VNIVERSITAT
D VALENCIA

Thermoelectric devices and supercapacitors
based on nanostructured semiconducting

polymers for energy production and storage

Mario Culebras Rubio

PhD Program
3056 Quimica

To obtain the degree
International Doctor in Chemistry

Supervisors
Andrés Cantarero Saez and Clara Maria Gomez Clari

in the
Faculty of Chemistry
Institute for Molecular Science
Institute of Material Science

February 2017


mario.culebras@uv.es
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)




VNIVERSITAT
® VALENCIA

Prof. D. Andrés Cantarero Saez, Catedratico del Departament de Fisica Aplicada i
Electromagnetisme de la Facultat de Fisica de la Universitat de Valéncia y Prof. Diia.
Clara Maria Gomez Clari, Catedratica del Departament de Quimica Fisica de la

Universitat de Valéncia.

Certifican:

Que el trabajo que presenta D. Mario Culebras Rubio en esta Memoria, bajo el titulo
“Thermoelectric devices and supercapacitors  based on nanostructured semiconducting
polymers for energy production and storage” ha sido realizado bajo su direccién en el
Institut de Ciencia Molecular y en el Institut de Ciéncia dels Materials de la Universitat de

Valéncia.

Y para que asi conste, a efectos de su presentacion para optar al Grado de Doctor
Internacional en Quimica, expide la presente, que firma en

Paterna a3|de UHqino de 2017.

NS

Fdo: Andrés Cantarero Saez Fdo: Clara Maria Gémez Clari







“A person who never made a mistake never tried anything new.”

Albert Einstein






UNIVERSITY OF VALENCIA

Abstract
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Mario Culebras Rubio

More than two third parts of the energy generated by conventional sources is lost as heat. Re-
covering those energy looses can help to create a more efficient way to produce energy for
a sustainable development of our society. By using thermoelectric generators it is possible to
produce energy from temperature gradients. Showing that, thermoelectricity can be a good strat-
egy for energy harvesting and recovery. The thermoelectric efficiency is usually given by the
dimensionless figure of merit, ZT. Currently, inorganic materials are commonly used in thermo-
electric applications, however they present several disadvantages such as: scarcity of the raw
materials and toxicity. Due to their interesting properties, organic materials, such as conducting
polymers, have become an alternative to those inorganic materials. However, their thermoelec-
tric efficiency is still very low compared with inorganic materials. For this reason, this thesis
is focused on the synthesis and complete characterization of conducting polymers and hybrid
materials for thermoelectric applications, developing new ways to increase the thermoelectric
efficiency of organic materials. In addition, this thesis show the fabrication of thermoelectric

generators and supercapacitor devices using materials synthesized in our laboratories.
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Chapter 1

General introduction

1.1 The energy problem

Nowadays, the sustainability of energy production is one of the most important challenges. Due

to the increasing in the energy demand (see Figure 1.1), and inherent depletion of the fossil

World Energy Consumption
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B
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Figure 1.1 Historical energy demand. Image taken from BP Statistical Review of World En-
ergy, London, 2015.

fuels, there is a great interest by the scientific and political community to develop new ways for
the sustainability of energy production. One of the most important tasks for the coming years is
to expand the amount of the renewable energy produced. This kind of energy is more important
in some countries, however, according to Figure 1.1, it is less than the 15 % at the global scale.
This percentage corresponds greatly with hydro-power and wood fuels in developed countries.
Other kinds of renewable sources such as wind or solar energy only constitute a very small part

of the total amount supplied.
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Basically, attending the three following aspects, it is possible to achieve a sustainable energy
development [1-3]. The first one is savings in energy demand. Reducing the amount of en-
ergy is crucial in order to achieve a sustainable development. For this reason, it is necessary
to promote campaigns for energy saving in the society. The second aspect is to promote the
development of the renewable energy sources. There are several renewable sources to be pro-
moted such as: wind energy (onshore and offshore), photovoltaic, wave energy, hydro power,
solar thermal, geothermal and biomass (straw, wood, waste, biogas, energy crops). The final

aspect is the improvement of the efficiency in energy production. Figure 1.2 shows an example

Coal 51.1%

Conversion Losses
63.9%
More than two-thirds of the
fuel used to generate power in
Natural Gas 15.9% the U.S. is lost as heat

Plant Use 1.7%

TED Losses 3.1%
Petroleum 0.2% Residential 11.1%
Other Gases [.4%
Commercial 10.6%

i %
MNuclear Electric Power 19.6% Industrial 8.2%

Net Imports Transportation 0.1%
of Electricity Direct Use 1.3%.
01%

Other 0,16%
Unaceounted for 0.46%
Renewable Energy 10.1%

Figure 1.2 Diagram of energy losses. Image taken from U.S. Department of Energy Midwest.

of the importance of efficiency in energy. According to Figure 1.2, more than two-thirds parts
of the energy produced is lost as heat. Therefore, it is very important to find ways to recover
all these energy looses. Energy harvesting can recover all the energy that is wasted to environ-
ment and transform it in electric power. There are several ways to recover energy, for example:
piezoelectricity [4, 5] which converts mechanical strain into electric current, or triboelectric-
ity [6, 7], which trough the frictional contact between different materials can produce electric
power. However, from the point of view of energy recovering of heat loses, thermoelectricity
has become the most promising way due to the possibility to recover energy from temperature
gradients. The thermoelectricity is a property given in semiconductors and metals (more pro-
nounced in semiconductors) which consists of transforming a temperature difference into an

electric current and vice versa.

1.2 Thermoelectricity

In 1821 Thomas Johann Seebeck found that a circuit made from two different metals, with junc-
tions at different temperatures would deflect a compass magnet [8]. Consequently, he observed
that a temperature difference produces an electric potential across the junction which can drive

an electric current in a closed circuit. Nowadays, this is known as the Seebeck effect. This fact
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can be explained by considering the presence of free electrons or holes which carry both charge
and heat in a thermoelectric material. In a simple approximation, the electrons and holes can be
considered as charged particles of gas. If a neutral gas is in a box and a temperature gradient is
applied (generating a hot and cold side), the gas molecules from the hot part will move faster
than the molecules that are in the cold side. Since the molecules with higher temperature will
diffuse beyond the molecules with lower temperature, it will generate a net accumulation of
molecules at the cold side. Consequently, a density gradient will be generated and will produce
a diffusion of the gas molecules to the hot side. When the stationary state is reached, the effect of
the density gradient will be neutralized by the effect of the temperature gradient, consequently,
there will not be net flow of molecules. Now by considering charged molecules, the charge
accumulation at the cold side will also produce a repulsive electrostatic force, that is an electric

potential that will move the charges back to the hot side (see Figure 1.3 ) [9]. The Seebeck

HOT

Av

COLD

Figure 1.3 Scheme of the thermoelectric effect.

voltage is proportional to the temperature difference as shown in the following equation:

AV =S-AT (LD

where S is a proportional constant called Seebeck coefficient. The sign of the Seebeck coefficient
determines the type of semiconductor, negative values are given for n-type semiconductors and
positive values for p-type semiconductors. Using the Seebeck voltage it is possible to make
thermoelectric generators. Figure 1.4 shows a single thermoelectric generator (TEG) based on a
p — n junction working as a Seebeck current supply. The thermoelectric elements in the module
are electrically connected in series and thermally in parallel. The heat flow goes from the top
to the bottom, while the current flows in the direction provided by the holes movement in the

p-type semiconductor and by the electrons in the n-type.
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Figure 1.4 Thermoelectric module.

Moreover, the opposite effect that transforms a current flow into a temperature gradient, is called
the Peltier effect. In 1834, a French watchmaker and part time physicist, Jean Charles Athanase
Peltier found that an electrical current would produce heating or cooling at the junction of two
dissimilar metals. The Peltier effect is used to make Peltier modules, usually employed in cool-

ing systems.

1.2.1 Thermoelectric efficiency

A thermoelectric converter is a heat engine and like all heat engines obeys the laws of ther-
modynamics. The maximum thermoelectric efficiency of a thermoelectric generator is given

by:
POMI

an ’

where Q;, is the amount of heat which enters into the device and P, is the power generated by

Omax = (1.2)

the device, including the heat losses. In terms of the Carnot efficiency [10],

oc 4 201 = 0cy
V1 +ZTav+Th/T ’

Omax = (1.3)
T, and T, being the temperatures at the hot and cold ends, respectively, T, = (7;, + ;) /2, and
the Carnot efficiency is given by ¢c = (T}, — T;)/T;. The term 7y represents the irreversible
contribution to the efficiency. The quantity ZT is called dimensionless figure of merit and it can
be shown to be [10]
S2
ZT =—T | (1.4)
K
where S is the Seebeck coefficient, o is the isothermal electrical conductivity and k the ther-

mal conductivity. The thermal conductivity has actually two contributions, Kk = K, + k;,. The
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Figure 1.5 y as a function of ZT.

electronic contribution K, is the most important in metals, while in semiconductors the phonon

contribution k, is dominating.

From Eq. (1.3), it is clear that the maximum efficiency depends on both the Carnot efficiency
and 7. As an example, if the cold end is at room temperature and the hot end at 1000 K,
0c = 0.7 ="7T0%. In order to reach this efficiency, Y must be 1, which corresponds to ZT— . In
Figure 1.5 we show the function y(ZT) from ZT= 0 to ZT=15. Even in the case where ZT= 5 the
value of Y =0.42, i. e. ¢yar = 28% following this example. With the state of the art in inorganic
materials (ZT~ 2), the maximum efficiency would be ¢,,,x ~ 20%. These are some limiting
cases and depending on the application, not always such temperature gradients are possible.
Large temperature gradients can be produced in the exhaust of a car. In a Peltier modulus to cool
a detector the temperature difference is of the order of 40 K. In the case of organic materials, the
best values of ZT are half of the values obtained in inorganic materials and the Carnot efficiency
will be lower than 40%, since temperature gradient can not be so high. Although the important
factor to improve is not the figure of merit but the efficiency of the thermoelectric device, i. e.

N7, for a given application we should pay attention to the improvement of ZT.

The electrical, j and heat current, jo, can be written, respectively, as:

i = e% (eE—TVH)—e.,%z]VlnT,
T
(1.5)
jo = e (eE—TV%)—D%lva,
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where u is the chemical potential (1 = €f, the Fermi energy, at T = 0), E is the electric field

and the transport coefficients are defined as [11]:

4 d -
ZLij= %/ <—a£> v/e'D(¢e)de, (1.6)

being m* is the effective mass, f the Fermi-Dirac distribution function and D(g) the electronic
density of states (DOS). 7(¢) is the relaxation time, which depends on the scattering processes.
In the absence of concentration and temperature gradients, the first term of Egs. (1.5) provides
the electrical conductivity, 6 = ¢2.%};. In open circuit, 7 = 0, and we can deduce from Eqs.
(1.5) that the electric field is:

ML -

T =— 1.
T v vv (1.7)

1
E=-Vu
e

without gradients of concentrations, we arrive to the expression of the Seebeck coefficient:

u.i”]] — b kg [ E—Uu af
= = — - 1.
S e T eo Je, o (&) ( kgT ) ( oe de (1.8)

this last equation was provided by Mott [12]. Since Eq. (1.5) are only related to the elec-
tronic contribution, we can also deduce from them x,. One way to derive an expression for the
phononic part is via the Boltzmann transport equation for phonons [11]. Equation (1.8) is valid
for insulators or metals. In the case of a metal or a degenerate semiconductor, the derivative of
the distribution function is basically a Dirac delta function produced at the Fermi energy and the

transport coefficients can be written as:

4¢? j ;
ﬁj“ﬁf (er)epD(er) . (1.9)

Thus the Seebeck coefficient given by Eq. (1.8) can be written in the well known form [11, 12]

g TBT ahe| _mKT
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(1.10)

This expression gives a Seebeck coefficient of the order of 1 uV K—!. It is a typical value
for metals. Actually, this expression, although using Fermi integrals, was used by Hicks and
Dresselhaus [13] to claim that the figure of merit of Bi,Te; could be increased up to a factor of
13 by reducing the dimensionality (building a superlattice). In practice, ZT has been improved
in the best of the cases by a factor of 3 by reducing the dimensionality [14]. The main goal to
increase the figure of merit by decreasing the dimensionality is to engineer a material in such a
way that the Fermi energy is just at the maximum of the density of electronic states. In this way,
there will be a huge increase in the Seebeck coefficient, but of course there are other factors

more difficult to engineer, mainly the thermal conductivity.



Chapter 1 General introduction 7

1.2.2 Thermoelectric materials

The ideal thermoelectric material would be one with a high electrical electrical conductivity,
high Seebeck coefficient and low thermal conductivity as shows Eq.(1.4). Basically, thermo-
electric materials are semiconductors because the Seebeck coefficient is higher than metals and

also it is possible to optimize the ZT value trough the doping level. Figure 1.6 shows ZT val-
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Figure 1.6 Evolution of ZT in some thermoelectric materials. Reproduced from [15] image
under a Creative Commons CC-BY license .

ues of some thermoelectric materials during the last 75 years [15]. During the decade of 1950,
Bi,Te; was the reference thermoelectric material with a modest ZT value around 0.5 at room
temperature. Moreover, materials based on PbTe were developed for medium range temperature
applications [15]. In the case of high temperature range application, SiGe was employed [15],
especially for aerospace generators used in space aircrafts. Since 1960 there was no change
in the values of the thermoelectric efficiency, because research projects with the objective to
increase ZT until values around 3 were rejected by the funding agencies as not possible. How-
ever, in middle of the 90’s with the work of Hicks and Dresselhaus published in 1993 something
changed [13]. They showed a path to increase the thermoelectric efficiency of a semiconduc-
tor: the reduction of the dimensionality [13]. Following their ideas, semiconductor superlattices
such as Bi, Te3/Sb, Tes,[16] semiconductors alloys like PbSeTe [17] or, more recently, SiGe [18]
have been shown to have ZT values around 2. However, there are several drawbacks in inor-
ganic semiconductors. The first one is the high cost of production of semiconductors with good
thermoelectric properties, for this reason a tiny amount of n- and p-doped Bi,Tes, is used in
commercial TEGs. The second problem is the high toxicity of some of the compounds, that

contain Pb, for instance, and the scarcity of these materials. Consequently, many studies have
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driven their efforts to search new and clean (“green”) efficient thermoelectric materials during

the last few years [9, 15].

One kind of these new materials are organic semiconductors, especially, conducting intrinsic
polymers (ICP). Conjugated polymers such as: poly(3,4-ethylenedioxythiophene) (PEDOT),
polyaniline (PANI), (Poly(3-hexylthiophene-2,5-diyl)) (P3HT) or polypyrrole (PPy) have at-
tracted the attention in thermoelectric applications during the last decade [19, 20]. The main
advantage of these organic materials is the low thermal conductivity, compared to inorganic
compounds. The thermal conductivity of most polymers is at least a factor of 10 smaller than
that of inorganic compounds. In spite of the finding of Hicks and Dresselhaus [13], the figure
of merit of inorganic compounds has increased by a factor of 3 or 4 in the last 20 years, and
this increase was not exclusively due to the modification of the Seebeck coefficient, but also to
other factors related to the lattice thermal conductivity like interface roughness or, in general,
to surface effects [21]. There are several more advantages for using conducting polymers in-
stead of inorganic materials such as: non scarcity of raw materials, non toxicity, possibility of
using them in large area applications, good mechanical properties, easiness to fabricate them,
etc. This last one is actually an important point, since as it has been commented previously,
the total efficiency depends on the Carnot efficiency multiplied by ZT. In large area applica-
tions, it is possible, on one side, to increase the temperature difference and, on the other, to
increase the total supplied power by building a large area single module. One example of large
area application can be found in the module proposed by Wagner et al. [22] using SiGe al-
loys. However the Ge amount used in the module increases the cost of the device and it could
not be developed in practice. Table 1.1 shows values of thermoelectric properties of the most
representative conducting polymers. Some few works show ZT values around 0.2-0.4, for this
reason more research is needed to increase the thermoelectric efficiency in conducting polymers.
Different strategies have been employed in the past to improve and optimize ZT values (or the
power factor, PF = S?0) in intrinsically conducting polymers, but most of the strategies have
been, unfortunately, hardly unexplored. One of the methods most oftenly used to optimize the
doping level of ICPs is either chemical or electrochemical doping [23, 27, 28, 36, 37]. Using
these methods, the thermoelectric performance of PEDOT has reached values of ZT in the range
0.20 — 0.40 [23, 27, 28, 36, 37]. However, these values are still lower than those correspond-
ing to inorganic materials. The use of hybrid organic-inorganic materials could be a promising
alternative to improve the thermoelectric properties of ICPs. Very high values of the PF have
been obtained for polyaniline (PANI)/double wall carbon nanotube (DWCNT)/Graphene (1750
UW/m K?)[38] and PANI/DWCNTSs/PEDOT:PSS/Graphene (2710 uW/m K?)[39] synthesized
by means of layer by layer (LBL) assembly. The incorporation of semiconductor nanostruc-
tures such as Te nanorods [40-42], Te-Cu hybrids nanorods [43] or even Bi,Te; nanoparticles
[44—46] produce a large increase in the Seebeck coefficient of the polymer, delivering a high

PF, since most of the times the thermal conductivity has not been measured. The incorporation
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Table 1.1 Thermoelectric parameters of the most relevant conducting polymers at room tem-

perature.
System oSecm )  S@VK) xWm'K") PF(uW/mK?  ZT  reference
PEDOT:Tos/ PEO- ~1200 ~100 1270 ~1.02 [23]
PPO-PEO electrochem.
reduct.
PEDOT:PSS + EG treat. ~980 ~70 0.23 469 0.4 [24]
PEDOS-C6 elec- ~200 ~110 354.7 [25]
trochem. reduct.
PEDOT:PSS + EG treat. ~1300 ~49 0.3 320 0.3 [26]
+ hydrazine reduct.
PEDOT:Tos + TDEA ~80 ~290 0.37 324 0.25 [26]
reduct.
PEDOT:BTFMSI + hy- ~1080 ~37 0.19 147 0.22 [27]
drazine reduct.
PEDOT:PSS elec- ~25 ~90 0.17 23.5 0.041 [28]
trochem. reduct.
PEDOT:PSS + DMSO 298 12.65 478 ~0.001 [29]
5%
PANI/CSA-doping in 220 ~20 11 [30]
m-cresol
PANI  doped  with 40 ~7 0.19 [31]
H3;POy4
polyselenophene  and 0.1-54 20-98 2-12 0.034 [32]

its copolymers with

3-methylthiophene

Copolymer of 1,12- 4x107°-0.4 75-169 ~0.17-0.33 [33]
bis(carbazolyl) dode-

cane and thieno[3,2-

b]thiophene and its

copolymers with

3-methylthiophene

Phenylenevinylene 6x107°-14.4 7-531 ~1073-1.33 [34]
block copolymers

and their blends with

MEH-PPV

PEDOT:PSS + Poly- 125-200 11-17 ~1.5-6 [35]
thiophenes  Bilayered

nanofilms

of inorganic nanostructures to an ICP matrix is not an easy path, due to the intrinsic incom-
patibility between the two components. In particular, Te nanostructures are not very stable in
solution. Thus, non homogeneous films with a bad morphology are usually obtained and the

thermoelectric performance of the final material has been hardly improved.

1.2.3 Applications of thermoelectricity

Power generation is one of the most important application of thermoelectric materials. High-
light their use in aerospace missions. Figure 1.7 shows the General-Purpose Heat Source-
Radioisotope Thermoelectric Generator (GPHS-RTG) [47] . The GPHS-RTG uses 18 modules

along with the same SiGe unicouple, with a longer converter filled with plutonium fuel. The
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Figure 1.7 GPHS-RTG thermoelectric generator. Reproduced from [47] with permission of
TAYLOR and FRANCIS.

hot-leg and cold-leg temperatures during operations are nominally 1273 and 566 K, respectively
giving a specific power of 5.2 W/kg [47]. This generator was used in Galileo (1989), Ulysses
(1990), and Cassini missions (1997).

Other promising application in terms of energy production is to use the body heat. The inte-
gration of thermoelectric generators into normal devices in contact with human body such as:

clothes or watches will be able to supply enough energy to small portable devices [48].

