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ABSTRACT: The processability of organic thermoelectric materi-
als plays a crucial role due to their clear advantages of applicability
in large-scale areas compared to traditional inorganic counterparts.
A promising way to process thermoelectric materials based on
conductive polymers is through in situ polymerization in an
insulating polymer matrix. This work shows an interpenetrating
polymeric network based on polythiophene, silver nanoparticles
(Ag NPs), and poly(methyl methacrylate) (PMMA) produced by the oxidative polymerization of terthiophene by an oxidizing silver
salt in a PMMA matrix. Ag NPs are in situ synthesized simultaneously as a byproduct. The reaction occurs very fast in the solid state,
and after only 1 min, a homogeneous interpenetrating polymer network (IPN) film is obtained, reaching electrical conductivity
values of 120 S cm−1. Ag NPs play a determining role in the conducting properties of the IPN. Moreover, the thermoelectric
properties were evaluated as a function of the synthesis parameters, reaching a maximum power factor of 51 μW m−1 K−2. This study
shows a promising method to enhance the processability of hybrid thermoelectric materials on the basis of conductive polymers and
nanofillers.
KEYWORDS: in situ synthesis, conducting polymer, silver nanoparticles, thermoelectric materials, thin films

■ INTRODUCTION
The effects of climate change have forced us to reduce our
society’s carbon footprint, increasing the environmental
awareness of the population. There is no doubt that sustainable
energy development is one of the biggest challenges in the
world due to the ever-increasing energy demands to power
everyday devices. Therefore, renewable energy sources and
optimizing the efficiency during energy conversion processes
are crucial for reducing the environmental impact of powering
modern society. One way to maximize energy efficiency is
through the electrical energy conversion of waste heat because
more than 60% of global energy is lost as heat.1 Thermoelectric
materials generate an electrical potential from a temperature
gradient through the Seebeck effect. Therefore, thermoelectric
materials represent a direct way to harvest electricity in a safe,
clean, and environmentally friendly manner.2,3 The thermo-
electric efficiency of a material is given by the dimensionless
figure of merit, which is defined as

=ZT
S

T
2

(1)

where S is the Seebeck coefficient of the thermoelectric
material, σ and κ are the electrical and thermal conductivities,
respectively, and T is the absolute temperature. To understand
the dependence of thermoelectric efficiency with the
parameters of eq 1, it is essential to highlight that S and σ
depend on the electronic structure of each material. The

thermal conductivity (κ) has two components, the contribu-
tion from charge carriers (κe) and lattice (κL), and,
consequently, depends on the electronic structure and lattice
dispersion relations (phonons).4ZT is used to compare
materials with different thermal conductivities. However, to
compare materials with similar thermal conductivities, the
power factor (PF = S2σ) is typically used.5 Currently,
thermoelectric applications are dominated by inorganic
materials based on metallic alloys, such as Bi2Te3, Sb2Te3,
PbTe, and SiGe, with ZT values around 2.6.6−9 However, these
inorganic materials present several environmental problems
since they are mostly toxic and scarce, have a high production
cost, and are difficult to process. Looking at this scenario, the
thermoelectric community is looking for more sustainable
alternatives that can overcome the mentioned drawbacks.10

Organic semiconductors such as conducting polymers
represent an excellent alternative to traditional thermoelectric
materials since they have low thermal conductivity and can
achieve high electrical conductivity. Moreover, they are cost-
competitive, lightweight, flexible, easy to produce, and large-
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area processable.11−15 Conducting polymers, in particular
PEDOT (poly(3,4-ethylenedioxythiophene) doped with poly-
styrene sulfonic acid (PEDOT:PSS) is one of the most
important conducting polymers because of its high electrical
conductivity (800−2200 S cm−1), relatively high Seebeck
coefficient (18−80 μV K−1), and low thermal conductivity
(0.17−0.52 W m−1 K−1).16,17 Generally, conducting polymers
are synthesized by wet chemistry methods, requiring time-
consuming multistep procedures (i.e., synthesis, purification,
and doping). Numerous research lines have been opened to
improve their properties.18−21 An exciting approach to modify
the behavior of conducting polymers is by blending with other
polymers to combine their properties to meet the needs of a
given application. Typically, conducting polymers are blended
with other polymers to tune the properties of the resulting film
to satisfy the requirements of the final application.22−24 These
polymer blends can be prepared, for example, by spin-coating a
solution of two polymers in a common solvent. This procedure
is a straightforward method to approach new multicomponent
functional materials. However, polymer blends generally lead
to highly heterogeneous thin films with poor conductivity and
optical and mechanical properties because of the propensity of
polymers to phase-separate.23,25

