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Effect of Silica Nanoparticle Content
on the Structure and Electrostatic Bonding

of PEDOT:PSS
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Conducting poly(3,4-ethylenedioxythiophene):poly(styrene-4-sulfonate) (PEDOT:PSS)
containing hydroxyl surface rich SiO2 nanoparticles were investigated. Rearrangement
and bonding of PEDOT:PSS were affected by the content of SiO2 nanoparticles, which
resulted in the modification of an electronic band structure and electrical characteristics.
A slight decrease in work function and a shift of the highly occupied molecular orbital
edge to the Fermi level were induced by SiO2 nanoparticle addition. The current path was
also tuned by SiO2 nanoparticles and resistance of the composite film was diminished.
SiO2 nanoparticles affect electrostatic bonding between PEDOT:PSS and doping of
PEDOT as well as increase the packing density of PEDOT:PSS.

Keywords PEDOT:PSS; SiO2 nanoparticle; hydroxyl; electrostatic bond; packing
density

I. Introduction

Nanocomposites of conjugated polymers and inorganic particles have received much atten-
tion. Conjugated polymers have great advantages due to their high electrical conductivity
and redox properties, and extensive applications ranging from batteries to light emitting
devices have been realized [1–4]. Many inorganic particles have been encapsulated in
conjugated polymers. Such nanocomposites show various interesting characteristics, par-
ticularly in the study of dielectric properties, energy storage, catalytic activity, and magnetic
susceptibility [5–7]. Composites of metal nanoparticles and conjugated polymers are useful
for several applications, and incorporation of metal nanoparticles enhances the conductivity
of polymers. The electronic structure of the polymer chain strongly influences the charac-
teristics of embedded metal nanoparticles. Nanoscale metal particles have been studied for
use as advanced materials with improved electronic, magnetic, optic, and thermal proper-
ties as well as catalytic properties [8–10]. These potentialities are due to a high specific
surface area and the quantum size effect, which is derived from the dramatic reduction of
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the number of free electrons in particles in the range of 1–10 nm [11]. Needless to say, an
accurate control of the particle size is the vital to the investigation of those novel physical
and chemical properties.

Several works on SiO2/conjugated polymers have been reported indicating that the
conjugation length of the polymer increases with increased nanoparticles concentration.
Several factors can influence the charge injection into the polymer and polymer move-
ment inside the composites: the morphology of the contact between the film and the
electrode, the dielectric and chemical properties of the particles, and the rupture of the
polymer chain. In this work, we report the role of SiO2 nanoparticles on the properties
of poly(3,4-ethylenedioxythiophene):poly(styrene-4-sulfonate) (PEDOT:PSS) considering
their electrically insulating nature and the effect of surface hydroxyl groups.

II. Experimental Procedures

SiO2 nanoparticles were purchased from Degussa and dispersed in isopropyl alcohol (IPA)
for blending with an aqueous solution of PEDOT:PSS (Baytron AI 4083 from HC Stark).
The dispersed SiO2 nanoparticles in IPA were added in an aqueous solution of PEDOT:PSS
and then the blending solution was agitated by ultrasonication during 5 min and vigorous
stirring was conducted for 24 hrs in order to distribute SiO2 nanoparticles uniformly
in PEDOT:PSS matrix in nitrogen atmosphere at room temperature. SiO2/PEDOT:PSS
nanocomposite films were prepared by spin casting at 500 revolution per minute in nitrogen
atmosphere. The films were annealed for 15 min stepwise at each temperature of 80, 100,
and 230◦C under nitrogen atmosphere. The final thickness of the nanocomposite films was
measured to be around 100 nm by using a stylus profilometer.

Atomic force microscopy (AFM) images were obtained using a NanoScope IIIa Di-
mension 3100 with tapping mode. To examine the chemical bonding states and electronic
structure of SiO2/PEDOT:PSS nanocomposite films, synchrotron radiation photoemission
spectroscopy (SRPES), C 1s and O 1s K-edge near edge X-ray absorption fine structure

Figure 1. Sheet resistance of PEDOT:PSS films with various contents of SiO2 NPs.
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Figure 2. AFM height images of PEDOT:PSS composite films doped with SiO2 NPs of (a) 1 wt%
and (b) 5 wt%.

(NEXAFS), and ultra-violet photoelectron spectroscopy (UPS) measurements were carried
out using the 4B1 beam line at the Pohang Accelerator Laboratory (PAL). An incident pho-
ton energy of 650 eV was used to obtain PES spectra and was calibrated with the core level
spectrum of Au 4f. For the UPS, an energy of He I (hυ = 21.2 eV) was used. Current-voltage
curves were obtained using Agilent Technology E5270B without a visible ray.