The other main application of thermoelectric materials is their use in coolers and refrigeration
systems using the Peltier effect. Peltier modules are the most common devices in terms of
cooling. Currently, there are commercial refrigerators available using thermoelectric modules

as shown in Figure 1.8 . Another application can be thermal sensing, since using the Seebeck

Figure 1.8 Commercial: (a) Peltier module and (b) portable thermoelectric refrigerator.

voltage it is possible to detect changes in temperature. In this work a thermoelectric sensor using

organic semiconductors has been developed.
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1.3 Energy storage

Not only the production of energy is highly important but also to find an efficient way to store
it. Currently, there are several devices for energy storage such as: fuels cell, batteries, capacitors
and supercapacitors [49]. From the point of view of organic semiconductors, the supercapacitors
have become in the focus of many research due to their enormous potential as electrodes in de-

vices for energy storage. Figure 1.9 shows excellent values of specific capacity using conducting
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Carbon CPs CP comp Metal Oxides RuOx

Figure 1.9 Specific capacitance of some materials. Reprinted from [49] with permission from
Elsevier.

polymers such as: PANI, PEDOT or PPy [49]. The use of conducting polymers for supercapac-
itors presents a high potential due to its high capacity and its fast absorption and desorption of
ions. Again, the formation of polymeric nanostructures can be the key to increase the perfor-
mance of supercapacitors devices, since the use of nanostructured materials increase the surface
area. Consequently, the interphase electrode-electrolyte is larger, increasing the charging and

discharging velocity, due to a diminution in the electronic transport [50, 51].

1.4 Objectives and structure of the thesis

The principal objective of this work has been to investigate and develop organic materials to built
efficient thermoelectric devices. Several partial objectives objectives have been successively

attained such as:
1. Design, formulation and synthesis of conducting polymers and their complete properties
characterization.

2. Design, formulation and synthesis of hybrid organic-inorganic materials and their complete

properties characterization.
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3. Synthesis of semiconducting nanostructures and their characterization.

4. Fabrication and testing of thermoelectric modules and supercapacitors devices.

Each chapter of this thesis, with the exception of the general introduction (Chapter 1) and the
global conclusion (Chapter 7), is organized in the same way: an introductory part, which reviews
the fundamental concepts to understand the chapter, followed by the results and discussion of

different experiments, with experimental details, and finally the main conclusions of the chapter.

Chapter 3 is focused on the preparation and characterization of conducting polymers such as
PEDOT and PPy. After a revision of the fundamental concepts of conducting polymers several
experimental studies are described. The first one is the thermoelectric properties of PEDOT:PSS
films made by solution a process. The second one is the effect of the chemical de-doping on
PEDOT electrochemically polymerized using several counter ions. The third study was focused
on the electrochemical de-doping in PEDOT and polypyrrole. The last experiment was the
nanostructuration of PEDOT using soft and hard template methods. Chapter 4 is focused on the
preparation and characterization of inorganic materials such as metallic oxides and carbon based
materials. After a brief description of several groups of inorganic compounds for thermoelectric
applications several experimental studies are presented. The first one is based on thermoelec-
tric properties of Perovskite nanostructures, La;_,Ca,MnO3; and Nd;_,Ca,CoQO3. The other
experimental works are focused on the thermoelectric properties of carbon based materials such
as: vitreous carbon, carbon black and charcoal. The synthesis and characterization of poly-
mer hybrid materials are treated in Chapter 5, where the thermoelectric properties of PEDOT
nanocomposites based on Perosvkite nanoparticles, expanded graphite, MWCNTs and Te are
discussed. Chapter 6 is aimed to the fabrication of thermoelectric and supercapacitors devices.
In this chapter the properties and the fabrication process of two thermoelectric modules, one
thermal sensor and one supercapacitor based on PEDOT, cotton fabric-MWCNTs-PEDOT and
cotton fabric-MWCNTSs-PEDOT-MnO; are discussed. Finally, Chapter 7 summarizes the most

relevant results of this thesis.



Chapter 2

Experimental

Content

In this chapter all the characterization techniques used to determine the properties of the different
materials and devices developed in this thesis are explained. This chapter has been structured in

four sections: electrical, thermal, morphological and structural characterization.

2.1 Electrical characterization techniques

2.1.1 Electrical conductivity

The electrical conductivity has been determined using the Van Der Pauw method with a home
made equipment, where four contacts are used to eliminate the effect of the contact resistance
[52]. The electrical conductivity can be obtained from two four-point resistance measurements
independently either on contact resistances or on the specific geometry of the contact arrange-
ment as shown in Figure 2.1(a) and (b). For the first resistance measurement, a current I4p is
driven from two contacts, named A and B, and the potential difference Vp between the other
two contacts, C and D was measured, giving the first resistance R| = V¢p/Iap. The second resis-
tance, Ry = Vpp/Iac, is obtained by driving the current from A to C and measuring the voltage
between B and D (see Figure 2.1). The voltage and current values were plotted giving a lineal
trend (see Figure 2.1¢) according to the Ohms law. The conductivity of the sample is obtained

by solving the Van Der Pauw equation [52]:
eﬂrdR.G_i_efn:dRzG -1

5 2.1
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Figure 2.1 Contacts configurations to measure (a) Ry, (b) R, and (c) voltage as function of the
current for a PEDOT:PSS film.

where d is the sample thickness previously measured. A Keithley 2400 current source was
used as driving source. For high temperature measurements the electrical characterization were
performed by using a commercial MMR-Technologies system in the temperature range between
300 and 700 K. The electrical resistivity measurements were made on flat plates by applying
the Van Der Pauw method previously described. For the case of PEDOT:Tos pellets samples the
electrical conductivity measurements were carried out by using broadband dielectric relaxation

spectroscopy in a Novocontrol Broadband Dielectric Spectrometer (Hundsagen, Germany).

2.1.2 Seebeck coefficient

For Seebeck effect measurements a home-made apparatus was fabricated. The experimental
set-up consists of two copper blocks, one heated by an electrical resistance and the other cooled
by water flow. The sample is placed in between these two blocks. A temperature difference is
created across the sample and the resulting voltage is recorded. The Seebeck coefficient can be

determined as the ratio between the electrical potential, AV, and the temperature difference, AT,
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that is:
AV

=7 2.2)

S

The temperature is controlled by a Lakeshore 340 and two PT100 resistors previously calibrated.
To record the potential data a Keithley 2750 Multimeter/Switching System was employed. Both

instruments are controlled together using a Labview software. Figure 2.2(a) shows pictures of

298203, *297785
2 O i L,

(b)

contacts (C) 5

Heat
resistance

Sample

Thermocouples

Figure 2.2 (a) Seebeck measurement system, (b) scheme of sample measurement and (c) See-
beck voltage as a function of the temperature gradient.

the home-made apparatus developed for the Seebeck coefficient measurements. The electric
contacts are placed in the ends of the sample and the potential is recorded as a function of the
temperature difference as shown in the scheme of Figure 2.2(b), obtaining a linear behaviour

between the voltage and the temperature gradient (see Figure 2.2(c)).

For Seebeck coefficient measurements at higher temperatures a MMR-Technologies system in

the temperature range between 300 and 700 K using a reference constantan wire was used.

2.1.3 Power output

The power output is the characteristic parameter for energy generators. The power supply was

calculated using the basic equation
P= AV (2.3)
=% i

where V is voltage across the contacts and R; the load resistance. For these measurements, an

electric generator is connected to a variable resistor form 10 Q to 1 MQ (see Figure 2.3). Several
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Figure 2.3 (a) Scheme of the power measurements, and (b) box with the connections for the
load resistance.

temperature differences are applied to the thermoelectric generator and the potential is recorded

as a function of the load resistance.

2.1.4 Thickness and mass deposition

The film thickness was measured with the aid of a profilometer (Optical Profilometer -Dektak
150) and reported values represent an average of at least 5 different measurements per film. The
mass of the deposited layer on the Au/Ti crystals was measured with a Maxtek Research Quartz
Crystal Microbalance (Cypress, CA). The quartz crystal was blown with compressed nitrogen

gas prior to be left on the microbalance to analyse the mass change of LBL thin films.

2.1.5 Electrochemical measurements

All the electrochemical synthesis and characterization were carried out in a Ivium-n-Stat: multi-

channel electrochemical analyzer as show Figure 2.4(a) . The electrochemical cell basically is

(b)

Figure 2.4 Picture of (a) [vium-n-Stat: multi-channel electrochemical analyzer and (b) electro-
chemical cell with the three electrodes.

composed by three electrodes: the working electrode, the reference electrode and the counter

electrode, as shown in Figure 2.4(b). All the synthesis of the conducting polymers were made
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using the galvanostatic mode, keeping constant the current and recording the voltage, except
in the tellurium electrodepositon which was carried out in the potentiostatic mode (applying a
constant voltage). The cyclic voltamperometry was carried out applying a potential scan from
an initial voltage to a different voltage and back again to the initial voltage using several scan

rates.

2.2 Thermal analysis techniques

2.2.1 Differential scanning calorimetry

Differential scanning calorimetry (DSC) studies were performed on a Q-20 DSC from TA In-
struments calibrated with indium. In this technique, the difference in the amount of heat required
to raise the temperature of a sample and the reference is measured as a function of temperature
or time. The measurements were carried out in the range of 90 to 220 °C at a heating rate of 20
°C/min under nitrogen atmosphere. Two scans have been made in each sample in order to delete

the thermal history of the samples.

2.2.2 Thermogravimetric analysis

The thermogravimetric analysis basically consists of monitoring the mass of sample as a func-
tion of the temperature (dynamic mode) or as function of the time keeping constant the tempera-
ture (isothermal mode). Thermogravimetric analysis (TGA) was performed on a Setaram Setsys
16/18 TGA ATD analyzer. The samples were analyzed in platinum pans at a heating—cooling
rate of 10 °C/min from 30 to 1000 °C under oxygen atmosphere. Samples masses ranged from

7 to 10 mg.

2.2.3 Thermal conductivity

The thermal conductivity was determined with the aid of modulated differential scanning calori-
metry (MDSC) according to the ASTM E1952-11 standard test method. This method is valid to
measure thermal conductivities of polymeric materials with values within the range 0.1 — 1 W
m~!'K~!. The MDSC measurements were performed in a DSC Q-20 TA Instruments calibrated
with indium and sapphire. All MDSC measurements were carried out at 300 K in modulated
conditions with a period of 80 s and £1 K of temperature amplitude. The thermal conductivity

is calculated from the equation:
8LC?

=, 2.4
: C,Md*p @4)



Chapter 2 Experimental 18

where C), is sample specific heat (J/°C g), L the sample length (m), d the sample diameter (m),
M is the sample mass (g), C the apparent heat capacity (J/°C) and p the period of the modulated

scan.

For the case of perovskite samples, the thermal conductivity was determined from the measure-
ments of the thermal diffusivity (o), specific heat (C,) and density (p) using the k = C,op
relationship. The Dulong-Petit rule was used to estimate the value of C,, whereas o was mea-
sured with a commercial Linseis system (LFA 1000) between 300 and 500 K. All samples were
covered with a graphite screen to ensure full absorption of the light at the front surface and high-
est emissivity from the backside. p was obtained through the Archimedes principle using water

as immersion fluid.

2.3 Structural characterization techniques

2.3.1 X-ray diffraction analysis

The X-ray diffraction analysis was carried out using a Bruker AXS D5005 diffractometer. The
samples were scanned at 4° min~! using Cu K, radiation (1=0.15418 nm) at a filament voltage
of 40 kV and a current of 20 mA. The diffraction scans were collected within the 20° <26 < 60°
range with a 20 step of 0.01°.

2.3.2 Raman scattering

The Raman scattering measurements were carried out at room temperature in backscattering
configuration using a Jobin Yvon T64000 spectrometer equipped with a liquid-nitrogen cooled
open electrode charge-coupled device (OECCD camera). The excitation line of 514.53 nm was
provided by an Ar/Kr laser focused onto the sample using a 100 x microscope objective with a
numerical aperture NA = 0.90 (Olympus). This setup focuses the light on an area around 1um
on top of the sample. To avoid the sample heating during the experiment, special care was taken,

limiting the power down to a few uW.

2.3.3 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) measurements were performed in a Nicolet

Nexus FTIR spectrometer over the range from 450 to 4000 cm™~! with the attenuated total re-

flectance accessory by co-addition of 60 scans with a spectral resolution of 2 cm ™.
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2.3.4 Uv-Vis spectroscopy

The Uv-Vis spectroscopy measurements were carried out in a Shimadzu UV-2501PC Uv-Vis
spectrophotometer covering the range from 1100 to 300 nm. For the case of polymer films,
the film accessory was used. However, for nanoparticles suspensions quartz, buckets were em-

ployed.

2.4 Morphological characterization techniques

24.1 Scanning electron microscopy

Scanning electron microscopy (SEM) was carried out in a Hitachi S-4800 microscope at an
accelerating voltage of 20 kV and a working distance of 14 mm. Small pieces of sample were
placed in the sample holder (2 inches). The samples were metallized with a Au-Pd coating
before observation. The equipment has incorporated a RX Bruker retro-dispersed X-ray for

microanalysis to determine the elemental composition of sample surface.

2.4.2 Transmission electron microscopy

Transmission electron microscopy (TEM) was carried out in a JEOL JEM-1010, coupled with
a digital camera MegaView III at 100 kV. The samples for cross section analysis were prepared
by embedding a small piece of coated PET in Durcupan” M ACM resin (SigmaAldrich, Munich,
Germany), curing overnight and then cutting cross sections using an Ultra 45° diamond knife
(Diatome, Hatfield,PA). Samples were imaged on copper grids. The particle size was analyzed

from the TEM images using the software “Image J”.

2.4.3 Atomic force microscopy

Surface topography was evaluated using atomic force microscopy (AFM) from NT-MDT in
semicontact mode using cantilever NSG10/TiN tip (NT-MDT). AFM height images of each
sample were captured in ambient air at 68% humidity and temperature at 23°C. Nova PX imag-

ing software was used to analyze the resulting images.






Chapter 3

Conducting polymers as organic

thermoelectric materials

Content

This chapter studies the thermoelectric behavior of conducting polymers, focusing on PEDOT
with the principal objective of increasing its thermoelectric efficiency. The chapter has been
divided in several sections. An introduction, where the most fundamental aspects of thermo-
electricity in conducting polymers are described, other part with several studies carried out
in PEDOT and polypyrrole such as: the effect of the addition of organic solvent to Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) solutions, the optimization of
the ZT of PEDOT and PPy trough chemical and electrochemical de-doping and the synthesis of

PEDOT nanostructures (nanoparticles and nanowires).

3.1 Introduction

Traditionally, inorganic materials have been used in thermoelectric applications such as BiyTes
[53], PbTe[54] or SiGe[22, 55]. In the last years, most of the research in thermoelectricity
has been concentrated in inorganic compounds. The main purpose was to find an inorganic
material with a small lattice thermal conductivity. Besides the well known bismuth telluride,
skutterudites [56] and half-Heusler compounds [57] have been studied in the last decade as good
candidates for the development of TEGs. The strategy in the search of inorganic compounds
with low thermal conductivity is to find materials with complex crystal structures and heavy
atoms providing a low phonon propagation. However, this class of inorganic materials presents

several drawbacks from the point of view of TEG fabrication. One of the most important is the

21
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abundance of the raw materials. The commonly used elements in the thermoelectric module
fabrication are Bi and Te [58], the abundance of them in the earth crust is 0.0025 ppm and 0.001
ppm. These values are insignificant compared with the abundance of other semiconductors such
as silicon, 270,000 ppm. This fact increases the cost of thermoelectric generators. The other
disadvantage is the toxicity, for example a big number of toxic effects have been attributed
to bismuth compounds in humans: nephropathy, encephalopathy, osteoarthropathy, gingivitis,
stomatitis and colitis [59, 60]. These facts make these materials unsuitable for thermoelectric

applications in large scale.

Conducting polymers have become very interesting materials in the development of electronic
devices such as: organic solar cells [61], transistors [28], supercapacitors[51, 62], light emitting
diodes [63, 64], and recently thermoelectric modules [19, 20, 65]. The typical conducting poly-
mers are sumarized in Table 3.1. Table 3.1 shows the chemical structures of conducting poly-
mers commonly used in thermoelectricity: PANI, polyalkyl thiophenes, PEDOT, polyacetylene,
PPy and poly(2,7-carbazolyenevinylene).

Table 3.1 Molecular structures of typical conducting polymers.

Polymer Structure
/l/\/\/l/
polyacetylene
N - R
.
polyaniline N

(e} o

N
PEDOT s
H M

polypyrrole H
CH, >—CH3
/
polyalkyl thiophenes s
age
Poly(2-7carbazoles) i

Conducting polymers compared with inorganic materials present several advantages. For exam-
ple, organic materials are cheap, and also they offer the possibly to be used in large scale areas,
because some of them are soluble, being easy to cover large areas trough thin polymer films.
Conducting polymers can offer other interesting properties such as: flexibility (making possi-

ble their integration in flexible devices), absence of toxicity and easier chemical modification.
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However, the thermoelectric efficiency of these materials is very low compared with classical in-
organic materials such as, BipTes or PbTe. For this reason researches all over the world dedicate

a great effort to increase the ZT of organic materials.
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Figure 3.1 Conducting polymers (a) articles and (b) number of cites in thermoelectricity during
the last 19 years. Data taken from Web of Science’™.

Figure 3.1 shows the number of papers and cites about thermoelectric properties of conducting
polymers during the last 19 year. It is possible to observe an exponentially growth in both
aspects (cites and papers) since 2012 corresponding with the beginning of this thesis. The real
fact is that, while ZT in inorganic materials has increased around a factor of 3-4 in the last 20
years, even via nanostructuration, in the case of organic materials the increase in ZT has been
of several orders of magnitude. Even more, 10 years ago the figure of merit of most conducting
polymers were of the order of 10~#, nowadays the best values are around 0.5. Although values
of ZT have been increased 1000 times, there is still a lot of work to be done in order to get

organic materials competitive with the traditional inorganic materials.

In this chapter, several methods to increase the thermoelectric efficiency of conducting polymers

will be shown such as: secondary doping, chemical and electrochemical de-doping.

3.1.1 Basic considerations of the synthesis of conducting polymers

Typically, conducting polymers are synthesized by oxidative polymerization. The monomer
with a conjugated 7-bound structure is polymerized in the presence of an oxidant salt. Figure
3.2 shows the mechanism for 3,4-ethylenedioxythiophene (EDOT) polymerization using am-
monium persulfate (APS) as oxidant. The oxidant remove electrons from the double bounds
of the conjugated structure in order to form the polaronic form of EDOT. Then, two of these
polaronic molecules are bonded together in order to form a dimer structure. This process re-

peats for the dimer, the trimer and all the species and finally, a polymeric materials is obtained
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[66]. Generally, the polymer chains are oxidized during the polymerization, a fact that pro-
duces positive charges along the polymer chains, neutralized by the anion of the oxidant. This
process is called doping in conducting polymers. As the positive charges along the polymer
backbone increase, the doping level increases. Consecutively, as the polymer is deficient in
electrons, they are in an oxidative state, generating a p-type semiconductor. Table 3.2 shows
the most usual dopant molecules for typical semiconducting polymers used in thermoelectric
applications. The counter-ion can play an important role in the chemical properties of the final
conducting polymer. For example, PEDOT synthesized using iron(IlI) p-toluene sulphonate or
LiClOy4 are insoluble, however when PEDOT is synthesized in presence of PSS is water solu-
ble. Moreover, the mechanical and optical properties can be also dependent on the counter-ion
[19, 27].
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Figure 3.2 Mechanism for EDOT polymerization using APS as oxidant.

Other way to synthesize conducting polymers is through electrochemical oxidation in a elec-
trochemical cell [19, 27, 37, 67-69]. Using this method, the polymerization occurs over the
surface of the working electrode, obtaining a polymeric film after the synthesis. Controlling the
current density and the polymerization time, it is possible to control the thickness of the film.

The electrochemical method presents several advantages over the chemical oxidation such as:
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in most cases the polymeric material is deposited on the working electrode as a film, absence
of purification steps, the reaction is very simple to control and it allows to scale it to industrial
applications. One of the main problem of the electrochemical synthesis of conducting polymers
(from the point of view of the thermoelectric applications) is that after the synthesis, the film is
deposited over a conductive surface. This fact makes the final materials electrically connected
to a metallic surface, making impossible the electrical measurements in the plane of the film,
due to the presence of the metallic substrate. For this reason, it is very important to obtain a
conducting polymer film over an insulating surface. In this thesis, several ways to achieve con-
ducting polymer films over an insulating surface after the electrochemical polymerization have

been developed. One of these methods will be described in detail in this chapter.

Table 3.2 Dopants of the most typical semiconducting polymers .

Polymer Dopant Reference Polymer Dopant Reference
\
O0=—S=—0 O\\
c|, . A
PEDOT - N 126, 28, 70-72] PANI % [30, 73, 74]
Lo/
Fe? [23, 36, 70] H,SO4 [75,76]
LiClO4 [27, 61, 62] HCI [77]
BF, [78-80] H3POy4 [81]
PF, [27, 61, 82] polycarbazoles FeCl; [83]
polyalkyl thiophenes FeCl3 [32] polyacetylene I, vapour [84, 85]
I, vapour [32]

The electrochemical polymerization also allows to use many dopants, instead of common elec-

trolytes, such as ionic liquids.