In contrast, the in situ synthesis approach, where the
conducting polymer is synthesized inside another polymer
(used as a matrix), is a very promising strategy for combining
the properties of both polymers. This multicomponent
material is known as an interpenetrating polymer network
(IPN).26,27 Previous works reported a straightforward method
to synthesize in situ polythiophenes into different host
polymers through thermal annealing after spin-coating.28,29

The resulting conducting polymer is, thus, entirely embedded
into the host polymer when the polymerization takes place. As
a result, homogeneous conducting polymer films are generated
in a one step process. Furthermore, this approach allows one to
combine the electrical properties of the in situ synthesized
conducting polymer with the excellent film-forming properties
of the host polymer.

Recently, we reported on the thermoelectric properties of
PT-PMMA IPN thin film.30 This synthetic approach allows the
modification of the thermoelectric properties through the
control of the polymerization process and the doping degree
varying the oxidant salt/monomer molar ratio, showing
electrical conductivities up to 20 S cm−1 and Seebeck
coefficient of 110 μV K−1. However, these films showed low
PFs (18 μW m−1 K−2).30 A common approach to improve
thermoelectric properties is using conducting polymers with
nanostructured materials (carbon nanotubes, SnS, and Te, ...)
to form a hybrid nanocomposite which produces an enhance-
ment of the PF.22−24,31−37 Despite the recent progress on
increasing ZT in conducting polymers and their nano-
composites, further research is still needed to improve their
efficiency to compete with traditional thermoelectric materials.
Moreover, the synthesis and coating of hybrid nanocomposites
remain challenging to obtain optimal thin films with enhanced
thermoelectric properties. Therefore, the development of
straightforward and low-cost synthetic routes is crucial for
synthesizing hybrid thermoelectric materials for large-area
fabrication of high-performance thermoelectric devices.

In this work, we report for the first time the simultaneous in
situ synthesis of polythiophene (PT) and silver nanoparticles
(Ag NPs) embedded in a PMMA matrix to form an IPN
conducting polymer. The reaction is very fast and is carried out

in a solid state during the thermal annealing after spin-coating.
AgClO4 is used as an oxidant for the oxidative polymerization
of terthiophene (3T) and as a precursor of Ag NPs. The
presence of Ag NPs significantly improves the electrical
properties of the resulting IPN film. A complete understanding
of the polymerization process of the 3T and the in situ
synthesis of Ag NPs within the PMMA matrix is provided to
optimize the conducting and thermoelectric properties. This
approach allows us to design hybrid nanocomposite materials
with high flexibility in terms of compositions and morphology
and the possibility of optimizing and tuning the TE properties
of the final film. In addition, the complete procedure is
industrially scalable for large-area printing, representing a good
opportunity for the thermoelectric industry to produce the
next generation of TE materials and devices with a reduced
cost.

■ EXPERIMENTAL SECTION
Materials. Terthiophene (3T, 99% purity), silver perchlorate, (1-

methoxy-2-propyl) acetate (MPA), and poly(methyl methacrylate)
(PMMA; average MW ∼ 996000) were purchased from Aldrich and
used without further purification.

Synthesis of Ag-PT-PMMA Films. IPN films were prepared by
the in situ polymerization of terthiophene (3T) by AgClO4 inside the
PMMA matrix. PMMA was used as a host polymer matrix because it
can be easily processed into thin films utilizing different solvents by
different deposition techniques. The polymerization of 3T results in
polythiophene (PT) that provides electrical conductivity. Different
amounts of 3T were dissolved in a solution of 4 wt % PMMA in MPA.
Then, a specific amount of oxidant salt solution in MPA is added to
obtain several Ag(I):3T molar ratios. The resulting solution is then
spin-coated at 1800 rpm for 30 s onto a glass slide and a Si wafer slide
for XPS and XRD measurements. The film was baked at different
times at 160 °C. The thickness of the films was in the range of 75 and
125 nm, depending on the experimental conditions.

