process. Solid line is the best-fit line with Eq. 2.

SCHEME 1. Possible locations of silver in silicone matrix.
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