3.1.2 Electronic transport in conducting polymers

For the case of small molecules with a defined number of atoms, the atomic orbitals are com-
bined to produce molecular orbitals with discrete and well defined energy levels. The low energy
orbitals are filled with electrons achieving a bonding character, however the orbitals with high

energy level are empty, consequently, these orbitals present an antibonding behavior. When the
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number of atoms increases forming a three-dimensional lattice, the molecular orbitals overlap

in a band, consequently a gap between this two bands appears as it is shown in Figure 3.3. In

Conducting
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Figure 3.3 Diagram of energy levels in conjugated systems.

general, the electronic structure of conjugated polymers is divided in two parts: the bands origi-
nated from the bonding and anti-bonding energy level associated with the -bonds formed from
the sp?> wavefunctions, and the 7z-band that is originated due to the presence of delocalized p,
wavefunctions. The polymer backbone is kept together by the o-bounds. For example, in the
case of sp® carbon chains, such as polyethylene, the excitation of the -bounded electrons will
promote electrons from the bonding ¢-band to antibonding ¢*-band, in consequence a struc-
tural instability is generated. When this process appears, the degradation of the polymer chains
occurs due to the fact that the electrons are not in the o-bonding orbitals for holding the poly-
mer chains together. Consequently, saturated polymers do not have any interesting electronic or
optical properties. However, for the case of conjugated polymers, electronic transitions within
the m-band does not means breaking the polymer chain. For this reason, conjugated polymers

are photoconductors instead of photoresistors [86].

It is possible to explain the band structure of the polyacetylene using the tight-binding approx-
imation. For the uniform bond length of polyacetylene there is a single m-band which can
accommodate 2N electron where N is the number of atoms in the polymer chain. Each carbon
atom gives one p, electron, so the m-band will be half-filled, consequently, the polyacetylene
would be a metal. After the initial discovery of the metal-insulator transition in polyacetylene
a theoretical description was proposed [86]. The construction of the remarkably successful Su-
Schrieffer-Heeger (SSH) Hamiltonian was based on two assumptions: the first one is that the 7-
electronic structure can be treated in the tight-binding approximation with a transfer (hopping)
interaction, #y sigma orbital and the local electron density through the length of the chemical
bonds. The first assumption defines the lowest order transfer energy, which is responsible for
the delocalization of the m-electrons along the polymer backbone. The second assumption gives
the first order correction to fy, also two intuitive terms related to the lattice degrees of freedom:
a harmonic ”spring constant” term that is the increment in potential energy resulting from dis-

placement from the uniform bond lengths in (CH), and the kinetic energy term for the nuclear
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motion. These two lattice parameters, coupled to the electronic via the bond-length dependent
transfer term, are the origin of the nonlinear excitations of the polymer chain, solitons, polarons

and bipolarons.

The SSH Hamiltonian is written as the sum of three terms:

P21
Hssy =Y [—to+ 0(un 1 —Mn)](C,f+17c,Cn,a+C:[,oCn+1,o)+Zﬁ+*K (w1 —un)*, (3.1)
n

n,c 2 n

where CZG and ¢, ¢ are the fermion creation of annihilation operators for site n and spin o, P,
are the nuclear momenta, u,, are the displacements from the equilibrium, m is the carbon mass,
and K is an effective spring constant of the o-bond. The first term is the contribution to the
electronic structure, and the second and the third terms are related with the vibrations of the
nuclei respect to their equilibrium position. In the tight-binding approximation of the w-electron
band structure, one assumes that the wavefunctions are linear combinations the p,-orbitals, that
there is a transfer or hopping interaction with magnitude,—#y, that transfer an electron on site n
to near neighbors sites n =+ 1, and that all contributions to the wavefunction from other atomic
orbitals (such as the sp? atomic orbitals) can be neglected. To neglect the contribution from the
sp2 orbitals requires that 7y/AE;_s < 1, where AE;_ is the T — o energy difference (the dif-
ference between energy of the non bonded P, the 6-bond and the ¢*-bond) an assumption that
is consistent with the basic o — 7 orthogonality. The transfer energy arises from the attractive
interaction between an electron on a carbon atom at site n along the chain and the nucleus of
the carbon atom at site n £ 1. Thus, the magnitude of —# is roughly proportional to the ioniza-
tion potential of the carbon atom, /. Since the ionization potential arises from the attraction of
the electron to the nucleus of the same site, —#( is approximately —2/, time the overlap of the

wavefunctions on close sites, that is:

to ~ 21,8, (3.2)

where S =< n | n41 > represents the overlap of the m-electron wavefunctions on the site n and
the site n 4 1. The factor 2 arises from the fact /, has two contributions, potential energy and
kinetic energy. For polyacetylene, electron energy loss measurements of the band dispersion
yield 7p =~ 3 eV. Since I, = 5 ¢V, the implied overlap of the wavefunctions is relatively large,
S=<n|n=£1>~0.3. Thus, there is a strong tendency toward delocalization of the electrons
along the conjugated chain of carbon atoms. The magnitude on the transfer interactions is

strongly dependent of the distance between successive carbon atoms, that is:

S ~exp{—[(a=£8)/rz]} = So £ ad + terms of orders?, (3.3)
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where r is the effective radius of the p, wavefunction, 0 is the magnitude of the change in bond
length (a — a+ &) and « is a constant. To include this coupling of the electronic structure
to the molecular structure in the SSH Hamiltonian, the transfer term to include the bond-length

dependent hopping interaction from site n to n+ 1:
Tnn+1 :t0+a(“n+l _un)a (3.4)

where u, is the displacement from equilibrium of the n the n’” carbon atom. This effectively
couples the electronic states to the molecular geometry, giving the electron-phonon (el-ph) in-
teraction term where « is the el-ph coupling constant. The precise form of 7, ,1, in which the
dependence of the hopping energy on the C-C distance is linearized for small deviations about
fo, is the then in a Taylor expansion. The bond-length dependence of the transfer energy is an
essential feature of the description of conjugated polymers since the ground state bond alteration
makes the hopping interaction across double bonds larger than the corresponding hopping inter-
action across the single bonds. Let us consider first only the tight-binding terms which describe

the electronic structure of a (CH)y chain with uniform bond lengths:

Hrp=—1,Y [c} geno) +10 Y [l | seno+ChoCnital, (3.5)

n,o n,o

where cfm and ¢, ¢ are the creation and annihilation operators for electrons on site n with spin
o (up or down) and |< c,T17c,c,,7(y >|2: 1, the average number of electrons per site in (CH)y (N is
the number of atoms in the chain). The tight-binding terms are readily diagonalized by Fourier

transformation to k-space:
cjm = (l/Na)l/ZZe*"k”c};G, (3.6)
n

Cno = (1/Na)1/226_ik"ck75, 3.7

where k=0,7/Na,2n/Na,...,n/a,|< cj,vc,cn_,c, >|2= 1. The Hamiltonian is given by:

H=Y[~1,+(1—2coska)]c ;Cko (3.8)
k,o

and the m-electron energies are given by:

Ep =<H >= —I,+ (1 —2coska), 3.9

where the energy is measured with respect to the vacuum. Figure 3.4 shows the band structure

of the uniform chain.
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Figure 3.4 Tight-binding band structure of the uniform chain (CH)y. Reprinted from [86] with
permission of Oxford University Press.

In the tight-binding approximation, the -electron band structure of the uniform chain is a single
band centered at —I, with a total bandwidth of W = 4¢y. The average energy of the 7-electrons,
E (7). (the average of the occupied states in Figure 3.4) in the metallic uniform (CH)y chain

is well below the center of the m-band.

Although the -electrons in polyacetylene are delocalized along the polymer chain, this polymer
is not a metal. The polymerization of acetylene produces a dimerized structure (bond alternat-
ing). The final polymer is insoluble and intractable. For this reason, the molecular weight cannot
be directly measured. The molecular structure of polyacetylene has been shown in Table 3.1,
this polymer has alternating single and double bonds that are, respectively, longer and shorter
than the equilibrium value of the bond length in uniform (CH)y. In this structure, the 7-electrons
on neighboring carbon atoms form weaker and stronger & — & bonds resulting in the bond al-
ternating structure. The length of the alternating bonds can be determined experimentally using
XRD and NMR. The resulting length for the shorter bond is 1.35 A while for the longer bond is
1.45 A. This alternating structure doubles the unit cell and consequently, a gap in the electronic
structure is opened. For this reason, pristine polyacetylene is a semiconductor. Taking this into

consideration, the SSH Hamiltonian reduces to

H= Z[_IO + 0 (ttp 11— tp)] (cr-:_+1’(;cn.,0' + le:cyanrl,O') (3.10)

n,o

where u, =< u, >= (—1)"u. Thus, t, =to+ (—1)")20u =19+ (—1)"A, and

H= Z[—inA)](c;H,Gcn,G+cnﬁgcn+1,6). (3.11)

n,c
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Diagonalization of the SSH Hamiltonian for dimerized (CH)y produces a band structure as

shown in Figure 3.5. Trans-(CH)y is a semiconductor with energy gap E, = 2A,.
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Figure 3.5 Tight-binding band structure of dimerized (CH)y. Reprinted from [86] with per-
mission of Oxford University Press.

The energy versus wave number (k) is given by:

Ey = £/} + A%, (3.12)

where &.a = 2tycoska. In the traditional terminology of condensed matter, the 7-band corre-
sponds to the valence band and the 7*-band corresponds to the conduction band. All the states

in the 7-band are filled while the states in 7*-band are empty.

3.1.3 Doping in conducting polymers

For the polyacetylene molecule the gap is around 1.7 eV, so pristine polyacetylene presents not
metallic behavior. In general, the conductivity of pristine polyacetylene is similar to very low
doped semiconductors. The existence of relative low energy 7-bonds into the polymer backbone
creates the possibility of doping . It is possible to achieve this doping through electron acceptors
molecules (oxidants). The electrons are transferred from the polymer backbone to the dopant,
a fact that produces charge carries (holes) and the electrical conductivity is increased, that is
called chemical doping by charge transfer. An example of this phenomenon is the doping of
polyacetylene with iodine. The dopant oxidizes the polymer chains removing electrons from the
conjugated 7-bond and increasing the conductivity until very high values, around 10* S/cm [84].
At very high doping levels there is a finite density of metallic states at the Fermi level, indicated
by the presence of a temperature-independent Pauli susceptibility [87] and a linear electronic

specific heat [88]. Then, the conductivity reaches very high values [89].
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For the case of n-type doping, a reduction agent has to be used. An example of this is the

following reaction [90]:

y(Na™)(naphthalene™ ) 4+ (CH)x — (naphthalene)eutrar + [Nay + (CH) ™1,

In this case, the naphthalene anion is the reducing agent and Na™ is the counter-ion. In both
cases, oxidative and reductive doping, mobile charges (charge carriers) are introduced in the
m-electronic structure of the polymer chain. This charges are compensated by the counter-ions

that diffuse into the polymer chains, the doped conducting polymers are similar to ionic salts.

Another method for doping conducting polymers is the electrochemical doping process. This
doping is carried out in a three electrode cell with an electrolyte solution as shown in Figure 3.6.
The conductive polymer is the working electrode where the oxidation/reduction process occurs.

Generally, a platinum wire is the counter electrode and Ag/AgCl is the reference electrode.

Potentiostat
Counter electrode

Working electrode B p 9 p ‘

Reference electrode

Figure 3.6 Scheme of the electrochemical cell.

The conjugated polymer is oxidized or reduced by the electrode and the counter-ion moves
from the electrolyte into the polymer, again diffusing into the structure between chains. At high
voltage, the chemical potential moves down in energy until the top of the m-band. When the
chemical potential attains the top of the m-band, the oxidation process occurs, consequently,
the counter-ion neutralizes this charge in the polymer chain. This fact generates a p-type semi-
conductor. When the voltage is negative, the chemical potential moves until the bottom of the
m*-band. When the potential achieves the 7£*-band, the conducting polymer is reduced due to the
incorporation of electron to the £*-band. The negative charge is neutralized by cations from the
electrolyte. This reduction process produces n-type semiconducting behavior in the conducting

polymer.

Another kind of doping in semiconducting polymers can be the photoinduced doping. When

the polymer is excited, an electron can go from the filled 7-band to an empty 7*-band, it can be
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considered as a local reduction and oxidation process. The photoexcitation can generate mobile
charges producing negative and positive polarons. For this reason, conducting polymers can be
photoconductive materials [86]. The photoinduced polarons can be in the same polymer chain

or in a separated polymer chain by interchain electron transfer [86].

Controlling the doping in conducting polymers is very important in order to achieve the maxi-

mum thermoelectric efficiency. Figure 3.7 shows the evolution of electrical conductivity, See-
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Figure 3.7 Electrical conductivity (o), Seebeck coefficient (), thermal conductivity (k), PF
and ZT as a function of the carrier concentration. Reprinted from [9] with permission of NPG.

beck coefficient, thermal conductivity, PF and ZT as a function of the carrier concentration for a
semiconductor material such as BirTes. The electrical and thermal conductivities increase while
the Seebeck coefficient decreases with the carrier concentration. Given these evidences it is very
important to find the best compromise between the electrical conductivity, Seebeck coefficient

and thermal conductivity, in order to get the maximum thermoelectric efficiency.

3.1.4 Electronic states of conducting polymers (solitons, polarons and bipolarons)

In order to understand the doping levels of conducting polymers, it is very important to know
the possible electronic states that can be generated during the doping process. Considering
polyacetylene, the most simple conducting polymer, it is possible to get two equivalent phases,
depending on the position of the double bond, as it is shown in Figure 3.8. Now, imaging a
polyacetylene chain with both phases on the same polymer chain, the resulting structure will

contain a topological defect. This defect shown in Figure 3.8 has the properties of a soliton. The
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Figure 3.8 Structure of a soliton on a polyacetylene chain.

link between both phases is a neutral radical. The site of the radical there is no m-bond. As a
result, the fourth electron is unpaired and exists in a nonbonding state. The unpaired electron is
located in a nonbonding state at the center of the energy gap. Also, this electron is delocalized
over several carbon atoms. The structural distortion generated, produces a change in the local
electronic potential. This change leads to the formation of an electronic state in the energy
gap called the “midgap” state [86]. The midgap state can be occupied by zero, one or two

electrons. Figure 3.9 shows the band diagram of the left neutral soliton, center positive soliton

Figure 3.9 Band scheme of the midgap state associated with the soliton. Left neutral soliton,
center positive soliton and right negative soliton.

and right negative soliton. When the midgap state is singly occupied, the soliton has zero charge
and unpaired spin. The electron can be removed of the polymer chain by oxidation creating a
positive soliton. The positive solition has charge +e and zero spin. Other option is to add an
electron by a reduction process. This fact creates a negative soliton with a charge —e and zero

spin.

When two neutral solitons are attracted, because of the confinement energy, the electronic wave-

functions overlap and two new bonding/antibonding pairs appear. As a consequence the energy
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diagram has two sates symmetrically placed between the band gap as shown in Figure 3.10.

(a) (b)

Figure 3.10 Bonding and antibonding pair of gap states associated with confined soliton pairs.
(a) Lower gap doubly occupied and (b) two states occupied with electrons with a different spin.

The configuration shown in Figure 3.10(a) is unstable because the double occupied state is
located close to the top of the 7-band and the distance between the polarons approaches zero.
That fact makes this configuration to disappear and the gap states to vanish. However, the
configuration shown in Figure 3.10(b) where the two states are occupied, can be stable for the

case of excited conjugated polymers.

Considering the combination of two solitons again, however one of them is a charged soliton,
appears a stable “polaron”. The polaron is a confined soliton pair with negative or positive
charge and with spin 1/2. Figure 3.11 shows the energy structures of the polaronic states of

poly-p-phenylene (PPP). When a soliton pair is combined, both having the same charge, that

(a)

O~~~

(b) (O]

Figure 3.11 (a) Molecular structure of negative polaron (left) and positive polaron (right) in

PPP. Electronic structures and gap state occupancies of the (b) negative polaron and (c) positive
polaron.
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means positive combined with positive or negative with negative, is called “bipolaron”. Figure

3.12 shows the energy structures of the bipolaronic states of PPP. The charge of the bipolarons
(@

(b) (c)

Figure 3.12 (a) Molecular structure of negative bipolaron (left) and positive bipolaron (right).

Electronic structures and gap state occupancies of the (b) negative bipolaron and (c) positive
bipolaron.

can be +2 or —2 and the spin is always 0. In general, during the doping process in the conducting
polymer these electronic states appear. The electrical conductivity and the Seebeck coefficient
are strongly dependent on these states. For this reason, if the number of bipolaronic states in the
polymer material is high, the polymer will be in high oxidation level, that means high doping
level, as consequence the electrical conductivity will be very high and the Seebeck coefficient
will be very low. Thus, it is very important to find methods and mechanisms in order to control

the doping level of the conducting polymer (polaronic and bipolaronic states).

The presence of polarons in conducting polymers can be determined by spectroscopic techniques

such as electron spin resonance and, in the case of bipolarons, trough Uv-Vis measurements.

3.1.5 Secondary doping in conducting polymers

Conducting polymers are structured in domains depending of the interaction between the poly-
mer chains, consequently there are high ordered and disordered regions. That fact produces a
high anisotropy in the electrical conductivity, because the high ordered regions are more conduc-
tive than the disordered ones. For this reason, there is another kind of doping in polymers called
secondary doping. This doping is not electronic, it is related to the polymer chain conformation.
Polymer conformation may play an important role in its physical properties, in particular in the
conductivity. The electron-hole interaction leads to strongly bonded excitons (Frenkel excitons),

which greatly affects the transport properties in conducting polymers. The electronic transport
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is traditionally explained by the charge-energy-limited-tunneling model, proposed originally for
highly disordered conducting polymers [71, 72] (for low electric fields, the voltage and the cur-
rent are not proportional, since there is carrier injection). Amorphous polymer chains adopt a
random coil conformation. The electrical conductivity of a random coil is lower than that of an
extended coil/linear conformation (see Figure 3.13). Thus, the control of the polymer confor-

mation is crucial to improve the electrical conductivity in order to obtain a high thermoelectric

<

efficiency.

(a) (b)
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Figure 3.13 (a) Coil conformation, (b) extended coil conformation, and (c) linear conforma-
tion.

3.1.6 Nanostructuration in conducting polymers

Since the discover of the thermoelectric phenomenon by Thomas Johann Seebeck in 1821, ma-
terials such as BipTes have been used in thermoelectric applications. In the 50s thermoelec-
tric materials have become very important in the development of thermoelectric generators for
aerospace applications. However, values of ZT were close to 0.5. At this time, whatever project
with the objective to increase the ZT until values higher than 1 would be rejected automatically.
However, once the work of Hicks and Dresselhaus was published in 1993, something changed
[13]. They showed a path to increase the thermoelectric efficiency of a semiconductor: the re-
duction of the dimensionality [13]. Following their ideas, semiconductor superlattices such as
BiyTes/SbyTes [16] semiconductors alloys like PbSeTe [17] or, more recently, SiGe [18] have
been shown to have ZT values around 2. In the last years, the reduction of the dimensionality
in Si by growing it in the form of nanowires has proven to be an effective way to decrease the
phonon thermal conductivity. Si nanowires with rough surfaces favor a further decrease of the
thermal conductivity by the appearance of back-scattering phonon processes. Since S and ¢ are
somehow related in semiconductors, [91], the engineering to decrease k is the most effective

tool to increase ZT [92]. In spite of the efforts to increase ZT in inorganic materials, it seems
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that the limit in the case of superlattices is of the order of 2, and there are no advances in the
fabrication of TEG based on nanowires in the last years. In comparison with bulk, in nanos-
tructured materials, the density of electronic states usually has sharp peaks and theoretically a
large Seebeck coefficient can be reached if the Fermi level is located around a maximum in the
electronic density of states. Also, the phonon dynamics and heat transport in a nanostructured

system can be tailored.

These ideas also can be used for organic materials such as conducting polymers to obtain bet-
ter properties compared with bulk materials. First of all, it has to be investigated synthetic
methods to nanostructure conducting polymers. Currently, there are two kinds of methods to
fabricate polymer nanostructures: top-down and bottom-up methods [93-96]. The top-down
method is based on the reduction of components and structures from highest to lowest sizes.
This type of nanotechnology is the most developed until now and also the most used in the field
of electronics, since it is very powerful in the miniaturization of electronic components. In this
method highlight the techniques called optical lithography and electron-been lithography [97].
The methods based in bottom-up techniques consist of the development of the nanostructures
from the lowest to highest size. For example, the process can start form a molecule and with
assembling reactions it is possible to generate a larger structure. This type of nanotechnology
allows to create and control the size and the morphology in a very precise way. A process called
polymerization facilitated by templates has been employed in this PhD thesis. Based on the
nature of the template employed during the synthesis, there are two kinds of methods: soft and
hard template. The nanostructuration by the soft template method is given under the presence

of surfactants. In general, these systems are composed by two different phases, as shown in
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Figure 3.14 Scheme of a reaction using the soft template method.