Characterization. The in situ polymerization of 3T was
monitored by UV−vis−near-IR (UV−vis−NIR) spectroscopy using
a JASCO V-770. Film thickness was measured by profilometry
(Dektak 150 from Veeco). The film morphology was characterized by
transmission electron microscopy (TEM) using a HITACHI HT7800
apparatus with 120 kV of high contrast, incorporating a CMOS
EMSIS XAROSA digital camera of 20 Mpx.

The electric potential difference was measured with an Agilent
34401A multimeter, whereas the temperature difference was recorded
with a Pt100 resistor connected to a Lakeshore 340 temperature
controller. Four contacts were coated with silver paint on the film
surface for electrical characterization. The electrical conductivity was
measured with a Keithley 2400 source meter by using the Van der
Pauw equation:38

+ =e e 1dR dR1 2 (2)

where d is the thickness of the film, R1 and R2 are the electrical
resistances along a vertical and horizontal edge, respectively, and σ is
the electrical conductivity. The Seebeck coefficient was determined
using a homemade apparatus composed of a Lakeshore 340
temperature controller and a Keithley 2750 multimeter/switching
system. The Seebeck coefficient is obtained as the ratio of the
electrical potential, ΔV, to the temperature difference, ΔT:

=S V
T (3)

The surface composition of IPN films was characterized by X-ray
photoelectron spectroscopy (XPS) using an ESCALAB-210 ultrahigh-
vacuum system from Thermo VG Scientific. Photoelectrons were
excited using the Mg Kα line (1253.6 eV). The C 1s peak has been
the reference of the binding energy (fixed to 285 eV). Grazing
incidence X-ray diffraction (GIXRD) patterns were recorded by a
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Bruker D8 Advance X-ray diffractometer using Cu Kα radiation (λ =
0.15406 nm). Thermogravimetric analysis (TGA) was carried out
using TA Instruments TGA550 equipment under an oxygen
atmosphere. The sample was heated from 30 to 600 °C at a heating
rate of 10 °C min−1.

■ RESULTS AND DISCUSSION
Figure 1a shows the process for the in situ synthesis of the
conducting IPN thin film. A precursor solution containing the
reactants 3T, PMMA, and AgClO4 is dropped in a glass
substrate, spin-coated, and then heated. The in situ polymer-
ization of 3T takes place within a PMMA polymeric matrix
through an oxidative polymerization mechanism when AgClO4
is used as an oxidizing agent. During the 3T polymerization,
Ag(I) is reduced to Ag(0) and Ag NPs are simultaneously in
situ generated. As a result, a conducting IPN thin film is
synthesized in a single step by the oxidative polymerization of
3T (see Video S1 in the Supporting Information).

Figure 1b shows the oxidative polymerization reaction of 3T
by AgClO4. According to this, the coupling of two 3T
molecules needs the reduction of two atoms of Ag(I) to Ag(0).
Polymerization and doping occur simultaneously. Therefore,

an extra amount of Ag(I) is necessary to partially oxidize the
conjugated polymer and generate charge carriers (polarons and
bipolarons).5,39 The anion ClO4

− from the oxidizing salt
balances the charge to maintain the electroneutrality of the
resulting polymer. In addition, ClO4

− has a low nucleophilicity
and is an essential factor that rules the polymerization and the
doping.

Figure 2a shows the kinetics of the in situ polymerization of
3T. Here, the conductivity can be used to follow the extent of
the polymerization reaction at 160 °C. The polymerization
occurs very quickly inside PMMA. Experimental data can be
fitted to an exponential equation, indicating that the kinetics is
pseudo-first-order with a constant reaction rate of 6.4 s−1. After
only 15 s, the IPN already shows an electrical conductivity
around 80 S cm−1. The maximum conductivity (120 S cm−1) is
achieved after 60 s. Longer reaction times lead to a decrease in
the electrical conductivity due to the overoxidation or
decomposition of the PT, which affects the π-conjugated
system, as discussed below.