III. Results And Discussion

Sheet resistance of PEDOT:PSS/SiO2 nanocomposite films as a function of the content of
SiO2 nanoparticles is plotted in Fig. 1. We used 7–8 nm sized commercial SiO2 nanopar-
ticles. PEDOT:PSS/SiO2 nanocomposites have a lower sheet resistance at 5 wt% addition
than pristine PEDOT:PSS; further addition increased resistance. From these results, it
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Figure 3. C 1s NEXAFS spectra of PEDOT:PSS films with various content of SiO2 NPs.

can be inferred that insulating SiO2 NPs decreases film resistance at moderate loadings by
shortening the conductive charge path or by inducing other PEDOT:PSS structural changes.

Surface morphologies of SiO2 NP doped PEDOT:PSS films were studied by AFM. A
relatively rough surface is shown in the topographic images (2 µm × 2 µm) of Fig. 2, with
the rms roughness of (a) 1.081 nm and (b) 2.040 nm for 1 and 5 wt% SiO2 nanoparticles
content, respectively. From these observations, it is clear that SiO2 NPs in the spun coated
films were slightly agglomerated, but were otherwise well dispersed over a wide area. The
presence of doped silver NPs could be easily identified as bright spots in the height images.
In any case, surface roughness was increased and larger particles were observed in the AFM
observations with increasing SiO2 NPs content.

In Fig. 3, C 1s NEXAFS spectra showed a sharp C1s-π∗ resonance at an absorption
edge of 285.3 eV. The relative intensity change of π∗ to σ ∗ resonance slightly increased
through SiO2 NPs addition. This corresponds to a slight increase in packing density of
PEDOT from increased ordering and π -conjugation of PEDOT:PSS, which is induced
from the hydrogen bonding between PEDOT chains and SiO2 NPs, and a shortening of
chain length by the steric effect.

The dependence of the work function and valence band spectra of PEDOT:PSS/SiO2

with various SiO2 NP contents are shown in Figs. 4 and 5. The work function decreased
from an initial value of pristine PEDOT:PSS, 5.2 eV to about 5.1 eV with incorporation of
1 wt% SiO2 NPs, and to 4.9 eV for 5 wt% addition. This lowering of the work function in
the composite film was induced by an inhibition of electrostatic bonding between PEDOT
and PSS from the presence of agglomerated SiO2 NPs, which causes a weak doping state
in PEDOT due to coulombic bond formation with SiO2 NPs.

In the valence band spectra of Fig. 5, it is shown that there is little change in the valence
band structure with SiO2 NPs content. This can also be ascribed to the weak doping effect
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Figure 4. Secondary electron emission spectra of SiO2 NPs incorporated PEDOT:PSS films.

Figure 5. Valence band spectra of SiO2 NPs incorporated PEDOT:PSS films.
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Figure 6. Current-voltage characteristic curves of the PEDOT:PSS film and nanocomposite films of
PEDOT:PSS and SiO2 NPs with structure of Au/PEDOT:PSS(SiO2)/p-Si.

and coulombic force between SiO2 NPs and PEDOT:PSS. A closer look near the region
of 17 eV, as given in an inset, shows the highly occupied molecular orbital (HOMO) edge
slightly shift to the Fermi energy level, which can be caused by electron localization on
SiO2 NPs from PEDOT by electrostatic bond formation.

Current-voltage curves in Fig. 6, showed an increase in film conductivity with SiO2

NPs content. In the case of 5 wt% SiO2 NPs in PEDOT:PSS, the lowest film resistance was
observed and 1 and 10 wt% added films showed somewhat good conduction characteristic
and similar conductivity behavior with applied voltage. However, in the 20% added sample,
current flow was similar to the pristine PEDOT:PSS due to a scarce current path. So, SiO2

NPs can enhance the conductivity of PEDOT:PSS when they are added below 10 wt%. This
current-voltage result is well matched with the sheet resistance result, as given in Fig. 1.

IV. Conclusions

In this study, the role of SiO2 NPs in PEDOT:PSS thin films were investigated and their
steric effect and surface hydroxyl bonds were found to be important to the surface mor-
phology, electron band structure, and electrical conductivity of PEDOT:PSS nanocomposite
films. Relatively rough surface morphologies were observed by inclusion of SiO2 NPs. An
enhancement in the compact density and alignment of chain structure was induced by SiO2

NPs addition and this was confirmed by C 1s NEXAFS measurements. A slight reduction
in work function and a HOMO edge shift to the Fermi energy level were also induced
from the steric effect of SiO2 NPs and the weak doping of PEDOT by hydroxyl groups
on the surface of SiO2 NPs. Moreover, increased electrical conductivity was obtained with
moderate SiO2 NPs content, resulting from a reduced conducting path.
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