Figure 3.14. One is the majority phase denoted as the continuous phase and the other one is
the minority phase, called as the disperse phase (in the case of polymerization reaction is the
monomer). The other component is the surfactant that can be anionic, cationic or not ionic. All
the components are mixed together in order to create an emulsion, consequently, the disperse

phase forms small drops, stabilized by the surfactant. The size of the the drops can be from 10
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nm to 100 pm. Finally, the initiator of the reaction is added to the emulsion in order to start the
reaction, which occurs inside of the drops. At the end, a nanostructured material is generated.
In terms of emulsion polymerization, there are three types: macroemulsions, miniemulsions and
microemulsions. The main differences between these processes are the size and the stability
of the droplets. For the case of macroemulsions, the droplet size is around 1-100 um and low
stability is observed, only several minutes. The miniemulsions are characterized by a droplet
size between 50-500 nm and a high stability from days or months. In general, ultrasounds or
homogenizers are needed to achieve miniemulsions. Finally, microemulsions are translucent

with a droplet size around 10-100 nm, and they are thermodynamically stable.

The hard template method is based on the synthesis of nanostructures inside the channels of
a rigid template [98]. Anodized alumina membranes (AAOM) are the most common material
used as a rigid template, since it is very easy to control the thickness and the pore diameter of the
channels changing the experimental conditions. This method allows manufacturing quasi-one-
dimensional nanostructures such as nanotubes, nanowires and nanorods with a relatively low

cost and high versatility in terms of diameter and length. Figure 3.15 shows the pores structure

(a) (b)

Figure 3.15 SEM images of AAOM: (a) top view and (b) cross section.

of one AAOM. The pores are parallels between them and the diameter of the channels is in the
nanoscale range. Considering conducting polymers, the nanostructuration using these templates
can be very simple by electrochemical polymerization [99]. In general, the electrochemical
polymerization occurs over the surface of the working electrode, if the working electrode is the
alumina template the polymerization will be inside the channels, producing a polymeric mate-
rial with a nanowire shape. The use of AAOM as a working electrode requires an electrically
conductive surface. For this reason, the bottom of the AAOM is covered by a metallic layer for
example gold. Finally, the metallic layer, is connected to the potentiostat and dipped into the
electrochemical solution. With this configuration, the polimerization only is carried out inside of

the channels of the template. After the reaction, just removing the template, the nanostructures
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are generated in a nanowire shape. The diameter of the nanowire will be given by the diameter
of the AAOM pore and the length will be given by the time of polymerization and the thickness
of the AAOM.

3.2 Effect of the addition of dimethylsulfoxide on the thermoelec-
tric properties in PEDOT:PSS solutions

3.2.1 Materials

The materials used in this study were: PEDOT:PSS solution, 1.3% wt dispersion in H,O content
in PEDOT 0.5% wt and content in PSS 0.8% wt obtained from Sigma Aldrich (Madrid, Spain).
Dimethylsulfoxide (98%) was purchased from Sigma Aldrich (Madrid, Spain). Microscope

slides were obtained from Fisher Scientific (Madrid, Spain).

3.2.2 Preparation of PEDOT:PSS films in presence of DMSO

The films were prepared by adding DMSO to the commercial solution of PEDOT:PSS in a
proportion of 5 % wt and 10 % wt. The mixture was magnetically stirred during 24 h. Finally,
the solution was dropped on a glass slide (2.7 x4.0 cm) and the solvent was evaporated at 60°C
in vacuum during 4 h. After the films formation, six electric contacts were made on the film

surface, for electrical measurements.

3.2.3 Morphology of PEDOT:PSS films

Figure 3.16(a) and (b) shows the SEM images of PEDOT:PSS films. The surface of the films
after solvent evaporation was completely flat and homogeneous. The surface of PEDOT:PSS
was flatter than other conducting polymers synthesized by different methods, for example syn-
thesized by electrochemical polymerization, which typically shows a higher roughness [27, 37].
A possible explanation is that the film is composed also by PSS, the amorphous nature of this
polymer, makes possible to achieve a flat surface, typical for insulating polymers films. Figure
3.16(b) shows the cross section of the PEDOT:PSS film. The thickness of the films was in the
range of 10-13 um after solvent evaporation. The films had a dark blue color with a bright sur-
face as it is observed in Figure 3.16(c). The addition of DMSO did not change the morphology
of the PEDOT:PSS films.
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Figure 3.16 SEM images of PEDOT:PSS films (a) top view and (b) cross section. (c) Photo-
graph of PEDOT:PSS film with gold contacts.

3.2.4 Thermoelectric properties of PEDOT:PSS films

Figure 3.17 shows the electrical conductivity of PEDOT:PSS as a function of the DMSO content.
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Figure 3.17 Electrical conductivity as a function of DMSO content.
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The electrical conductivity increases form 0.14 S/cm to 177 S/cm. This fact means that with
the addition of DMSO the electrical conductivity increases more than 1000 times compared to
the pristine sample. Considering that DMSO does not have an oxidant power, the electronic
doping level of the PEDOT is not affected, so the enhancement of the electrical conductivity is
given by other factor. This behavior on the electrical conductivity is related with the secondary
doping in conducting polymers [72], previously commented in the introduction. The electrical
conductivity increases due to that the polymer chains are more elongated than in the pristine

sample. The addition of DMSO to the PEDOT:PSS solution produces a change from the benzoid

(a) (b)

Figure 3.18 PEDOT at (a) benzoind and (b) quinoid conformation.

to the quinoid structure of the PEDOT:PSS chains (see Figure 3.18). The quinoid structure
is more rigid than the benzoind structure, consequently the polymer chains change from coil

conformation to linear or extended coil conformation, producing an increase in the electrical

conductivity.
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Figure 3.19 Seebeck coefficient of PEDOT:PSS films as a function of DMSO content.
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The Seebeck coefficient is plotted in Figure 3.19. The Seebeck coefficient decreases with the
addition of DMSO to the polymer solution. The values of the Seebeck coefficient are double in
the pristine sample compared with the sample with 5 % of DMSO. The Seebeck coefficient is
strongly affected by changes in the carriers concentration, however with the addition of DMSO
to PEDOT:PSS solution the carrier concentration is not affected since DMSO is not an oxidant
or reducing agent. Probably the increase in the electron mobility can be responsible for the

changes of the Seebeck coefficient in this system [72].
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Figure 3.20 Power Factor of PEDOT:PSS films as a function of DMSO content.

The power factor has been calculated from the data of electric conductivity and Seebeck coef-
ficient of the PEDOT:PSS films as a function of DMSO content in PEDOT:PSS solution (See
Figure 3.20). The power factor increases from 0.002 to 0.722 uW/m K?. The value of the PF
increases two orders of magnitude with the addition of DMSO to the polymer solution. This
increase of the thermoelectric efficiency is mainly dominated by the enhancement of the electri-
cal conductivity due to the secondary doping produced in the PEDOT chains by the presence of

polar organic solvents, such as DMSO.
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3.3 Effect of the chemical de-doping on PEDOT electrochemically

synthesized in presence of different counter-ions !

3.3.1 Materials

The reactants used in this study, EDOT, lithium perchlorate (LiClOy), 1-butyl-3-methylimidazolium
hexafluorophosphate, 1- ethyl- 3-methylimidazolium bis(trifluoro- methylsulfonyl)imide (BTFMSI)
and acetonitrile, were purchased to Sigma Aldrich Co (Madrid, Espafia). Figure 3.21 shows the

structure of these molecules.

(a) (b)
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Figure 3.21 Molecular structure of (a)l-Butyl-3-methylimidazolium hexafluorophosphate and
(b) 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide.

3.3.2 Synthesis of PEDOT films

The films of PEDOT:ClIO4, PEDOT:PF¢ and PEDOT:BTFMSI were synthesized through elec-
trochemical polymerization on a gold surface (20 nm of thickness) previously deposited on a
glass substrate (2x4 cm?) by metal evaporation in a Univex 300 Evaporation system. The gold
layer was, at the same time, the working electrode. The PEDOT:ClO4, PEDOT:PF¢ and PE-
DOT:BTFMSI were polymerized starting from a 0.01 M solution of EDOT and LiClO4 0.1 M, 1-
butyl-3-methylimidazolium hexafluorophosphate 0.01 M, 1-ethyl-3-methylimidazolium bis(tri-
fluoro- methylsulfonyl)imide 0.01 M, respectively, in 100 mL of acetonitrile at —3 mA versus
an Ag/AgCl reference electrode during 2 minutes. Under these experimental conditions, the
thickness was 110-120 nm. A Pt grid was used as counter electrode and a Keithley 2400 power
supply was employed. The gold layer was removed with an acid solution (HNO3:HCI ratio

1:3). The PEDOT derivatives thin films were washed several times with water and finally with

IThis section is based on the publication:”Enhanced thermoelectric performance of PEDOT with different
counter-ions optimized by chemical reduction” M. Culebras, C. M. Gomez, A. Cantarero Journal of Materials Chem-
istry A, 26, 10109-10115 (2014)- Reproduced by permission of The Royal Society of Chemistry.
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Figure 3.22 Scheme of the sample preparation sequence.

ethanol (with this treatment, the gold layer was removed keeping the polymer integrity and their

properties).

The resulting films of PEDOT:Cl1O4, PEDOT:PFg and PEDOT:BTEMSI were reduced by contact
with hydrazine (N;Hy) vapor during several seconds. In order to guarantee the reproducibility,
the procedure was optimized keeping a constant hydrazine steam flow through the film surface,
i.e. the film surface was in close contact with the hydrazine vapor. Figure 3.22 depicts a scheme
of the polymer surface formation. In order to perform the electrical characterization, six gold
contacts were coated on the polymer film surface by thermal evaporation; they were also used

for the thermoelectric measurements.

3.3.3 Morphology of PEDOT films

Figure 3.23 PEDOT:CIO4 with the gold layer (left) and after removing the gold layer (right).

Figure 3.23 shows the polymer film on the glass substrate before and after the gold has been

removed. No change in PEDOT appearance has been observed after the acid treatment. The blue
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color of the PEDOT film was kept after the treatment, indicating not changes on the oxidation

state. In addition, the film integrity was kept without cracks on the film surface.

For the morphological characterization of the film surface, we have used scanning electron mi-

croscope. Figure 3.24 shows the scanned (SEM) images of the three film surfaces under study.

Figure 3.24 SEM images of (a) native PEDOT:CIOy4, (b) PEDOT:CIO4 after 20s of reduction
treatment, (c) native PEDOT:PFg, (d) PEDOT:PFg after 20s of reduction treatment, (e) native
PEDOT:BTFMSI and (f) PEDOT:BTFMSI after 20s of reduction treatment showing the differ-
ent morphologies.

All the films appear to be homogeneous and compact with different roughness degree. Figures
3.24(a) and 3.24(b) (PEDOT:ClO4) show a very rough surface, with well distinguished glob-
ules, homogeneously distributed all over the surface. This film resembles compact with ordered
arrangements of cauliflowers-shaped granules, typical of electro-synthesized films. On the other
hand, the Figures 3.24(c), 3.24(d), 3.24(e) and 3.24(f) (PEDOT:PFg and PEDOT:BTFMSI films)
depict a smoother surface of nearly interconnected polymer chains and voids in between [72].

A smoother, more homogeneous and compact polymer film will clearly improve the electrical
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conductivity and the electron transfer capability between chains due to a more stretched poly-
mer structure. The reduction treatment does not alter the morphology of the films as shown in
Figures 3.24(b), 3.24(d) and 3.24(f).

3.3.4 Spectroscopy measurements of PEDOT films

A Raman study (Figure 3.25) has been performed in the three polymers synthesized in this
section in order to analyze the effect of the reduction on the vibrational modes of PEDOT also.
The spectra depicts different vibrational modes, at 440, 576 and 990 cm~ !, the modes related

to the oxyethylene ring deformation; the peak at 691 cm™!

corresponds to the symmetric C-S-C
deformation; the C-O-C deformation corresponds to the mode appearing at 1100 cm™!; the Cq-
C,, (inter-ring) stretching mode is located at 1260 cm™!; the peak at 1361 cm™! is related to the
Cp-Cp stretching; the symmetric stretching mode Cq=Cg(—0) appears at 1430 cm™!, and the
asymmetric stretching of C = C splits, as it is well know, into two Raman peaks at 1508 cm™!
and 1568 cm™!, respectively. The frequencies of all the modes found in the Raman spectra are
given in Table 3.3. These spectra are the indication test that PEDOT has been obtained after the

electrochemical synthesis [100]. The normalized signals show a clear increase in the intensity

Table 3.3 Typical vibrational modes of PEDOT.

Raman shift (cm 1) Assignation
440 Oxyethylene ring def
576 Oxyethylene ring def
691 sym C-S-C def
990 Oxyethylene ring def
1100 C-O-C def
1260 Cy-Cq(inter-ring) str
1361 Cp-Cp-str
1430 sym Cy=Cp(-O)

1508-1568 asym C=C str

of the peaks centered at 1300-1500 cm~!, respect to the background signal, with reduction
time. This effect is due to the fact that the neutral segments of PEDOT are more active than the
doped segments at the excitation line of 514.53 nm (green). Consequently, when the sample is
subjected to the reduction treatment with hydrazine, the number of neutral segments increases,
resulting in an increase of the Raman signal. These results are in agreement with the Raman
studies of doping in PEDOT previously published by S. Garreau et al. [100, 101].

The UV-Vis-NIR absorption as a function of the reduction time is presented in Figure 3.26(a) .
The spectra obtained for highly reduced PEDOT:ClO4, PEDOT:PFg and PEDOT:BTEMSI (25
s of reduction time) show a broad absorption band centered around 600 nm, that corresponds

to the mw — z* transition (valence to conduction transition in a semiconductor), associated with
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Figure 3.25 Raman spectra of PEDOT:C104, PEDOT:PFs and PEDOT:BTFMSI at several
reduction times.

the neutral segments in the PEDOT chains [101]. The other band observed in the Uv-Vis-
NIR spectra appears around 900 nm. This band is related to the doping process of conducting
polymers, actually due to bipolaron and polaron states [102]. The UV-Vis-NIR results indicate a
clear influence of the reduction time with the doping level in the three polymers synthetized. In
all cases the band centered around 600 nm increases with reduction due to the de-doping process,
since they produce an increase of the neutral polymer segments. Also, the high NIR absorption
in highly doped samples decreases with the reduction process, and it has been assigned to the

decrease of bipolaron states [103].
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Figure 3.26 Uv-Vis-NIRs spectra of: (a) PEDOT:C104, PEDOT:PFg and PEDOT:BTFMSI at
several reduction times and (b) PPEDOT:C1Qq, before and after acid treatment.

Figure 3.26(b) shows the UV-Vis-NIR spectra of PEDOT:CIO4 before and after removing the
gold layer. The shape of the spectrum is conserved after the acid treatment indicating that the

oxidation state of the polymer does not change with the acid treatment.

3.3.5 Thermoelectric properties of PEDOT films

Figure 3.27 depicts the values of ¢, S and PF, of PEDOT:ClO4, PEDOT:PFg and PEDOT:BTFMSI
films as a function of the chemical reduction time. The samples tested using a reduction time up
to 2 min, give the same values already obtained with 20 s. As shown in Figure 3.27, the electri-
cal conductivity decreases with the reduction time until reaching a plateau due to the saturation
of the doping level. After chemical reduction, the electrical conductivity changes from 753 to
230 S/cm for PEDOT:ClOy, from 1000 to 312 S/cm in the case of PEDOT:PF¢ and from 2074
to 708 S/cm for PEDOT:BTFMSI. The opposite behavior has been observed in the variation of
the Seebeck coefficient with the reduction time. Although the Seebeck coefficient is small, it
increases with reduction time: from 9 to 35 u'V/K for PEDOT:CIlOy, from 11 to 34 uV/K in the
case of PEDOT:PFg and from 14 to 42 uV/K for PEDOT:BTFMSI after 25 s of reduction time.
These values are higher than those obtained for the PEDOT: PSS (S~15 uV/K)[29, 72, 104]
but lower than that of PEDOT:Tos (40-700 uV/K) [36]. In Figure 3.27, PF has been plotted
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Figure 3.27 Electrical conductivity (o), Seebeck coefficient S, and power factor (PF) , of: (a)
PEDOT:CIQq4, (b) PEDOT:PF¢ and (c) PEDOT:BTFMSI, as a function of chemical reduction
time.
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in order to show the optimum reduction time providing the highest thermoelectric efficiency.
Figure 3.27 indicates that the optimum reduction time for the three polymers studied is around
11 s with PF= 41 uW/m K? for PEDOT:CIOy; 11 s with 60 uW/m K? for PEDOT:PFg and
5 s with 147 uW/m K? for PEDOT:BTFMSI. As reported in the literature, polymeric materi-
als with high doping level show a high electrical conductivity and a low Seebeck coefficient
[23, 36]. When the doping level decreases, the Seebeck effect increases while the electrical
conductivity decreases. The best compromise is given by the best power factor. PEDOT:ClOy,
PEDOT:PF¢ and PEDOT:BTFMSI are initially oxidized (highly doped). By reducing them with
hydrazine, the doping level decreases up to reach the optimum PF. The reduction times, in our
case, are of the order of a few seconds since we are dealing with undiluted hydrazine. These re-
sults are very exciting when compared with other conducting polymers [34, 105]. The electrical
conductivity obtained for PEDOT:ClO4, and PEDOT:PFg is very similar when compared with
PEDOT:PSS doped with DMSO [24] (800-1000 S/cm), but in the case of PEDOT: BTFMSI is
relatively high and of the same order of magnitude than PEDOT:Tos (2120 S/cm) [23]. The
polymer conformation may play an important role in its physical properties, in particular in the
conductivity. The electron-hole interaction leads to strongly bonded excitons (Frenkel excitons),
which greatly affects the transport properties in conducting polymers. In the case of PEDOT,
the electronic transport is traditionally explained by the charge-energy-limited-tunneling model,

proposed originally for highly disordered conducting polymers [71, 72].

Looking at Figure 3.24 and the evolution of the electrical conductivity in the three polymers,
clearly a great change from a typical coil conformation to a linear or expanded-coil confor-
mation takes place in the presence of different counter-ions or dopants. The evolution of the
chain conformation in presence of different counter-ions increases the compactness of the films,
producing an increase of the electrical conductivity. Thus, the increasing order in the electri-
cal conductivity (PEDOT:BTFMSI > PEDOT:PF¢ > PEDOT:ClQy,) is strongly related with the
conformation of the PEDOT chains caused by the increase in the size of the three counter-ions

used as shown schematically in Figure 3.28 .

In general, amorphous polymers adopt a random coil form. Thus, small anions such as per-
chlorates may lie smoothly neutralizing the positive charges of the chain, without modifying
the coil structure. The increase in counter-ion size produces an extension of the polymer chain
due to electrostatic interaction. An extended chain is more favorable for the neutralization of
the positive charges of PEDOT by the BTFMSI anions, leading to an increase of the electrical
conductivity. The fact that the extended chains are more conductive than random coil chains is
well known in the literature. For example, PEDOT:PSS doped with DMSO or EG and PANI
doped with m-cresol [72, 106]. The thermal conductivity of PEDOT samples has been mea-
sured using a MDSC system according to the ASTM E1952-11 standard. The values obtained
at 25 °C were 0.35+0.02 Wm~'K~! for PEDOT:CIOy, 0.224+0.02 Wm 'K ~! for PEDOT:PF¢
and 0.1940.02 Wm~'K~! for PEDOT:BTFMSI. We have checked that the thermal conductivity
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Figure 3.28 PEDOT conformation under the presence of different counter-ions.

does not change with the reduction level. These values are very similar to that calculated for
PEDOT:Tos (0.37 Wm™'K~!) and PEDOT:PSS (0.20 Wm™~'K™") [36, 72]. The figure of merit

for all samples as a function of the reduction time, is shown in Figure 3.29 . The best value
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Figure 3.29 ZT values of PEDOT:CIO4, PEDOT:PF¢4 and PEDOT:BTFMSI as a function of
chemical reduction time at 25 °C.

has been obtained for PEDOT:BTFMSI, ZT~0.22. This value is one of the highest reported for



Chapter 3 Conducting polymers as organic thermoelectric materials 52

polymers in the literature, approaching to the record value obtained for a polymer [24] (ZT=
0.4).