The oxidative polymerization can also be followed by UV−
vis−NIR spectroscopy, as shown in Figure 2b. During the

Figure 1. (a) Graphical illustration of the in situ synthesis of PT and Ag NPs embedded in PMMA matrix. (b) Oxidative polymerization of 3T by
AgClO4.

Figure 2. (a) Influence of the reaction time on the conductivity, σ, of Ag-PT-PMMA IPNs. (b) UV−vis−NIR spectra and (c) Ag 3d XPS spectra of
an Ag-PT-PMMA IPN film as a function of reaction time. IPNs prepared at 22 wt % 3T in PMMA and a molar ratio AgClO4:3T 2.8:1 at 160 °C.
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thermal annealing, the thin film turns from colorless to
yellowish and bluish (see Video S1 in the Supporting
Information). During the thermal annealing, the colorless
film turns yellow in a few seconds and then blue due to the
oxidation (p-doping) of the PT chains.5,39,40 PMMA and
AgClO4 are transparent in the UV−vis−NIR (300−2000 nm).
Initially, the 3T-AgClO4-PMMA films exhibited a maximum
absorbance peak around 367 nm, corresponding to the π−π*
band transition of the 3T. The oxidative coupling among 3T
takes place with increasing reaction time, and the π−π* band
transition red shifts toward 525 nm because the π-conjugation
length increases.41 As the polymerization takes place, Ag NPs
are simultaneously synthesized. Ag NPs show a characteristic
localized surface plasmon resonance (LSPR) band in the
visible between 400 and 800 nm, depending on the size, shape,
and aggregation of Ag NPs.42−45 However, the LSPR band
overlaps with the π−π* band transition of PT.46,47

Simultaneously, we observe the bands of the polaronic (750
nm) and bipolaronic states (1400 nm) due to the partial

oxidation of the PT by Ag(I), which leads to an increase in the
doping level.48,49 These three bands increase progressively with
the reaction time as the 3T polymerization occurs, reaching a
maximum absorbance after 60 s. The maximum electrical
conductivity is also achieved after 60 s. Once this reaction time
is exceeded, the polaronic and bipolaronic bands decrease,
confirming the PT’s overoxidation. Both the polaron and
bipolaron bands dramatically decrease, leading to a substantial
drop in conductivity. Consequently, the broad absorbance
band located around 525 nm increases in intensity due to the
degradation of PT by overoxidation and the synthesis of new
Ag NPs.50

The synthesis of Ag NPs can be followed by X-ray
photoelectron spectroscopy (XPS). Figure 2c shows the XPS
spectra of 3T-AgClO4-PMMA films for different polymer-
ization times. Before reaction, we observe peaks of Ag 3d5/2
and Ag 3d3/2 of Ag(I) with a binding energy of 367 and 373
eV, respectively. After 30 s, two additional bands also appear at
368.4 and 374.4 eV due to Ag(0) in the form of Ag NPs.51−53

Figure 3. (a) Influence of the reaction temperature on electrical conductivity (σ) for Ag-PT-PMMA IPNs. (b) UV−vis−NIR spectra of a PT-
PMMA IPN film as a function of reaction temperature. IPNs composition and conditions: 22 wt % 3T in PMMA and a molar ratio AgClO4:3T
2.8:1 for 60 s.

Figure 4. (a) Electrical conductivity, σ, of Ag-PT-PMMA IPN films as a function of the AgClO4:3T molar ratio. Fitting equations to the
experimental results are included according to the percolation theory. (b) UV−vis−IR spectra of different IPN films prepared from different
AgClO4:3T ratios. (c) Scheme of the proposed percolation in 2D and 3D dimensions for Ag-PT-PMMA IPNs.
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The presence of Ag(I) indicates that not all of the 3T has been
polymerized to PT. After 60 s, the Ag(I) peaks decrease
substantially, while Ag(0) peak increases noticeably. After 120
s, we only observe the peaks of Ag(0). XPS confirms that the
reaction is very fast and AgClO4 is quickly reduced to Ag NPs
during the oxidative polymerization of 3T. The reaction needs
only 60 s to be completed, in total agreement with UV−vis−
NIR spectra and the conducting properties measured.