The importance of these high ZT values remains in the fact that they have been obtained with a
simple polymer matrix, without the need of additional fillers. For this reason, it is interesting to
compare our results with the most relevant data published on the thermoelectric performance
in polymer composites. For example: in PANI/Bi nanocomposites ZT~0.4-1.3-1073 [32],
in PANI/SWCNTs [107], ZT~0.4-1.3-1073, in poly(3-hexylthiophene)/Bi, Te; nanocomposites
[108] ZT~1.7-102, in PEDOT:PSS/SWCNTs [109, 110], ZT~ 2-10~2 or PEDOT:PSS/CNT-
stabilizers (PF 500 uW/mK?). In addition, the suitable experimental process for manufacturing
nanocomposites without purification stages indicates that PEDOT:C104, PEDOT:PFg and PE-
DOT:BTFMSI could be good candidates as polymer matrices in the production of high thermo-

electric efficiency nanocomposites with high ZT values.

3.4 Electrochemical de-doping in PEDOT and polypyrrole>

3.4.1 Materials

The reactants used in this work, PPy, EDOT, lithium perchlorate, ethanol and acetonitrile, were

purchased from Sigma Aldrich Co. (Madrid, Espana).

3.4.2 Synthesis of PEDOT

The electrochemical synthesis of PEDOT was carried out at room temperature in a three elec-
trode cell following the procedure described in a previous section. The working electrode was
a gold coated PET surface for SEM and transport measurements, while an ITO coated glass
was used for cyclic voltammetry and absorbance measurements. A platinum grid acted as the
counter-electrode and the Ag/AgCl electrode acted as the reference one. PEDOT was polymer-
ized from a 0.01 M solution of EDOT and LiCIO4 0.1 M in acetonitrile. The electrochemical
polymerization was made at a deposition intensity of 3 mA during 1.5 min over the working
electrode surface. Films of 120-130 nm thickness were obtained. The gold layer of the corre-
sponding working electrode was removed with an acid solution (HNO3:HCl ratio 1:3) after the
film deposition. Finally, the deposited PEDOT films were rinsed several times with water and

ethanol to remove the untreated monomer and then dried in air at room temperature.

2This section is based on the publication:”Controlling the thermoelectric properties of polymers: application to
PEDOT and polypyrrole” M. Culebras, B. Uriol, C. M. Gémez, A. Cantarero, Physical Chemistry Chemical Physics,
17, 15140-15145 (2015) Reproduced by permission of the PCCP Owner Societies.
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3.4.3 Synthesis of PPy

Polypyrrole films were also prepared at room temperature by the electrochemical polymerization
method in a conventional three electrode system. The working electrode was a stainless steel
electrode for SEM and transport measurements, while an ITO electrode was used for voltam-
perometry and absorbance measurements. A platinum grid acted as the counter-electrode and
the Ag/AgCl electrode was used as reference. PPy was polymerized from a 0.01 M solution
of pyrrole and LiClO4 0.1 M in acetonitrile. The electrochemical polymerization was made at
a deposition intensity of 3 mA. The films, grown on the ITO electrode during 1.5 min, were
120-130 nm thick, whereas those obtained on stainless steel electrodes during 4 h were 100 um.
Finally, the deposited PPy films were rinsed several times with water and ethanol to remove the
untreated monomer and then dried in air at room temperature. The layer of PPy was detached

from the steel surface and transferred into a glass substrate for measurements purposes.

3.4.4 Electrochemical reduction of polymers

The electrochemical reduction of the polymeric samples was carried out in an Ivium-n-Stat:
multi-channel electrochemical workstation under computer control. The three electrodes cell
was formed by the ITO coated by the polymer (PEDOT or PPy) as the working electrode, the
platinum grid as the counter-electrode, and the Ag/AgCl electrode as the reference one in a 0.1
M of LiCIOy4 in acetonitrile solution. The polymer samples were subjected to several voltages
vs the Ag/AgCl reference electrode, in order to determine the absorbance and the transport

properties (electrical conductivity and Seebeck coefficient) at different reduction states.

3.4.5 Morphology of PEDOT and PPy films

SEM was used in order to characterize the surface morphology of the films. The images of the
PEDOT and PPy films obtained after the electrochemical polymerization are depicted in Figure
3.30. The surface morphology of PEDOT (Figure 3.30(a)) shows a homogeneous and compact
surface with a certain degree of roughness of nearly interconnected polymer chains and voids
in between [27, 72]. The SEM surface image of PPy (Figure 3.30 (b)) shows typical granular

(caulifiower) morphologies distributed over the substrate surface and densely packed [69, 111].

3.4.6 Cyclic voltametry of PEDOT and PPy films

Cyclic voltammetry between —3 and +1.5 V at a rate of 20 mV/s was performed on the PEDOT
and PPy films (Figure 5.25) in order to determine the voltage where the oxidation/reduction

polymer species appear. The shape of the voltammogram with anodic (I) and catodic (III) peaks
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(a) (b)

Figure 3.30 SEM images of: (a) PEDOT and (b) PPy films surfaces after electrochemical
polymerization.
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Figure 3.31 Cyclic voltammetry of: (a) PEDOT and (b) PPy. (c) Scheme of polymer electronic
states as a function of the oxidation/reduction level.

related with the oxidation and reduction processes is similar to those reported in the literature
[67, 68, 100, 101, 112-115]. The peak appearing at positive current values is related to the
oxidation of the polymer, while that shown at negative currents is related to the reduction states
(Figure 5.25). The reduction or cathodic peak appears in the range from —1.0 to 4-0.2 V while
the oxidation peak is located in a potential range between 0 and 0.5 V (see Figure 5.25(a)) for
PEDOT. Polypyrrole films depict a clear oxidation peak in the range from —1.0 to O V and a
reduction peak in the range from —2.5 to —1.5 V (see Figure 5.25(b)). Figure 5.25(c) shows
a scheme on the evolution of the electronic depending on the applied voltage. At oxidation

potentials, the polymer chains are in a bipolaronic state, at intermediate potentials there is a
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mixture between bipolaronic, polaronic and neutral states and finally at reduction potentials the

chains are in their neutral states.

The nature of the doping states of conjugated polymers is still a matter of debate. A high
doping level is desirable to improve the applications of conducting polymers; in the present case
thermoelectric devices. Cyclic voltammetry has been performed to know the voltage values
where the oxidized and reduced species appear. These voltages will change the doping state of
the polymer and, as expected, the thermoelectric efficiency. In order to change the doping level
of PEDOT and PPy, different voltages (V vs Ag/AgCl, taken as reference voltage) have been
applied to the films, until the current remained unchanged. In this way, we have different doped
polymers from neutral to bipolaron. Optical absorption, electrical and thermal conductivity, and

Seebeck coefficient have been determined in those doped films.

3.4.7 Spectroscopy measurements of PEDOT and PPy films

Ultraviolet-visible (Uv-Vis) spectrochemical curves are shown in Figure 3.32 for PEDOT and
PPy films deposited on an indium tin oxide (ITO) coated glass. The spectra depict different
bands related with different oxidation states due to the electrochemical doping. A broad absorp-
tion band centered at 900 nm related with the oxidized PEDOT state (0.0 <V < 1.0 V) appears
during the doping process and is related to polaron and bipolaron states [101]. However, an
absorption band centered at 600 nm appears in the PEDOT reduced state (V = —1.0 V), that
decreases its intensity as the applied voltage increases, that is, as the polymer changes from a
reduced to an oxidized state, related to the & — &* transition [100-102, 114-116]. Thus, chang-
ing the doping states of the PEDOT chains from bipolarons/polarons to neutral states results in
changes in the optical properties of the polymer. The color of the polymer changes from dark
blue in the reduced state to light blue in the oxidized (bipolaron) state. Figure 3.32(b) shows the
Uv-Vis spectrum of PPy films obtained at different doping levels. The absorption band between
500-900 nm at high applied voltages is related with the polaronic and bipolaronic (oxidized)
states of PPy [115]. The band at 300-500 nm, related to the absorption of the neutral or reduced
state of PPy [115], cannot be observed since it overlaps with the substrate signal (PET-ITO). The
color of PPy changes from a neutral yellow form to blue-green for the fully oxidized, bipolaron

state.

3.4.8 Thermoelectric properties of PEDOT and PPy films

Figure 3.33 shows the electrical conductivity, Seebeck coefficient and the power factor of PE-
DOT (Figure 3.33(a)) and PPy (Figure 3.33(b)) films as a function of the applied voltage vs
(Ag/AgCl). In both cases, the electrical conductivity increases with the applied voltage or the
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Figure 3.32 Uv-Vis spectra of: (a) PEDOT and (b) PPy as a function of different applied
voltages vs Ag/AgCl on ITO coated glass electrodeposited polymer films.

oxidation state of the polymers. As the applied voltage changes from negative to positive, the
polymers change from reduced to neutral and to an oxidized state, i. e. a bipolaron state as
corroborated by cyclic voltammetry and Uv-Vis measurements. The electrical conductivity of
PEDOT changes from 80 S/cm at —1.0 V to 766 S/cm at +1.0 V. These values are of the same
order of magnitude than those found in the literature. For example, PEDOT:PSS doped with
DMSO has an electrical conductivity between 500 and 1000 S/cm [24, 26, 29, 72]. The electri-
cal conductivity of PPy increases from 15 S/cm at —2.0 V to 160 S/cm at 1.0 V. At the highest
oxidation level, we obtain similar values to that reported for PPy:PF¢ (100 — 600 S/cm) [117],
but higher than those obtained for PPy composites such as PPy/MWCNTs, 70 S/cm [118], or
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Figure 3.33 Electrical conductivity, Seebeck coefficient and power factor of (a) PEDOT and
(b) PPy as a function of voltage referred to the Ag/AgCl electrode.

PPy/graphene nanosheets, 40 S/cm [119]. The opposite trend has been observed in the variation
of the Seebeck coefficient (Figure 3.33). The Seebeck coefficient of PEDOT decreases from
37.0 uV/K at —1.0 V t0 9.6 uV/K at +1.0 V whereas the Seebeck coefficient of PPy changes
from 51.0 uV/K at —2.0 V to 6.7 uV/K at +1.0 V (always referred to the Ag/AgCl reference
electrode). The values of S obtained for the PEDOT films are similar to those reported in the
previous section. However, the values of the Seebeck coefficient obtained in this work for PPy

are the highest values ever measured [20].

The PF corresponding to PEDOT and PPy has also been plotted in Figure 3.33. The maximum
PFis 16.3 uV K~'m~2 for PEDOT at 0.01 V, while for the case of PPy the maximum value has
been reached at —2.0 V, 3.9 uV K~'m~2. These values are related to an intermediate polaron
structure for PEDOT and a reduced, neutral state for PPy due to the relationship between the

Seebeck coefficient and the electrical conductivity.
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Figure 3.34 ZT of PEDOT and PPy as a function of applied potential at 300 K.

In order to calculate values of ZT, the thermal conductivity has been determined for the different
samples, being independent of the doping level of the samples. The values obtained at 300 K
were (0.35+£0.02) W m'K~! for PEDOT and (0.17 £0.02) W m'K~! for PPy. We have
checked that the thermal conductivity does not change with the applied voltage. However, two
recent papers reported an anisotropic thermal conductivity of PEDOT [120, 121] and a certain
dependence with the electrical conductivity. The in-plane thermal conductivity increases with
increasing ¢, while the perpendicular thermal conductivity remains constant. In particular, the
in-plane thermal conductivity of PEDOT is of the order of 1 W m~'K~! for higher values of
the electrical conductivity. This is probably because of the contribution of the electrons to the
thermal conductivity. If the polymer chains are in-plane, the conductivity (both thermal and
electrical) should be larger in-plane. Since we have measured the thermal conductivity using a
DSC we have an average value, consistent with previous literature results [27, 36, 122]. But we
do not expect an important anisotropy in our case, since we are dealing with very thin films of

the order of 100 nm thick. Thus, we believe that our thermal conductivity data are confident.

The efficiency of a thermoelectric device has been plotted in Figure 3.34 for the different sam-
ples. The highest value of ZT was 6.8 x 10~ for PPy and 1.4 x 10~2 for PEDOT, using the
values of thermal conductivity obtained form our DSC measurements. These results are of the

same order of magnitude as other recently reported on conducting polymers [19, 20].
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3.5 Nanostructuration of PEDOT using soft template methods

3.5.1 Materials

The reactants used in this study were: EDOT (97%), Iron(IIl) p-toluenesulfonate hexahydrate
(Fe-Tos) obtained from Sigma Aldrich. Hydrogen peroxide obtained from PanReac AppliChem.
Decyltrimethylammonium bromide (DTAB) and Lutensol AT50 were used as surfactant, pur-

chased from Sigma Aldrich and BASF respectively (see Figure 3.35 ).

Lutensol AT50 DTAB
+
RO(CH,CH,0)s0H H;C(H,C)¢H,C-N-CH; Br
3 | 3
R= Linela saturated alcohol C;cC;g CH;

Figure 3.35 Molecular structure of Lutensol AT50 and DTAB.

3.5.2 Synthesis of PEDOT nanoparticles using Lutensol AT50

The synthesis of the PEDOT nanoparticles was carried out using polymerization in miniemul-
sion. [123, 124] First, 0.05 g (2.03 x 1073 moles) of Lutensol AT50 were dissolved in 40 mL of
ultra-pure water. Then 0.2 mL (1.8 x 1073 moles) of EDOT were added to the Lutensol solution.
The mixture was magnetically stirred during 10 minutes. After that, the mixture was sonicated
using a Branson 450-D sonifier with 70 % of amplitude in a pulsed mode (90 %) during 5 min-
utes. After this process, a white dispersion was obtained. The EDOT dispersion was transferred
to the reaction flask in a oil bath thermostatted at 45°C. Finally, 25 mL of Fe-Tos solution was

added to the reaction flask leaving the polymerization to take place during 24 hours.

The purification of PEDOT nanoparticles was carried out by centrifugation at 8000 rpm during
20 minutes. The process was repeated until the observation of a transparent color in the su-
pernatant solution, indicating that all the Fe-Tos excess was completely removed. Finally, the
purified nanoparticles was re-dispersed in 40 mL of ultra-pure water: the nanoparticles disper-
sion was sonicated for 30 minutes in a bath sonicator, then 20 minutes in a tip sonicator and

finally 20 minutes in a bath sonicator.

In order to study the effect of the experimental conditions (EDOT:Fe-Tos molar ratio, the ad-
dition of H,O, and the pH of the dispersion) on the final properties, such as morphology and

thermoelectric parameters, several studies were realized.
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3.5.2.1 Influence of EDOT:Fe-Tos

Table 3.4 summarizes the different reactants and molar ratios employed to study the EDOT:Fe-

Tos reaction.

Table 3.4 Amounts of the reactants during the study of the EDOT:Fe-Tos molar ratio influence.

EDOT:Fe-Tos molar ratio

Reactant 1:0.5 1:1 1:2 1:3.5
Lutensol AT50 (g) 0.05 0.05 0.05 0.05
EDOT (mL) 0.2 0.2 0.2 0.2

Fe-Tos (M) 1.4x1072 28 x107%2 57 x107%2 1.0 x107!

3.5.2.2 Influence of H>O, concentration

For this study the molar ratio between EDOT and Fe-Tos was kept at 1:1 molar ratio. The
amounts of the reactants used in this study are summarized in the Table 3.5. The addition of

H,0, was carried out one 1 hour after finishing the addition of Fe-Tos solution.

Table 3.5 Amounts of the reactants during the study of the H,O, concentration influence.

H,0O, concentration (M)

Reactant 0 75 %103 1.5x10°2 3.7 x107% 7.5 x10?
Lutensol AT50 (g) 0.05 0.05 0.05 0.05 0.05
EDOT (mL) 0.2 0.2 0.2 0.2 0.2

Fe-Tos (M) 28 x1072 28 x1072 28x1072 28x1072 28 x102
H,0, (mL) 0.0 0.05 0.10 0.25 0.50

3.5.2.3 Influence of miniemulsion pH

For this study, the molar ratio between EDOT and Fe-Tos was kept at 1:1 and the volume of
H,0, was 0.5 ml. The amount of the reactants used in this study are summarized in Table 3.6.

The addition of HCl to the reaction flask was carried out just after the addition of Fe-Tos.

Table 3.6 Amounts of the reactants during the study of the pH influence.

HCI volume (mL)

Reactant 0.0 0.5 1.0 2.5 5.0
Lutensol AT50 (g) 0.05 0.05 0.05 0.05 0.05
EDOT (mL) 0.2 0.2 0.2 0.2 0.2

Fe-Tos (M) 28 x1072 28 %1072 28x107%2 28 x107%2 28 x10°2
H,0, (mL) 0.50 0.50 0.50 0.50 0.50
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3.5.3 Synthesis of PEDOT nanoparticles using DTAB

The synthesis process of PEDOT nanoparticles using a cationic surfactant such as DTAB was
carried out using a similar procedure as described in the previous section. Certain amount of
DTAB was dissolved in 40 mL of ultra-pure water. Then 0.2 mL of EDOT was added to the
cationic surfactant solution and the mixture was magnetically stirred for 10 minutes. After that,
the mixture was sonicated using a Branson 450-D sonifier with 70 % of amplitude in a pulsed
mode (90 %) during 5 minutes in a ice bath, in order to avoid the warming of the dispersion.
After this process, a white dispersion was obtained. The EDOT dispersion was transferred to the
reaction flask in a oil bath thermostatted at 45°C. Finally, 25 mL of Fe-Tos solution was added
to the reaction flask leaving the polymerization to occur during 24 hours with constant magnetic

stirring.

The PEDOT particles were purified by centrifugation. The raw reaction was centrifuged at
8000 rpm during 20 minutes, and then, the supernatant solution was removed. This process
was repeated until the observation of transparent color in the supernatant solution. The result-
ing powder was re-dispersed in 40 mL of ultra-pure water following the following steps: the
nanoparticles dispersion was sonicated for 30 minutes in a bath sonicator, then 20 minutes in a

tip sonicator and finally, 20 minutes in a bath sonicator.

During this study, the influence of the DTAB concentration was carried out changing the amount
of DTAB from 0.05 g to 3.0 g using two different molar ratio EDOT:Fe-Tos, 1:1 and 1:2. All

the reactants amounts have been summarized in table 3.7.

Table 3.7 Reactants during the study of the DTAB influence on PEDOT polymerization with a
molar ratios EDOT:Fe-Tos 1:1 and 1:2.

Molar ratio EDOT:FeTos 1:1

Reactant Amounts
DTAB (g) 0.05 0.5 1.0 3.0
EDOT (mL) 0.2 0.2 0.2 0.2

Fe-Tos (M) 28 x1072 28 x1072 28 x1072 28 x10°2
Molar ratio EDOT:FeTos 1:2

Reactant Amounts
DTAB (g) 0.05 0.5 1.0 3.0
EDOT (mL) 0.2 0.2 0.2 0.2

Fe-Tos M) 5.7 x1072 57 x1072 57 x107%2 5.7 x1072
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3.5.4 Morphology of PEDOT nanoparticles

The morphology of the PEDOT nanoparticles was studied by TEM. The particle size and shape
of the nanoparticles are very important to keep the stability of the suspension, in order to be

processed in solution for making devices or other applications. Figure 3.36 shows the mophol-
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Figure 3.36 TEM images of PEDOT nanoparticles with a molar ratio: (a) EDOT:Fe-Tos
1:0.5,(b) EDOT:Fe-Tos 1:1, (¢c) EDOT:Fe-Tos 1:2, (d) EDOT:Fe-Tos 1:3.5.

ogy of the PEDOT nanoparticles with different molar ratio EDOT:Fe-Tos employed during the
synthesis. The morphology is strongly related with the Fe-Tos content during the synthesis. Fig-
ure 3.36(a) shows nanoparticles aggregates composed by spherical nanoparticles with a size of
(43420) nm at lower content of Fe-Tos (molar ratio 1:0.5). The aggregates size varies form sev-
eral hundreds of nanometers to several microns. For the case of PEDOT nanoparticles obtained
at molar ratio 1:1 (Figure 3.36(b)), a pseudo-spherical shape has been observed. Probably, the
collisions between the unfinished polymerized drops give use to these branched aggregates ob-
served in Figure 3.36(b). The particle size was (604-10) nm. This increase of the particle size
is an indication of the fact that the spherical shape is lost when the oxidant content increases.
When the molar ratio EDOT:Fe-Tos increases until 1:2, the spherical morphology is completely
lost as shown in Figure 3.36(b). The results, at this molar ratio, show particle aggregates com-
posed of small amorphous particles. Finally, when the Fe-Tos content is very high (molar ratio
1:3.5), the particle morphology is not observed. Figure 3.36(d) shows that PEDOT is structured
in big aggregates of flakes.

Figure 3.37 shows a simple scheme to explain the resulting morphology during the PEDOT

polymerization. Initially, during the miniemulsion process, the PEDOT drops have a spherical
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Figure 3.37 Scheme of PEDOT polymerization in miniemulsion.

morphology, when the oxidant (Fe-Tos) is added. The iron(III) ions go to the interphase EDOT-
water to oxidize the monomer to form the polymer (EDOT to PEDOT), consequently a shell of
PEDOT is created over the the EDOT drop. In addition the iron (III) ions are reduced to iron (II).
These ions inhibit the EDOT polymerization inside of the drop. At this point, when the EDOT
drops with the PEDOT shell crash, the drop is deformed and the EDOT monomers come out.
This fact produces the polymerization of EDOT outside of the drop and is the responsible for the
attachment of the particles between them. When Fe-Tos content is very high, the polymerization

of EDOT after the collisions is very fast, consequently, a flake shape is generated.

Figure 3.38 shows the TEM images and particle size distribution of PEDOT nanoparticles syn-
thesized at different concentrations of H,O,. In these experiments, the molar ratio between
EDOT:Fe-Tos was kept at 1:1. The addition of a small amount of H;O, such as 0.05 ml (7.5
x 1073 M) to the reaction flask, produces a spherical morphology in the final PEDOT nanopar-
ticles as shown in Figure 3.38(a). This fact indicates that initial morphology of the EDOT drop
is kept during the polymerization. It is possible to observe individual particles with a low level
of aggregation. As the concentration of H,O,, increases the spherical morphology of the PE-
DOT nanoparticles is not affected, as shown in Figure 3.38(b), (c) and (d). The particles were
very similar in all cases and practically do not change with the H,O; content, as shown in Fig-
ure 3.38(e). The particle size was (30+5) nm, (32£7) nm, (28+5) nm and (36%8) nm for 7.5
x1073 M, 1.5 x1072 M, 3.7 x107> M and 7.5 x 1072 M of H,O», respectively.

The role of the H,O, during the polymerization has been summarized in the scheme of the
Figure 3.39. The H,0O, addition was done 1 hour after the Fe-Tos addition. At this time, the
initial PEDOT shell is already created, so the Fe*? is surrounding the PEDOT shell. When
the H>O, is added to the reaction flask, the hydrogen peroxide oxidizes the surrounding Fe*?

to Fet3 so the oxidation of EDOT (polymerization) can be realized. As the Fe™> ions are



Chapter 3 Conducting polymers as organic thermoelectric materials 64

Increasing H,

Particle size (nm)

Figure 3.38 TEM images of PEDOT nanoparticles with H,O,: (a) 7.5 -1073 M, (b) 1.5 -1072
M, (c) 3.7 -1072 M, (d) 7.5 -10~2 M. (e) Particle size distribution.
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Figure 3.39 Scheme of PEDOT polymerization in miniemulsion with H,O».

polymerizing the EDOT, at the same time these ions are being regenerated due to the presence of
H;0,. This fact produces a fast polymerization keeping the spherical morphology of the EDOT.
Consequently, in terms of stability of the final dispersion of PEDOT nanoparticles, the addition
of H,O, implicates a better stability than the nanoparticles synthesized without H,O,. For
example, the dispersion of PEDOT nanoparticles (molar ratio 1:1) without H,O, was flocculated
in a couple of hours. However, the dispersion of PEDOT nanoparticles (molar ratio 1:1) with

H;0; (0.05 ml) was kept stable during several weeks.

Figure 3.40 shows the morphology of the PEDOT particles with the addition of HCI during the
synthesis. In general terms, the spherical morphology has not been observed in the samples.

The addition of 0.5 ml of HCI to the reaction flask (Figure 3.40(a)) produces a distorsion on the
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Figure 3.40 TEM images of PEDOT nanoparticles with 0.5 ml of H,O; and: (a) 0.5 ml, (b)
1.0 ml, (¢) 2.5 ml and (d) 5 ml of HCI.

nanoparticle morphology obtaining particle aggregates composed by pseudo-spherical nanopar-
ticles. As the volume of HCI increases, the initial spherical morphology is lost. At high content
of HCI a homogeneous film is obtained composed of particles with a shape of flakes as shown
in Figure 3.40(d). This fact can be explained by two factors. One is the high ionic content, that
destabilizes the miniemulsion, producing big aggregates of PEDOT particles, and the second
one is that the oxidation process of EDOT is working better in acid media, consequently an

increase in the polymerization rate is observed.

Figure 3.41 shows TEM images of the PEDOT nanoparticles obtained from the synthesis using
DTAB as surfactant. All the nanoparticles presented flakey morphology independently of the
amount of DTAB employed during the synthesis process. As happened in the experiments using
lutensol as a surfactant during the polymerization process, the Fe*? ions surround the EDOT
drops, with the difference that, when DTAB is used as stabilizer the electrostatic repulsion be-
tween the positive charge from the DTAB and the Fe ™3, produces a detriment in the polymer-

ization rate of EDOT, generating the morphology with a shape of flakes instead of spheres.

Figure 3.42 shows TEM images of PEDOT nanoparticles synthesized with different amounts of
DTAB at a molar ratio EDOT:Fe-Tos 1:2. Similar morphology has been obtained for the case
of molar ratio 1:2, however the aggregation level is higher compared to the particles obtained at

molar ratio 1:1. This fact is normal since the oxidant content increases, with the molar ratio 1:2.
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Figure 3.41 TEM images of PEDOT nanoparticles with a molar ration EDOT:Fe-Tos 1:1 using:
(a)0.05¢g,(b)0.5¢g,(c) 1.0 gand (d) 3.0 gof DTAB .

The stability of both systems was practically the same, independent of the molar ratio used
during the polymerization. However, the suspension with 0.05 g of DTAB flocculates after a
couple of days after the re-dispersion process, while the remaining dispersions were kept stable

during weeks.

3.5.5 Thermoelectric behavior of PEDOT nanoparticles

In order to measure the thermoelectric properties of the PEDOT nanoparticles as a function of
the concentration of Fe-Tos used during the synthesis, several films were made. The PEDOT
films were prepared by drop-casting using PET as a substrate. The substrates were coated with
the PEDOT suspension and the solvent (water) was evaporated at 60°C in vacuum. The electri-
cal conductivity of these samples was measured using the Van Der Paw method, described in the
experimental section. Figure 3.43 shows the electrical conductivity and the Seebeck coefficient
of the PEDOT nanoparticles as a function of the Fe-Tos concentration. The electrical conduc-
tivity increases from 2.1x107° S/cm to 2.6 S/cm with the Fe-Tos concentration. The increment
in Fe-Tos during the synthesis creates a higher oxidation level in the PEDOT chains, produc-
ing a doping process in the PEDOT nanoparticles [27, 37]. The Seebeck coefficient at 0.014
M was impossible to measure with the experimental setup described in Chapter 2 of this thesis
due to the high electrical resistance of the sample. The measurements show a big noise making
impossible to get a value of the Seebeck coefficient. However, the measurements for the sam-

ples prepared with a higher contraction of Fe-Tos gave a very clear measurement. The Seebeck
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Figure 3.42 TEM images of PEDOT nanoparticles with a molar ratio EDOT:Fe-Tos 1:2 us-
ing:(a) 0.05 g, (b) 0.5 g, (c) 1.0 gand (d) 3.0 g of DTAB .

coefficient was around 30-35 puV/K for the particles synthesized with a Fe-Tos concentration
between 0.028-0.057 M. These values correspond with low doped PEDOT. At higher concen-
tration of Fe-Tos the Seebeck coefficient was around 12.6 ' V/K. This value is very similar to
highly doped PEDOT films [27, 37]. This fact means that using 0.1 M of Fe-Tos is possible to
obtain PEDOT with a high doped level.

In order to study the doping degree of the PEDOT nanoparticles, the samples were analyzed by
Raman and Uv-Vis spectroscopy. Figure 3.44(a) shows the Raman spectra of PEDOT nanopar-
ticles at different content of Fe-Tos. No Raman signal has been observed at low concentration
of Fe-Tos (molar ratio EDOT:Fe-Tos 1:0.5) indicating a low polymerization degree. The Raman
intensity increases when the concentration of Fe-Tos used during the synthesis is low (molar ra-
tio EDOT:Fe-Tos 1:1) indicating a low doping level in PEDOT. The Raman signal is high when
the number of neutral 7-bonds increases in the polymer backbone [100, 101]. However, the
Raman signal decreases at higher content of Fe-Tos because the final material presents a higher
doping level. The same trend has been observed in the Uv-Vis results as it is shown in Figure
3.44(b). The spectrum of the sample prepared at EDOT:Fe-Tos molar ratio 1:0.5 is different
from the others. Probably, the absorption is given by olygomeric species of EDOT, explaining
its low electrical conductivity. However, the spectrum for the PEDOT nanoparticles prepared at
higher molar ratios than 1:0.5 presents the typical shape of PEDOT. The absorption related with
the polaronic and bipolaronic states (800-1000 nm) [102] increases at higher concentration of
Fe-Tos while the absorption responsible for the neutral 7-bonds increases at lower concentration
of Fe-Tos [102].
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Figure 3.43 Electrical conductivity, and Seebeck coefficient of PEDOT nanoparticles as a fuc-
ntion of Fe-Tos concentration.
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Figure 3.44 (a) Raman and (b) Uv-Vis spectra of PEDOT at different EDOT:Fe-Tos molar
ratios.

For he case of the nanoparticles prepared with H,O;, the electrical conductivity has been deter-
mined in a film and pellet conformation. The electrical conductivity has been obtained by the
Van Der Paw method for the case of film while for the case of pellet the values were obtained
using broadband dielectric spectroscopy. Figure 3.45(a) shows the electrical conductivity for
both, pellets and films, as a function of the H,O, concentration employed during the synthesis.
The electrical conductivity decreases from 0.028 to 4.39 x 10~° S/cm with the H,O5 concentra-
tion, for the case of pellets. The same trend has been observed for the case of films, however the

values of the electrical conductivity were higher compared to the pellets due to the large number
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Figure 3.45 (a) Electrical conductivity and (b) Seebeck coefficient of PEDOT as a function of
H, 0, concentration.

of defects and interphases in pellets. This fact produces more difficulties for the electric trans-

port across the pellet compared with the thin film. The decrease of the electrical conductivity

can be generated by molecular changes on the PEDOT structure. The values of the Seebeck

coefficient are plotted in Figure 3.45(b). At higher concentrations of H,O; the Seebeck coeffi-

cient could not be measured due to the insulating nature of the PEDOT nanoparticles. At low

concentration, the Seebeck values were lower than the particles obtained without HyO,. This

trend is not normal because the electrical conductivity and the Seebeck coefficient decreases at

the same time. So, this fact indicates that the H>O, is not producing a de-doping process but

instead some changes into the molecular structure of PEDOT that generates a depletion of the

electrical conductivity.
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Figure 3.46 (a) Raman and (b) Uv-Vis spectra of PEDOT at different HyO, content H,O5.

Figure 3.46(a) shows the Raman spectra of PEDOT nanoparticles at different HyO, volumes

added during the synthesis. The spectra show the typical vibrational modes of PEDOT in the re-

gion between 1250-1700 cm~!. The intensity of the Raman signal decrease with the presence of
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H,0,, indicating a decrease of the number of neutral 7-bonds along the polymer backbone. Also
a shift of the signal related with the asymmetric C=C stretching is observed. This fact is also an
indication of the decrease in the electrical conductivity, given by some changes in the conjuga-
tion of the PEDOT chains. Figure 3.46(b) shows the Uv-Vis spectra of PEDOT nanoparticles
at different H,O, volumes added during the synthesis. The absorption of the oxidized states is
observed in all cases indicating a high oxidation in the polymer chains. However, the absorption
related with the conjugated neutral 7-bond is very low and decreases with the addition of H,O;.
A reason that could explain this trend is that during the polymerization process the radicals gen-
erated in the conjugated neutral w-system can interact with the -OH radicals from the HyO,. The
hydroxyl radicals are bonded to the polymer backbone breaking the conjugation of the PEDOT
chain, as shown in the molecular structure of PEDOT with OH bond in their backbone (Figure

3.47). The break of the conjugation in the polymer backbone produces a big decrease in the

Figure 3.47 Broken conjugation of PEDOT due to the -OH radicals .

electrical conductivity, since the polymer chains are not able to propagate charge along their
structure. For this reason, the electrical conductivity decreases five orders of magnitude with the
addition of 0.5 ml of H,O,.

As an evidence of the presence of hydroxyl groups in the polymer back bone, FTIR analysis
has been made in the PEDOT nanoparticles. Figure 3.48 shows the FTIR spectra of PEDOT
nanoparticles, with 0.5 ml and without H,O; from 4000 cm~! to 400 cm™! and a zoom in the
region between 3500-2500 cm™!. The typical vibrational modes of PEDOT have been observed.
At 1328 cm™! the C=C stretching appears, the band at 1200, 1142 and 1073 cm~! correspond
with the C-O-C bond stretching in the ethylene dioxy (alkylenedioxy) group. Also the CS bond
in the thiophene ring was observed by the presence of bands at 960 and 837 cm~! [125]. In the
region between 3500-2500 cm~!, the band related with the C-H stretching has been observed
at 2928 cm ™! in the sample without H,O,. However, in the nanoparticles prepared with 0.5 ml
of H,0, a broad band in the range of 3300-3000 cm™! has been observed. This indicates the

presence of hydroxide groups in the polymer chains.

Figure 3.49 shows the electrical conductivity and the Seebeck coefficient for PEDOT nanoparti-

cles synthesized using several concentrations of HCI. The electrical conductivity increases five
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Figure 3.48 FTIR spectra of PEDOT nanoparticles with 0.5 ml and without H,O5.
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Figure 3.49 Electrical conductivity, and Seebeck coefficient, of PEDOT nanoparticles as a
function of HCI concentration.

orders of magnitude with the addition of HCI during the synthesis. The electrical conductivity
increases from 4.39x 107 to 1.27 S/cm. This fact indicates that the polymerization of EDOT
is more favorable in acid media since protons are required for the oxidation of EDOT. Other
effect can be the morphology. At higher concentrations of HCI, the particle morphology is lost,
becoming in particles with a flake shape. This kind of morphology produced during the film

formation can help to the electrical transport along the film. Because this shape produces less
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defects compared with a film made by spherical particles. The Seebeck coefficient was only de-
termined for the samples at 0.4 M and 0.8 M, since the samples prepared with a smaller amount
of HCI were insulators. The values of the Seebeck coefficient were very low (-5 and -1 uV/K),

in the same range of metallic compounds and negative indicating a n-type behavior.
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Figure 3.50 (a) Raman and (b) Uv-Vis spectra of PEDOT as a function of HCI volume added
during the synthesis.

Figure 3.50(a) shows the Raman spectra of the PEDOT nanoparticles synthesized with HCI.
The Raman intensity increases with the HCI concentration, indicating a higher polymerization
degree with HCl. The absorbance increases in the polarionic and bipolaronic region with the
HCI concentration as shown in Figure 3.50(b). This fact indicates a big number of polymer
chains in an oxidation state, for this reason the increment in Raman is not due to the presence of

neutral 7-bonds but also by the increase in the polymerization degree of PEDOT.

The electrical conductivity and the Seebeck coefficient have been measured in the PEDOT
nanoparticles films synthesized using DTAB as a surfactant. The results are plotted in Fig-
ure 3.51. The electrical conductivity decreases with the DTAB concentration in both cases,
when the molar ratio EDOT:Fe-Tos is 1:1 (Figure 3.51(a)) and 1:2 (Figure 3.51(b)), being, in
general terms, the electrical conductivity higher at a molar ratio 1:2. This behavior is due to an
increase in the doping level of the PEDOT chains. However, the reason of the decrease of the
electrical conductivity as a function of the DTAB concentration can be explained looking at the
polymerization process. The DTAB stabilizes the EDOT drop in the miniemulsion, so this drop
are positively charged due to the presence of DTAB in the interface. As the oxidant (Fet?) is
also positively charged, there are electrostatic repulsion that makes difficult the approximation
of Fe™ to EDOT drop, so consequently the polymerization is inhibited as the DTAB concen-
tration increases. The Seebeck coefficient describes a very rare behavior. For the case of the
PEDOT nanoparticles at molar ratio EDOT:Fe-Tos 1:1 the Seebeck coefficient is positive, 22
UV/K at DTAB concentration of 0.0035 M, however when the concentration of DTAB increases

to 0.035 M the Seebeck coefficient change to negative values, indicating a strong change in the
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Figure 3.51 Electrical conductivity and Seebeck coefficient of PEDOT nanoparticles as a
func-tion of DTAB concentration using a molar ratio EDOT:Fe-Tos (a) 1:1 and (b) 1:2.

semiconducting behavior to n-type semiconductor. Then, the Seebeck coefficient decreases until
indeterminable values. Similar trend has been observed for the case of PEDOT nanoparticles
at molar ratio EDOT:Fe-Tos 1:2. The Seebeck coefficient was around 12 uV/K at 0.0035 M
of DTAB, typical value for highly doped PEDOT [27, 37]. At 0.035 M of DTAB the Seebeck
increases until 31 uV/K, due to the decrease in the doping level of the PEDOT nanoparticles.
However, when the concentration of DTAB was 0.07 M a change from p-type and n-type semi-
conductor is produced, achieving a Seebeck coefficient around —23 uV/K. The n-type behavior
in PEDOT is not normal because during the polymerization an oxidation process is produced
over the PEDOT chains, so electron are removing from the polymer generating holes and not
electrons. This n-type behavior can be explained by the stabilization of an intermedium oxida-

tion state with free electrons as charge carriers.

Figure 3.52 shows the Raman spectra of PEDOT nanoparticles PEDOT nanoparticles synthe-
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Figure 3.52 Raman spectra of PEDOT nanoparticles as a function of DTAB concentration
using a molar ratio EDOT:Fe-Tos: (a) 1:1 and (b) 1:2.
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sized using DTAB as surfactant with different EDOT:DTAB molar ratios. For the case of the
samples using a molar ratio 1:1 (Figure 3.52(a)), the Raman intensity between the samples is
very similar indicating the presence of neutral 7-bonds typical for medium doped PEDOT. How-
ever, the sample with 0.07 M of DTAB presents lower intensity than the other samples, probably
due to a some electronic alteration in the 7-bond conjugated system. Figure 3.52(b) shows the
Raman spectra of PEDOT nanoparticles at molar ratio 1:2. The particles synthesized at 0.0035
M of DTAB presents the lowest Raman intensity due to the lack of neutral 7#-bonds along the
polymer chains, indicating a high doping level of PEDOT. This fact is normal due to a double
content of iron in the solution. At 0.035 M of DTAB the intensity increases indicating de-doping
process along the PEDOT chains, for this reason the Seebeck coefficient is higher at this concen-
tration. However, when the concentration of DTAB increases, until 0.7 M the Raman intensity
decreases again. That fact indicates that the conjugated 7-bonds can be affected for another
oxidation process, generating the change to n-type semiconductor as has been evidenced in the

Seebeck coefficient measurements.

Figure 3.53 shows Uv-Vis spectra of PEDOT nanoparticles as a function of DTAB concentration
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Figure 3.53 Uv-Vis spectra of PEDOT nanoparticles as a function of DTAB concentration
using a molar ratio EDOT:Fe-Tos: (a) 1:1 and (b) 1:2.

using a molar ratio EDOT:Fe-Tos 1:1 and 1:2. The PEDOT nanoparticles synthesized at 0.21
M of DTAB show higher absorption in the region between 500-600 nm corresponding with the
electronic transition of the electrons in the neutral 7-bonds, indicating a very low doping level
compared with the remaining samples. In general terms, the absorption in the region between
500-600 nm is higher in the samples prepared with a molar ratio 1:2. This trend is normal since
a higher concentration of the oxidant implies higher doping level as has been observed in the
previous results. In the polaronic and bipolaronic region, 800-1000 nm, a strong absorbance
has been observed for the PEDOT nanoparticles in both cases. However, the films with a n-
type behavior show a shift of the maximum in the polaronic and bipolaronic region to lower

wavelengths.
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3.6 Nanostructuration of PEDOT using hard template methods

3.6.1 Materials

EDOT, lithium perchlorate (LiClO4), ethanol and sodium hydroxide were purchased from Sigma

Aldrich and used as received without further purification.