Figure 3 shows the influence of the reaction temperature on
the in situ synthesis of Ag-PT-PMMA IPN thin films for 60 s.
Even though the polymerization of thiophenes can take place
at low temperatures,54,55 the IPN’s precursor solution is stable
at room temperature, and the in situ polymerization initiates
during the thermal annealing. Figure 3a shows the electrical
conductivity of the film annealed from 80 to 220 °C. The
conductivity at 80 °C is 5 × 10−5 S cm−1. Below 80 °C, the
IPN was too resistive (<10−7 S cm−1) because the extent of
polymerization is small to percolate into the PMMA matrix.
From 80 to 180 °C, the conductivity increases by 6 orders of
magnitude. Above 180 °C, the conductivity decreases with
increasing temperature because PT is undergoing thermal
degradation. These observations are confirmed with the UV−
vis−NIR spectrum in Figure 3b. At low reaction temperatures,
the band corresponding to the π−π* transition in PT has a
higher intensity than the polaronic and bipolaronic bands,
indicating a very low electrical conductivity. However, as the
reaction temperature increases, the intensity of the polaronic
and bipolaronic bands increases until a maximum value of 180
°C. This fact suggests that increasing the reaction temperature
increases the PT chain’s oxidation state (p-doping) and,
therefore, the electrical conductivity of IPN film increases.56,57

Above 180 °C, the polaronic and bipolaronic bands drop
dramatically, indicating thermal degradation. As shown in TGA
(Figure S1 in the Supporting Information (SI)), IPN films are
stable until 220 °C. After this temperature, they start to lose
weight.

Figure 4 shows the influence of the AgClO4:3T molar ratio
on the conducting properties of the IPN. The role of the
AgClO4:3T ratio is critical because it determines the
concentration of PT, the charge carriers, and, therefore, the
electrical conductivity and the Seebeck coefficient values.56,57

The previous reaction conditions (60 s and 160 °C) have been
used to study the effect of the different AgClO4:3T molar
ratios.

Following a characteristic percolation-type curve, the
electrical conductivity increases with the AgClO4:3T molar
ratio. The conductivity of an IPN is related to the conducting
polymer content in volume into the insulating host polymer
and is based on the principles of the Percolation Theory given
by58

= f f( )t
0 c (4)

where σ is the electrical conductivity, f is the volume of the
conducting polymer in the film, fc is the percolation threshold,
σ0 is a scaling factor, and t is the critical exponent. Percolation
theory is frequently used to describe insulating-to-conductive
transitions of materials based on conducting fillers and an
insulating matrix. Generally, a low percolation threshold
indicates a homogeneous distribution of the conducting
polymer in the insulating host matrix. Therefore, this value
has a notable effect on the morphology and electrical,
mechanical, and thermal properties of properties of the IPN

film.28 On the other hand, the critical exponent in a
percolation system is assumed to depend completely on the
dimensionality of the lattice and is independent of the details
of the lattice structure.59 That is, for 3D systems, the critical
exponent acquires values between 1.6 and 2.0, whereas, for 2D
systems, the critical exponent varies between 1.1 and 1.3.58

However, in electrically conducting percolated systems, the
critical exponent does not follow the universal trend. In fact,
conducting films based on insulating matrices with embedded
conductive fillers and where the conduction process is
controlled by tunnelling between fillers, the inverted Swiss-
cheese model can be applied, which predicts t values between
0.8 and 1 for 2D systems and between 1.6 and 1.8 for 3D
systems.58,60

The percolation threshold is determined by fitting
experimental data to eq 4. Three regions can be clearly
distinguished. At low AgClO4:3T molar ratios (region a), the
film’s conductivity is low and the resistance cannot be
measured. The percolation threshold is reached at 1.31
molar ratio (region b). At this point, enough PT chains are
synthesized to contact each other to form an interconnected
conducting network throughout the host insulating PMMA
matrix. Above the percolation threshold from 1.4 to 2.0, the
conductivity increases 2 orders of magnitude from 0.2 to 10 S
cm−1. Afterward, from 2.0 to 2.2, IPN conductivity reaches a
plateau. Surprisingly, as the AgClO4:3T molar ratio increases
(region c), a second percolation curve is observed and
electrical conductivity increases from 10 to 120 S cm−1. The
second percolation threshold is calculated to be 2.2. Finally,
the highest conductivity is achieved for a molar ratio of 2.8.