3.6.2 Synthesis of PEDOT nanowires

PEDOT nanowires were synthesized by an electrochemical polymerization method in porous
alumina templates (Whatman anodisc 13) previously covered on one side with a gold layer
(thickness of 20 nm). A solution with 0.01 M of EDOT and 0.1 M of LiClO4 was prepared in
acetonitrile. The electropolymerization was carried out in an IVIUM n-stat multi potentiostat at
3 mA. The alumina template was used as the working electrode, a platinum grid was used as a
counter electrode and an Ag/AgCl electrode was used as the reference one. After the reaction,
the alumina template was removed by using a 6 M NaOH aqueous solution. Finally, the PEDOT
nanowires were dispersed in ethanol by ultrasonic treatment and the solvent was evaporated in

vacuum conditions at room temperature. The synthesis process is summarized the by scheme of

Figure 3.54 .
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Figure 3.54 Scheme of PEDOT-NW synthesis.
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3.6.3 Morphology of PEDOT nanowires

The polymerization of PEDOT was carried out inside of the alumina template porous. For this
reason the final morphology is given by the shape of the porous of the alumina membrane. The
alumina templates used in this study, had a pore diameter around 200 nm and their thickness was
60-70 um. So, the diameter of the nanowires was fixed at 200 nm and the length was controlled

depending on the experimental conditions during the synthesis.

Figure 3.55(a) shows SEM images of the alumina membrane before the synthesis of PEDOT. It

Figure 3.55 SEM images of the cross section of the alumina templates used in the PEDOT
nanowires synthesis: (a) native membrane, (b) 4 hours at 3 mA, (c) 8 hours at 3 mA and (d) 8
hours at 6 mA.

is possible to observe how the channels are completely parallel in the template. Figure 3.55(b)
shows the cross section after 4 hours of PEDOT synthesis at 3 mA. Only a small part of the
template has been filled with the nanowires, achieving a length around (1341) um. The length,
when the polymerization time was 8 hours, was (22+2) um. However, in order to attain higher
length of the nanowires using less polymerization time, the intensity during the synthesis was
increased to 6 mA achieving a completely filled alumina after 8 hours of polymerizations, as
shown in Figure 3.55(d). At this time the polymerization process occurs also on the top of
the membrane, outside the channels creating a continue PEDOT film on the top of the alumina

membrane.

Figure 3.56 shows the SEM images of the PEDOT nanowires synthesized during 8 hours at

3 mA after template removal using NaOH 6M. The PEDOT nanowires show a homogeneous
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Figure 3.56 SEM images of PEDOT nanowires (a), (b), (c) after template removal and (d) after
dispersion.

distribution in large surface as shown in Figure 3.56(a). This fact is very important in order
to incorporate these structures in devices where a large surface area is needed. Figures 3.56(b)
and (d) show the PEDOT nanowires in a higher magnification. It is possible to observe how
the diameter is almost the same in all the nanowires, indication of monodispersity in terms of
diameter (200 nm). The dispersion treatment using ultrasounds produces single nanowires as
shown in Figure 3.56(d). However, the initial length of the nanowires (2242 pm) is reduced

until 8-16 yum due to the ultrasound treatment.

3.6.4 Future application of PEDOT nanowires

Using the hard template method, PEDOT nanowires have been synthesized. The nanowire struc-
ture can be very interesting from the point of view of thermoelectric generators due to the re-
duction of the thermal conductivity of the thermoelectric elements in the thermocouples. Also,
the nanowires can be used in the miniaturization of thermoelectric generators. The problem
is how to characterize the thermoelectric properties of a single nanowire. Fortunately, using
lithographic techniques it is possible to fabricate electronic chips in the nanoscale capable to
measure the electrical conductivity and the Seebeck coefficient for a single PEDOT nanowire.
Figure 3.57 shows a scheme of the future measurement chips to characterize a single PEDOT
nanowire. The image of the left represents a 4 electrical contacts with the mission to measure
the electrical resistance using the 4 wire method in order to avoid the resistance of the electric

contacts. The scheme of the right can be used for the measurement of Seebeck coefficient in
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Figure 3.57 Scheme of electrical conductivity (left image) and Seebeck coefficient (right im-
age) measurement of a single PEDOT nanowire.

a single PEDOT nanowire. The chip consists of two electrical resistors one is for heating and
the other one is used as a heat sink, so it is possible to generate a temperature difference using
this electrical resistors along the PEDOT nanowire. The voltage associated to this temperature

difference can be recovered by the two metallic contacts.

3.7 Conclusions

In this chapter several routes to increase the thermoelectric efficiency of conducting polymers
have been studied. The addition of DMSO to PEDOT:PSS solutions produces an increase in
the electrical conductivity of the PEDOT:PSS films due to the secondary doping of the PE-
DOT chains. PEDOT and PPy films have been synthesized by electrochemical polymeriza-
tion. The electrical conductivity decreases with the reduction time, while the Seebeck coeffi-
cient increases. A maximum ZT has been obtained for 11 seconds of reduction in the case of
PEDOT:C104 and PEDOT:PF¢ and 5 seconds for PEDOT:BTFMSI. These reduction times give
Seebeck and electrical conductivity optimum values for a maximum thermoelectric efficiency,
corresponding to the best PF. For the case of electrochemical de-doping the electrical conductiv-
ity increases at oxidative potentials for PEDOT and PPy films, while the Seebeck coefficient is
higher at reduction potentials. The maximum thermoelectric efficiency has been obtained at 0.01
V for PEDOT and at 2.0 V for PPy. PEDOT nanoparticles have been obtained using polymeriza-
tion in miniemulsion. The electrical conductivity increases with the contraction of Fe-Tos. The
spherical morphology is only obtained with the presence of HyO; during the synthesis. How-
ever, the electrical conductivity of the nano-spheres decreases with the concentration of HyO,
due to secondary reactions between the hydroxide radicals and the PEDOT chains. The syn-
thesis of PEDOT nanoparticles using a positive charged surfactant (DTAB) produce a transition
between p-type to n-type semiconductor. In addition, higher concentrations of DTAB inhibits
the PEDOT polymerization. Finally, PEDOT nanowires with a 200 nm of diameter have been

synthesized using alumina templates.



Chapter 4

Non conventional inorganic

thermoelectric materials

Content

This chapter addresses the study of the thermoelectric properties of inorganic materials that
are uncommon in thermoelectric applications such as metallic oxides (perovskites) and car-
bonaceous materials (carbon black). The chapter has been divided in four sections: an intro-
duction, an experimental study of two types of perovskite nanostructures (Nd;_,Ca,CoO3 and
La;_,Ca,MnOs3), other experimental work devoted to carbonaceous materials (charcoal, vitre-

ous carbon and carbon black) and finally, the conclusions.

4.1 Introduction

Inorganic semiconductors and semiconductor compounds are the most common materials used
in thermoelectric applications. Among these compounds, semiconducting alloys and inter-
metallic materials are predominant over the rest. As it can be observed in Figure 4.1, ZT has
been increased by a factor of 2 in the last ten years [126]. Values of ZT higher than 2 (~15% of
efficiency) are necessary for the fabrication of competitive thermoelectric generators. The most
predominant semiconductor compounds used in nowadays thermoelectric devices are based on
Bi, Te, Pb and Se. The use of these kind of chemical elements in the fabrication of semiconduc-
tor compounds or alloys generates serious problems as it has been commented in the previous
chapters. Bismuth and tellurium are rare elements and their abundance in the Earth crust is very
low, what implies high cost of the raw materials. Lead is one of the most toxic metals prodding

abdominal pain, constipated, tired, headache, irritable, loss of appetite, memory loss, pain or
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Figure 4.1 ZT of inorganic thermoelectric materials used for different temperature applications
over the years. Reprinted from [126] with permission from The Royal Society of Chemistry.

tingling in the hands and/or feet and weak in short-term overexposure to lead [127]. Selenium
can be also very toxic for humans, the adverse effect over the human health highlights: the toxic
effect on the synthesis of thyroid hormones, hepatotoxicity, gastrointestinal disturbances, hair
loss and dermatitis. From the drawbacks given below, it is clear that new methods of synthesis
have to be explored in order to produce non-toxic and low cost thermoelectric devices with a

high figure of merit.

4.1.1 Alternative inorganic materials to bismuth, antimony, tellurium and lead

compounds

As it has been commented in the previous section, there is a high interest to find new thermo-
electric materials capable to compete with the most traditional materials, semiconducting alloys
of Bi, Sb, Te and Pb. In this subsection, we will discuss the fundamental aspects of clathrates,

skutterudites, half Heusler compounds, metallic oxides and carbonaceous materials.

4.1.1.1 Clathrates

The inter-metallic compounds, called clathrates, have attracted the attention of many researchers
in the last years due to their high potential in thermoelectric applications. These compounds are
bulk solids with tetrahedrally bonded atoms in a framework of cages enclosing guest metal
atoms. The clathrates have been known since the work of Cros. er al [128] and Kasper. et al
[129] on NagSiyse and Na,Sij36 [129]. They have crystal structures closely related to those of type
I and type II clathrate hydrates with compositions such as (Cl,)g(H20)46 and (CO3)24(H20)136,

respectively. The type I structure can thus be represented by the general formula X;Y¢E4¢ while
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the type II structure by XgY6E136. Here, X and Y are “guest” atoms encapsulated into two

different polyhedra while E represents Si, Ge, or Sn. Figure 4.2 shows the type I and type II
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Figure 4.2 The building-blocks of the type I (top) and II (bottom) clathrates with guest atoms
inside the polyhedra that form the unit cell of these two structure types. Reproduced from [47]
with permission of TAYLOR and FRANCIS.

X

structures [47]. The type I structure is formed by two pentagonal dodecahedra (middle) and six
lower symmetry tetrakaidecahedra in the cubic unit cell connected by shared faces. The type 11
structure is formed by 16 dodecahedra and eight hexakaidecahedra (middle). The open circles
represent group-IV atoms that comprise the framework while the dark circles inside the polyhe-
dra represent guest atoms. It is instructive to think of these structures as being constructed from
two different face-sharing polyhedra: two pentagonal dodecahedra, and six tetrakaidecahedra
per cubic unit cell in the case of the type I structure, and 16 dodecahedra and eight hexakaidec-

ahedra for the type Il compounds [47].

The typical way to synthesize these compounds is trough direct reaction of the elements or
pre-reacted binary precursors at high temperatures via solid-solid, solid-liquid, or gas-solid-

liquid reactions. Alternative to the classical solid state reaction, it is possible to used other
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method to synthesize these inter-metallic compounds such as thermal decomposition of metal-

rich precursors, soft chemical routes or synthesis using high pressure [130].

In terms of thermoelectric properties of clathrates, highlights their low thermal conductivity
smaller than 2 W/m~'K~! due to their complex structure that increases the phonon scattering.
The maximum ZT of these compounds is given at medium and high temperature, achieving val-
ues between 0.5-1.4 for BagGa;5.8Cug 0pSn3g.1, SrGa;¢Gesg, EugGa;6Gesg, SrgAlig.3Gaig.3Gerg 4,
BagGa;sGesg and BagAlj4Si3;.

4.1.1.2 Skutterudites

The skutterudites (name from a small mining town, Skutterud, in Norway) compounds corre-
spond with the composition MX3 where M is a metal atom such as Co, Rh, or Ir, and X represents
a pnicogen atom such as P, As, and Sb. Skutterudites present a body-centered-cubic structure

form belonging to the space group Im3. The structure is often depicted as in Figure 4.3 where

Figure 4.3 Crystal structure of skutterudites with the metal atoms M (open circles), the pnico-
gen atoms X (solid circles) arranged in planar, near-square four-membered rings. The other two
circles are voids, which are often found by other elements to form a completely filled structure.
Reprinted from [131].

the unit cell is displaced by a one-quarter distance along the body diagonal [131]. In this form
it is easy to understand the open nature of the structure — only six of the available eight small
cubes contain planar near-rectangular rings of pnicogen atoms. Two of the eight cubes remain
empty, forming the voids of the structure. The open structural nature of skutterudites creates a
big versatility, since filling the voids with foreign species, such as ions of rare-earths can de-
velop a huge number of compositions. The filling process results in the formation of filled skut-

terudites, which facilitates the modification of the electronic and lattice properties, and greatly
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enhances the figure of merit. A general formula describing a filled skutterudite compound is
R**F[T4X2]*~, where R is an electropositive filler ion and the exponents indicate the charge
balance. The resulting charge in [T4X2]*~ comes when the group IX cobalt-like metals of bi-
nary skutterudites are replaced with the group VIII metals such as Fe, Ru, or Os. While binary
skutterudites with the group VIII metals do not form because of the obvious charge imbalance,
the filler ion R supplies the missing electrons, saturates the bond, and electrically neutralizes
the structure. Also, it is possible to modify the charge compensation exchanging the pcnicogen
atoms for group IV elements such as Ge or Sn. These modifications creates the possibility of
a big number of compounds with a large variety of properties such as superconductivity, [132]
long-range magnetic order,[133] heavy fermion behavior [134], non Fermi-liquid state [135],

mixed valence [136] and others.

To synthesize the skutterudites compounds, the solid state reaction is the most used method.
The key to have a successful crystal growth is a thorough understanding of the respective phase
diagram that describes thermodynamic equilibrium between various phases of the system. Poly-
crystalline structures can also be synthesized by the solid-liquid sintering process. This consists
of sealing stoichiometric amounts of the constituent elements in an evacuated quartz ampule and
heating the mixture for a prolonged time at temperatures just below the peritectic temperature.

Other method such as chemical vapor transport can be employed to synthesize skutterudites.

From the point of view of the thermoelectric properties, the skutterudites have achieved very in-
teresting values in terms of ZT in both n and p-type semiconductors. For the case of n-type high-
lights Srg 09Bag.11 Ybg.0sC04Sby, with a ZT around 1.8 and for p-type highlights CeFes sCog.sSby»
with a ZT around 1.4 in the temperature range 700-900°C.

4.1.1.3 Metallic Oxides

Metallic oxides have become very important from the point of view of thermoelectric appli-
cation due to their many advantages such as: non toxicity, thermal stability, high oxidation
resistance, etc. Since the discovery of Na,CoO,, cobalt-oxide-based layer-structured crystals
and their derivative compounds [137, 138], it has been considered a great thermoelectric ma-
terials achieving ZT values close to 1 or higher. Layered cobalt oxides are able to control the
thermoelectric properties, high electrical conductivity, large thermopower, and low thermal con-
ductivity simultaneously trough the concept of the nanoblock integration. In these oxides, CoO;
nano-sheets possess a strong way for electronic transport layers, while sodium ion nanoblock
layers or calcium cobalt oxide misfit layers are perfect regions for phonon scattering giving low
thermal conductivity. The nanoblock integration can generate high thermoelectric performance
from hybrid crystals that are composed by periodic combinations of nano-blocks or nano-sheets

possessing different role in the thermoelectric properties [139]. Figure 4.4 shows the scheme of
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Figure 4.4 Crystal structure of layered cobalt oxides Na,CoO;. Reprinted from [138] with
permission of Elsevier.

the nanoblock integration in the Na,CoO; crystalline structure. A cobalt ion is in the center of
a distorted oxygen octahedra with little vacancies, while a Na™ ion is in the prism site between

the CoO, blocks. The Na* ions randomly occupy the site, and are highly disordered.

Other kind of oxides, called perovskite oxides, have also been attracted the attention due to their
potential as thermoelectric materials. The ideal perovskite is given by the stoichiometry ABOs3,
where A is typically a rare-earth, alkaline-earth or alkali cation and B is a 3d, 4d, or 5d transition

metal. The crystal structure of perovskite oxides is shown in Figure 4.5 for the case of SrTiOs3.

Figure 4.5 Crystal structure of SrTiO3 perovskite. Reprinted from [139] with permission of
Springer.
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The cation A is located in the center of the unit cell while the cation B is located in the vertex of

the unit cell coordinated with O atoms in an octahedral environment [139].

Perovskite oxides have very interesting properties such as high-temperature superconductivity,
colossal magnetoresistance, ferroelectricity, and thermoelectricity due to their flexible crystal
structure. Perovskite such as cobaltates, titanates, and manganates have achieved high thermo-
electric properties at high temperatures since it is possible to dope trough the substitution of the
A and B cationic sites. Other characteristic property is their high Seebeck coefficient around
800-1000 uV/K for the case LaCoO3 or NdCoO3 [140, 141]. Through the doping by changing
the A metal, it is possible to control the semiconductor behavior (n-type and p-type). For ex-
ample, the LaMnOs is typically a p-type semiconductor, however when La is exchanged by Ca
the material becomes a n-type semiconductor [142]. Other kind of perovskites can be employed
in thermoelectric applications such as: double perovskite with the general formula A;B’B”Og¢
or A3B’B”;,09, where B’ and B” are different cations in octahedral coordination, or layered
perovskite oxides. These oxides consist of infinite two-dimensional (2D) slabs of ABOs-type
structures which are separated by some motif, for example the compound (SrO)(SrTiO3),,. Fol-
lowing the nanoblock integration in these compounds, it is possible to achieve very interesting
values of ZT [47].

The synthesis of these compounds can be done using several methods. One of those is the tra-
ditional ceramic method using solid state reactions. The metallic precursors are mixed together
and heated at higher temperatures during long times. However, it is possible to use solution
methods to prepare these metallic oxides, for example hydrothermal synthesis [143, 144] or

colloidal methods (inverse emulsion, inverse mini-emulsion or inverse micro-emulsion) [145].

4.1.1.4 Half-Heusler compounds

The first Heusler compound was synthesized in 1903 by Heusler with the composition Cu,MnAl
[146]. This material and its derivative compounds are known as Heusler and half-Heusler. One
class of these compounds preset semiconducting behavior making very interesting their use in
thermoelectric applications. Their band gaps can readily be tuned from O to 4 eV by chang-
ing their chemical composition. Compounds with eight valence electrons per formula unit are
closely related to classical semiconductors, such as silicon and GaAs. However, the design of
unconventional semiconductors based on 18 valence electrons for half-Heusler compounds or
24 for Heusler compounds is also possible, resulting in band gap widths of more than 1 eV. The
half-Heusler compounds have a ternary stuffed variant of classical electron closed-shell semi-
conductors which crystallize in a zinc-blende lattice. The 8 valence electrons are distributed
along three atoms instead of two. This produces that the third atom occupies the octahedral

vacancies in the ZnS-type lattice. Consequently, a rocksalt-like sublattice is formed with ionic
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bonding interaction. The Heusler compounds contains transition metals with almost completely
filled d-electron. Nowadays, in the field of thermoelectricity highlights compounds based on
NiTiSn for the n-type and CoTiSb for the p-type materials, showing very high values of ZT at
medium range temperature. The composition Sb-doped NiTig s9Zrg 25Hfg 255n achieved a ZT of

1.5 at 700 k being the highest value for these compounds [147].

4.1.1.5 Carbonaceous materials

Recently, low dimensional carbon structures such as graphene and CNTs or Cgy have been at-
tracting the attention in thermoelectric applications [148]. Most of the studied are centered in
the use of these carbon materials as a filler in a conductive polymer matrix [20] in order to
increase the thermoelectric performance of the final materials. Basically, the problem of these
compounds to be used alone (not as filler in a polymer matrix) is their high thermal conductivity
(1000-3000 Wm 'K ~") [149] and also their high cost. However, there are other carbon mate-
rials such as carbon black or graphite, cheaper than the low dimensional carbon materials, with
interesting thermoelectrical properties. Carbonaceous materials are of special interest in the
field of thermoelectricity since they can be doped and behave as an n- or p-type semiconductors
[150, 151]. Hydrogen is a simple element which can be added to the carbonaceous material and
alter its electrical and thermoelectric properties [152]. The hydrogen present in a carbonaceous
material can be either existent in the raw material or be incorporated in the production process
[151, 153]. Actually, hydrogen is capable of converting a n-type carbonaceous material into
p-type [154, 155]. One interesting way of incorporating hydrogen in a carbonaceous material is
to insert the material into an over-pressurized hydrogen atmosphere. The absorption process is
mainly controlled by the porosity of the material [154, 156], thus the typical process consists of
an acid etching of the surface [155, 157] producing pitting and thus an increase of the hydrogen
storage capacity [156, 158]. The restriction of this chemical treatment is the fact that the etch-
ing commonly acts only on the material surface. Therefore, the absorber materials should be
very fragmented and it generally supposes an increase of production costs. Thus, the possibility
to irradiate the carbons with y-rays could be interesting because such irradiation activates the
surface of carbons [159]. Beside of this, y-irradiation produces damages in the inner crystalline
structure of the solids [157, 160, 161]. Therefore, the irradiation can be used to promote simul-
taneously a hydrogenation in the surface and in the bulk of the material [158, 162, 163]. It is
remarkable that a hydrogen bond on a carbon surface takes place just on a small breakage of
the crystal structure [159, 164], and during an activation with y-rays nano-defects of this type
are produced. In this chapter, the thermoelectric behavior of three different carbons materi-
als, carbon black, glass carbon and charcoal, have been studied under the influence of several

treatments such as: y-rays irradiation or acid etching.