Further increase in the molar ratio does not improve the
conductivity. The UV−vis−NIR spectra support these results
(Figure 4b), where the conjugated π−π* transition band (525
nm) decreases while polaronic (800 nm) and bipolaronic
(1400 nm) bands increase as the AgClO4:3T molar ratio
increases due to a change in the oxidation state of the PT
chains (stronger doping level).

Fitting the percolation curve allows for obtaining the
percolating system’s critical exponent. For example, from the
fit of the first percolation curve (Figure 4a, green line), we
obtained a t-value of 1.77, corresponding to percolation in 3D
of the PT chains throughout the PMMA host matrix (Figure
4c). However, the second percolation curve (yellow line in
Figure 4a) shows a t-value of 0.91, suggesting a percolation in
2D. In our previous work, when Cu(ClO4)2 was used as an
oxidant agent, the resulting IPN film showed a single
percolation with a t-value of 2.4 and a maximum conductivity
(10 S cm−1) lower than that of Ag-PT-PMMA (120 S cm−1).30

Below a value of 2.2 for the oxidant/monomer ratio, Cu(II)-
PT-PMMA and Ag-PT-PMMA IPNs show similar conductiv-
ities. Therefore, we can assume that Ag NPs play a key role in
the second percolation at high AgClO4:3T ratios when the Ag
content is high.

On the other hand, we can discard that Ag NPs percolates
directly in the host polymer because the density of Ag (10.49 g
cm−3) is 1 order of magnitude higher than that of PMMA
(1.18 g cm−3) and PT (1.07 g cm−3). Therefore, the
percentage of the volume of Ag NPs in the final IPN is very
low compared to PT and PMMA to percolate the IPN. Here,
the 2D percolating system can be explained if we consider that
the Ag NPs are located among PT chains to reduce the contact
resistance between PT chains and enhance the charge
transport, as shown in Figure 4c.61 Accordingly, the IPN film
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is obtained as a random distribution of the PT chains
percolating PMMA in the 3D, while the Ag NPs are always
distributed among PT chains to improve the charge transport.

Figure 5a shows XPS spectra of Ag(I)-3T-PMMA films
measured in energy regions of Ag 3d for different Ag(I):3T
ratios. XPS confirms that, after the oxidative polymerization of
3T, Ag(I) is reduced to Ag(0), as proposed in Figure 1b.
Ag(0) shows the Ag 3d5/2 and 3d3/2 binding energies at 568.2
and 374.2 eV with a binding energy difference of 6 eV,
indicating the formation of silver nanoparticles. This result
agrees with the XRD spectra of Ag-PT-PMMA at different
AgClO4:3T ratios (Figure 5b). In addition, we observe a
defined diffraction peak at 38.2°, increasing in intensity as the
Ag(I):3T ratio increases. This diffraction peak is associated
with the plane (111) of Ag face-centered-cubic structure
(JCPDS File No. 4-0784).62 The Scherrer equation shows that
crystallite size increases with the Ag(I):3T ratio from 35.3 to
50.6 nm. Moreover, we observe a more intense peak for a
higher Ag(I):3T ratio because more Ag NPs are in situ
synthesized inside the PMMA matrix, confirmed by the peak
area. Crystallite size and peak areas increase with the Ag(I):3T
ratio, as shown in Table 1.

TEM images also confirm the presence of Ag NPs. Figure 6
shows the TEM images of Ag-PT-PMMA nanocomposite films

synthesized at different AgClO4:3T molar ratios. After the in
situ polymerization of 3T inside PMMA, we can observe how
Ag NPs are embedded inside a grayish matrix of PT-PMMA.
The Ag NPs are well separated among them, but the
conducting polymer is bridging the spacing between NPs.
Furthermore, TEM images show the formation of larger
particles from 40.5 to 61.6 nm as the Ag(I):3T ratio increases
from 1.2 to 3.6. These results are in total agreement with the
XRD analysis. SEM images of Ag-PT-PMMA films prepared
from different Ag(I):3T molar ratios show a homogeneous
surface (see Figure S2 in the SI). No phase segregation
between PT and PMMA is observed, but surface roughness
slightly increases with Ag(I):3T molar ratio.

Figure 7 shows the thermoelectric properties of the Ag-PT-
PMMA films for different AgClO4:3T molar ratios. As
discussed earlier, the electrical conductivity significantly
increases with the AgClO4:3T ratio with a maximum of 120
S cm−1 at a 2.8 AgClO4:3T ratio. Notice that the electrical
conductivity has been depicted on a logarithmic scale. The
general trend of the electrical conductivity with the molar ratio
is a quick increase, in the logarithmic scale, with saturation
around 2.8.

However, the values of the Seebeck coefficient follow a
different trend. The Seebeck coefficient decreases from 66 to
52 μV K−1 until an AgClO4:3T molar ratio of 2.0. This trend is
typically observed in conducting polymers, the Seebeck
coefficient decreases as the conductivity increases, indicating
the generation of more charge carriers (holes).63

In contrast, at larger AgClO4:3T molar ratios, the Seebeck
coefficient changes the trend and increases until values around
70 μV K−1 due to a high amount of Ag NPs that have reached
the percolation threshold. This fact is explained by improved
carrier transport produced by the Ag NPs, allowing the
Seebeck coefficient to increase without suppressing electrical
conductivity, as shown in hybrid and nanocomposites based on
conducting nanofillers.64,65 This effect is inhibited by the
overoxidation of the PT at higher AgClO4:3T molar ratios
(3.0), decreasing the Seebeck coefficient until 50 μV K−1. A
maximum power factor (PF = S2σ) of 51 μW m−1 K−2 was
obtained for an AgClO4:3T molar ratio of 2.8. This value is

Figure 5. (a) XPS spectra of Ag(I)-3T-PMMA films measured in energy regions corresponding to the Ag 3d for three different Ag(I):3T ratios. (b)
XDR spectra of Ag(I)-3T-PMMA films.

Table 1. Crystallite Size, Silver Nanoparticle Size, and Peak
Areas for Different Ag(I):3T Molar Ratios

ratio Ag(I):3T crystallite sizea(nm) NP sizeb (nm) peak area (111)

1.5 35.3 40.5 125.1
1.7 40.1 42.3 143.3
1.9 47.1 52.1 130.5
2.1 48.7 62.1 150.2
2.3 46.4 58.2 162.0
2.5 47.6 55.5 175.6
2.7 50.1 60.6 222.7
3.0 50.0 55.1 323.6
3.5 50.6 61.6 363.8

aScherrer equation. bTEM.
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higher than previously reported ones for pure polythiophene
films, which are around 10 μW m−1 K−2.66−69 These values are
in the range of highly doped conducting polymers and
nanocomposites.70−72

■ CONCLUSIONS
This study shows a straightforward synthetic route to obtain an
interconnected polymeric network with thermoelectric appli-
cations. This route, based on the in situ polymerization of
terthiophene with an oxidizing silver salt within a PMMA
polymeric matrix, allows us to optimize the conducting and
thermoelectric properties of the films. The polymerization and
doping reaction takes place quickly, simultaneously, and after
only 60 s achieving a maximum electrical conductivity of 120 S
cm−1. Ag NPs were in situ synthesized as a byproduct of the
oxidative polymerization of 3T. The presence of Ag NPs was
confirmed by the XPS, XRD, and SEM images. In addition,

these Ag NPs influence the electrical conductivity, as shown in
the percolation curve. At higher AgClO4:3T molar ratios
(>2.0:1), the Ag NPs start to percolate within the
interconnected polymer network, increasing the electrical
conductivity of the IPN by 1 order of magnitude. Finally,
the thermoelectric properties of the optimized PT-Ag-PMMA
film show two different trends for the Seebeck coefficients,
decreasing at lower AgClO4:3T molar ratios (<2.0:1) and
increasing after this point due to the carrier filtering effect of
the silver nanoparticles. A maximum power factor of 50 μW
m−1 K−2 was obtained at an AgClO4:3T molar ratio of 2.8:1,
which is relatively high compared to thermoelectric materials
based on an insulating polymer matrix.
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Conducting PEDOT Nanoparticles: Controlling Colloidal Stability
and Electrical Properties. J. Phys. Chem. C 2018, 122 (33), 19197−
19203.

(55) Serrano-Claumarchirant, J. F.; Culebras, M.; Muñoz-Espí, R.;
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