Chapter 4 Non conventional inorganic thermoelectric materials 87

4.1.2 Low dimensional thermoelectric materials

The thermoelectric area was developed rapidly in the 1950s when the basic science of ther-
moelectric materials was well established, the role of doped semiconductors as thermoelectric
materials was accepted, the apparition of bismuth telluride and its development for commercial-
ization, and the thermoelectric industry was launched. At that time, it was established that the
thermoelectric efficiency could be described in terms of the dimensionless thermoelectric figure
of merit. During the next three decades, 1960 to 1990, small increment were done in ZT, with
BiyTes; becoming the best material with a ZT value close to the unit. During this period, the
research in thermoelectric received little attention from the scientific world. In the decade of
1990, the US Department of Defense showed interest in the potential of thermoelectricity for
new types of applications and technology, consequently, many researches become interested in
thermoelectric materials. So, two different research approaches were taken for developing the
next generation of new thermoelectric materials, one using new families of bulk materials and

the other using low-dimensional materials systems [47].

There are several ways to increase the thermoelectric performance using the concept of low-
dimensional material. Since the electrical conductivity, the Seebeck coefficient and thermal
conductivity are related and dependent in conventional three-dimensional (3D) crystalline sys-
tems, thus it is very difficult to control these variables independently in order to increase ZT.
However, if the dimensionality is reduced, the new variable of size becomes available. As the
size approaches nanometer length scales, it is possible to cause dramatic differences in the den-
sity of electronic states (DOS) as shown in Figure 4.6 . This fact creates new ways to modify the
Seebeck coefficient, electrical and thermal conductivity independently. In addition, the introduc-
tion of many interfaces increase phonon scattering more than electron scattering; consequently
the electrical conductivity is no affected so much. However, the thermal conductivity decreases
by interface scattering processes. One of the most used ways to increase ZT for low-dimensional
materials is based on strategies to reduce the thermal conductivity, for example by increasing
the presence of interfaces which scatter phonons more effectively than electrons. However, the
ZT increase by a high factor is not only important to decrease the thermal conductivity, but it is
important factor to increase is the power factor. There are several ways to increase the PF. For
example to use bulk materials with a large maximum in the electronic density of states (DOS),
such as transition metals or heavy fermion systems, and then moving the Fermi level forwards
the maximum in the DOS. By reducing the dimensionality in bulk materials, it is possible to
achieve the metal to semiconductor transition (Mott transition). When the quantum well width
or quantum wire diameter decreases below a critical size, a semimetal semiconductor transition
takes place [165]. Using this evidence, bismuth, with a very low thermoelectric efficiency (in
bulk), can be a very good low-dimensional thermoelectric material. Bi has a very low band over-

lap energy, so the transformation to semiconductor can by given by preparing it as a nanowire.
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Figure 4.6 Density of states for (a) a bulk 3D crystalline semiconductor: (b) a 2D quantum
well, (c¢) a 1D nanowire or nanotube, and (d) a OD quantum dot. Reproduced from [47] with
permission of TAYLOR and FRANCIS.

Nanowire nanostructures give rise to quantum confinement and subbands through the superlat-
tice periodicity. For this reason, if subbands are formed in the valence and conduction bands,
the lowest lying subband for the conduction band rises in energy as the quantum confinement
length (as for example, the nanowire diameter) decreases, and likewise the highest lying valence
subband falls in energy, until these subbands eventually cross and a semiconductor is formed
[47]. Figure 4.7 shows the Seebeck coefficient of Bi nanowires, synthesized by vapor growth
method using hard templates with a different pore diameter, as a function of temperature. The
Seebeck coefficient strongly depends on the diameter of the nanowire. Compared with bulk ma-
terial, the nanowires with a very low diameter present a very high Seebeck coefficient [47]. This
experiments are the prove of that, the PF can be increased just trough the nano-structuration of
bulk materials. Theoretical calculations of n-type bismuth nanowires show predictions of ZT in
1D achieving very high values, for example ZT can be increased until 6 for a 5 nm Bi nanowire
[166].
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Figure 4.7 Seebeck coefficient of Bi nanowires of various diameters. Reproduced from [47]
with permission of TAYLOR and FRANCIS.

4.2 Perovskite nanostructures: La;_,Ca,MnOj3 system>

4.2.1 Materials

The reactants, MnCl,-4H, 0O, Ca(NOj3),, La(NO3)3, KMnO,4 and KOH, were purchased to Sigma
Aldrich Co., Madrid, Spain.

4.2.2 Synthesis of La; _,Ca,MnO3; nanostructures

La;_,Ca,MnOj3 samples with x = 0.005, 0.05, 0.1 and 0.5 have been prepared by a conven-
tional hydrothermal treatment [144, 167, 168]. Stoichiometric amounts of reactants were used
to have an aqueous solution 0.55 M in cations (Mn’*, Mn?*, Ca®* and La*") by keeping a
molar ratio between KMnO4 and MnCl,-4H,O according to the average valence of Mn ions in
La;_,Ca,MnO3. The pH of the solution was adjusted to 13 by adding KOH. After ultrasonic
stirring, the solution was transferred into a Teflon autoclave reinforced with a steel holder (see
Figure 4.8) for 30 h at 230°C. Then, the reactor was cooled down to room temperature and the

obtained solid was washed with distilled water and ethanol, and dried at 230°C for 12 hours.

3This section is based on the publication:”La;_,Ca,MnO3 semiconducting nanostructures: morphology and
thermoelectric properties” M Culebras, R Tordn CM Gémez, A Cantarero Nanoscale Research Letters,9, 415 (2014).
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Figure 4.8 Photograph of a Teflon autoclave with its steel holder .

The powder was subjected to different temperatures, 650°C and 900°C, during 12 h. The pow-
der obtained after 900°C was pressed to form compact pellets (1/2 inch of diameter) by using a
pellet die at 490 MPa. The Pellet was sinterized at 900 °C for 24 h being the thickness of the
Pellet in the range of 0.3-0.4 mm.

4.2.3 Morphology of La;_,Ca,MnO3 nanostructures and temperature effects

Scanning electron microscopy images show the evolution of the morphology as a function of
temperature treatment (Figures 4.9(a), (b) and (c)). The first temperature treatment was carried
out at 230°C during 12 hours (drying treatment); the resultant morphology after this treatment
is shown in Figure 4.9(a). A fibrillar morphology has been observed with the treatment, with an
average diameter of (1201+50) nm. The second treatment was carried out at 650°C during 12
hours, leading to a change in morphology, from fibrillar to aggregated nanoparticles as shown
in Figure 4.9(b). In addition, some parts of the powder retain the fibrillar morphology. Finally,
the last treatment was carried out at 900°C during 12 hours, as shown in Figure 4.9(c), all the
material depicts a nanoparticle structure. This evolution of the morphology with temperature
is similar to other materials as La;_,Sr,CoOs, previously reported in the literature [169]. Fig-
ure 4.9(d) shows the surface morphology of the pellet after the sintering process, the powder
obtained after 900°C treatment were compacted and treated at 900°C again during 24 hours.
The surface shows a nanostructured morphology with spherical domains around (251445) nm.
The sintering process helps to get a good contact between the nanoparticles that form the pellet,
creating a better path for electric transport around the compacted material, in other words, just
a simple compacted powder produces a big number of interfaces creating a discontinuous path

for electric transport.

Figure 4.10 shows the evolution of the morphology after the different temperature treatments
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Figure 4.9 SEM images of La;_,Ca,MnO3 (x=0.05) after different temperature treatments
during 12 h: (a) 230 °C, (b) 650 °C, (c) 900 °C and (d) after sintering.

observed by TEM. As shown in the previous results observed by SEM, after the hydrother-
mal synthesis at 230°C (see Figure 4.10(a)) the morphology of the nanostructures was in a
nanowire shape. Figure 4.10(b) shows an histogram of the size distribution in terms of the di-
ameter of the nanowire. The analysis of the size was carried out using several TEM images and
the diameter was measured by the software “Image J”, analyzing hundreds of nanowires. The
maximum of size distribution of the nanowires was around 40-45 nm, as it can be observed in
Figure 4.10(b). After the treatment at 650°C the morphology change to spherical shape (Figure
4.10(c)) although it is possible to observe the presence of some perovskite nanowires. Figure
4.10(d) shows the size distribution of the nanostructures after the treatment at 650°C, indicating
a maximum around 100-120 nm. Finally, the nanowire shape was lost after the calcination at
900°C as shown in Figure 4.10(e). As it has been observed in the SEM analysis, there were
only particles with a diameter around 180 nm in the sample treated at 900°C. The evolution
of the nanostructure morphology with the calcination temperature has been observed in similar
materials [169]. This fact can be explained due to the diffusion of the ions around the material
changing its morphology since the calcination treatment occurs at elevated temperatures during

a long time.

4.2.4 Phase transition of La;_,Ca,MnO3 during the calcination process

The X-ray diffraction patterns for the La;_,Ca,MnO3; (x = 0.05) powder, resulting from the
thermal treatment at 230°C, 650°C, and 900°C are depicted in Figure 4.11a . XRD analysis has
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Figure 4.10 TEM images and particle size distribution of La;_,Ca,MnO3 (x=0.05) after dif-
ferent temperature treatments during 12 h: (a) and (b) 230°C, (c) and (d) 650°C, (e) and (f)
900°C.

been made in order to know when the perovskite phase appears because only this phase presents
thermoelectric activity [143, 170, 171]. At 230°C the perovskite phase was not obtained, result-
ing in an insulating material. The diffraction peaks observed at 230°C are related to segregated
metallic oxides of Ca, La and Mn (CaO, Mn304, CaMn, 0y, ...). At 650 °C, the XRD spectrum
indicates that the perovskite-type structure was obtained. The material obtained after this treat-
ment was a semiconductor. The XRD spectrum of the sample heated at 900 °C is the same to
that obtained at 650°C, indicating that the perovskite-phase is maintained. The perovskite phase
is attained at 650°C, however the electrical conductivity of the compacted powder (without sin-
tering) produced at 650°C and 900°C is very low (around 10~3 S/cm). In addition, the sample

size and shape are more homogeneous after the treatment at 900°C. Thus, in order to use these
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Figure 4.11 X-ray diffraction spectra of La;_,Ca,MnO3 nanostructures (a) as a function of the
calcination temperature (x = 0.05) and (b) as a function of the composition. The red lines refer
to the perovskite phase diffraction pattern.

materials for thermoelectric applications, it has been realized a sintering process by keeping the
compact pellet at 900°C for 24 h. Similar diffraction patterns are obtained for the remaining
samples as shown the Figure 4.11(b). The results indicate that the perovskite phase has been

attained in all the compositions.

4.2.5 Thermoelectric behavior of La;_,Ca,MnO;

The electrical conductivity was measured in the compacted powder after the treatment at 900°C
(without sintering) and also it was measured in the same pellet subjected to a sintering pro-
cess at 900°C during 24 hours. The results for the sample with x = 0.05 are plotted in Figure
4.12(a). The electrical conductivity increases 3 orders of magnitude in the pellets subjected to
the sintering process. This process produces an intimate contact between the particles decreas-
ing the contact boundaries between them and also producing a better path for electric transport
along the pellet. The electrical conductivity of the samples after the sintering process has been

plotted in Figure 4.12(b). An increase of 3 orders of magnitude with respect to the samples
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Figure 4.12 Electrical conductivity of La;_,Ca,MnO3 (a) (x = 0.05) before and after sintering
and (b) for different Ca contents as a function of the temperature.

before the sintering process is observed. This fact can be explained by the reduction of the in-
terfaces and grain boundaries during the sintering process. The electrical conductivity increases
with temperature; this trend is normal in this kind of semiconducting materials [172, 173]. The
maximum value of the electrical conductivity, 10 S/cm, has been obtained for Lag 9Cag ; MnOs3
at 330 K. The increase of the calcium content in the nanostructured material produces an en-

hancement of the electrical conductivity, with the exception of Lag 5CagsMnOs3. Figure 4.13(a)
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shows the variation of the Seebeck coefficient with the temperature and Ca content. The values
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Figure 4.13 (a) Seebeck coefficient and (b) power factor of La;_,Ca,MnOQOj3 for different cal-
cium contents as a function of the temperature.

of § change from positive to negative at high Ca content, denoting a change from p-type to n-
type conduction. The dependence of S with temperature is negligible except for the lower Ca
content (x = 0.005). Generally, p-type conductivity is observed in LaMnOs [174, 175]. This
behavior is related to the presence of oxygen excess (LaMnO;, 5). Consequently, the number of

Mn ™3 ions decreases and the content of Mn** ions increases to compensate the oxygen excess
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[174, 175]. In the case of CaMnO3 n-type conductivity is observed [176, 177]. This fact is due
to the presence of oxygen vacancies (CaMnOs_g) in such a way the charge of these vacancies
are compensated by the Mn™3 ions [176]. For this reason the increase of calcium content on
La;_,Ca,MnO3 produces a change of the conduction mechanism from, p to n-type. The substi-
tution of La™ by Ca*? reduces the number of Mn™> (d*) ions and increases the number of Mn**
(d3) ions, to compensate the presence of Ca™? jons in the crystalline structure [143, 170, 171].
The conduction mechanism can be explained by the octahedral coordination of the Mn atoms.
When the Mn is octahedrally coordinated, the bonding states are 3y, 1 2e, 1, while the anti-
bonding states are that with opposite spin. The 7, 1 states have a lower energy than the e, 1
states (in a tetrahedrally coordinated configuration the e, 1 states have a lower energy than the
e 1 levels). In the case of Mn ™4, there are three electrons in the three e T states and one

electron in the e 1 states.

The electronic configurations of d orbitals in Mn™ and Mn™* are (tog 3, e, T and (tog 13
respectively, in such a way that the hopping conduction takes place in e, T level[171]. At high
calcium content (x = 0.5), the electrical conductivity decreases and the Seebeck coefficient is
clearly negative (n-type conduction), indicating a change on the conducting mechanism. This
effect appears in related compounds such as, LaSrMnOj3, LaNaMnO3 LaRbMnOj3 [143]. This
fact may be attributed to the conduction on the tye | level [171].

Figure 4.13(b) shows the power factor calculated in order to have an idea of the thermoelectric
efficiency in this kind of materials at 330 K . The best power factor, 0.16 uW/m K? has been
obtained for Lag 5Cag sMnO3. The values obtained in this work are similar to that obtained for

some organic semiconductors [33, 178].

4.3 Perovskite nanostructures: Nd;_,Ca,CoO; system4

4.3.1 Materials

The reactants: Co(NO3),-6H,0, Ca(NO3);, Nd(NO3)3 and KOH, were purchased from Sigma
Aldrich Co., Madrid, Spain.

4.3.2 Synthesis of nanowires

A solution with 0.55 M in cations (Co>*, Ca>* and Nd>*) was prepared in deionized water,

and the pH of the mixed solution was adjusted to 13 by adding KOH. After ultrasonic stirring,

4This section is based on the publication:”Synthesis of Nd1 Nd;_,Ca,CoOj3 perovskite nanowires for thermo-
electric applications” M. Culebras, A. Gémez, F. Sapifia, C. M. Gémez, A. Cantarero Journal of Electrical Engi-
neering,2, 59-64 (2014).
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the solution was transferred into a teflon autoclave for hydrothermal treatment [144, 167, 168]
for 48 h at 230°C. After the autoclave was cooled down to room temperature, the obtained
solid products were washed with deionized water and ethanol, and subsequently dried overnight.
Finally, the solid was heated at 650°C during 4 h to obtain the perovskite phase. The diameter of
the nanowires was around 30-40 nm. Several compositions changing the calcium content were
studied: Nd 995Cag.005C003, Ndg.97Cap.03Co03 and Ndy 9Cap ;CoO3. Finally, the powder was
compacted using a pellet die (0.5 inch of diameter) and sintered at 900°C during 24 hours.

4.3.3 Morphology of Nd;_,Ca,CoO3 nanostructures and temperature effect

In order to analyze the morphology obtained in the hydrothermal synthesis, the samples were
analyzed by SEM and TEM. Figure 4.14(a) shows, the morphology of the Ndg g95Cag 09sC0O3
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Figure 4.14 SEM images of Nd;_,Ca,CoO3 (x=0.005) at: (a) 230 °C and (b) 650 °C. (c) TEM
images of Nd;_,Ca,Co0O3;. (d) Histogram of the diameter of the nanowires.

nanowires after the hydrothermal synthesis at 230°C. It is possible to observe a nanowire shape
in the sample. This morphology is kept after the treatment at 650°C as it shown in Figure 4.14(b).
The calcination treatment is not enough to change the morphology of the nanoparticles as has
been observed in the La;_,Ca,MnO;3 perovskites. However, some deformation is observed in
the TEM images of the nanowires calcinated at 650°C (Figure 4.14(c)). This fact indicated
that the system is in the limit of stability since, a higher temperature treatment can change the
morphology of the nanowires. Figure 4.14(d) shows the size distribution of the nanowires after
the treatment at 650°C, the results show a maximum in the range of 25 nm. Similar trends have

been observed for the remaining compositions.



Chapter 4 Non conventional inorganic thermoelectric materials 98

4.3.4 Phase transition of Nd;_,Ca,Co0O; during the calcination process

DRX analysis was realized in order to study the crystalline phase of the Nd; _,Ca,CoO3 nanowires.

Figure 4.15(a) shows the X-ray diffraction spectra after the hydrothermal synthesis at 230°C for
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Figure 4.15 X-ray diffraction spectra of Nd;_,Ca,CoO3 nanostructures (a) at 230°C for the
composition x = 0.005 and (b) at 650°C as a function of the composition. The vertical lines
correspond to the diffraction patterns.

Ndg.995Cag 0osC003. After the synthesis, the nanowires present a lot of diffraction peaks in-
dicating that the perovskite phase was not attained. However, it is possible to observe some
diffraction peaks corresponding with the NdCoO3 perovskite phase (vertical red lines). Thus,
the results show that after the reaction some of the nanowires got the perovskite phase and others
were composed by other oxides of Nd and Co. Comparing with the diffraction patterns of Nd,O3
and Co303, there are some matches, since probably the remaining nanowires correspond with
these two oxides. After the post treatment at 650°C the perovskite phase is attained as shown the
Figure 4.15(b). Similar diffraction spectra have been obtained for all the compositions studied

in this work. The XRD spectra indicates the cubic perovskite-type structure.
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4.3.5 Thermoelectric behavior of Nd;_,Ca,CoO3; nanowires

Figure 4.16 shows the electrical conductivity of the compacted powder obtained at 650°C be-

fore and after the sintering process in the same pellet at 900°C during 24 hours. The electrical
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Figure 4.16 Electrical conductivity of Nd;_,Ca,CoO3 (x = 0.005) before and after sintering.

conductivity increases four orders of magnitude. Before the sintering process the electrical
conductivity was in the range of 107> S/cm, however after the sintering treatment the electri-
cal conductivity increased until values around 0.1 S/cm. As happened in the previous system
( La;_,Ca,MnOs) the sintering process produces an intimate contact between the nanowires,
decreasing the boundaries between them and also producing a better path for electric transport

around the pellet.

The electrical conductivity values as a function of temperature for all the compositions studied
in the Nd;_,Ca,CoO3 system have been plotted in Figure 4.17(a) . The electrical conductivity
increases with temperature until values around 1.92 S/cm for Ndg.995Cag gosC003, 1.02 S/cm
for Ndj 97Cag 93Co0O3 and 0.55 S/cm for Ndj 9Cag 1 CoOj3. This trend is normal in semiconduct-
ing inorganic materials, since the electrical conductivity is related with the temperature by the

following equation:

o= i‘e*Ea/kT, 4.1)
T

where A is a constant of the material, E, is the activation energy of the conduction process
and k is the Boltzmann constant. When the temperature increases, the carrier concentration
and the carrier mobility also increases producing this increment in the electrical properties of
the Nd;_,Ca,CoOs perovskite nanowires. The electrical conductivity increases at lower Ca

content, indicating that the Ca produces a de-doping effect in the perovskite nanowires.
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Figure 4.17 (a) Electrical conductivity and (b) Seebeck coefficient of Nd;_,Ca,CoO3 as a

function of the temperature.

Figure 4.17(b) shows the Seebeck coefficient of the Ndg 995Cag.gosC0oO3 nanowires as a function

of temperature. The Seebeck coefficient decreases with the temperature for all the samples.

This trend is the usual one for semiconducting materials since, at higher temperatures the carrier

concentration increases, producing a decrease of the Seebeck coefficient. Very high values have

been obtained for the nanowires, being larger in the sample with a x = 0.1 with a value around

680 uV/K. The Seebeck values obtained for these nanostructured materials were higher than
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the bulk corresponding ones [141]. This enhancement could be attributed to the increase of the

number of interfaces in nanostructured materials.

The thermal conductivity has been measured in the Nd;_,Ca,CoO3; nanowires as shown in Fig-

ure 4.18(a). It is strongly related with the calcium content and decreases with its content. This
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Figure 4.18 (a) Thermal conductivity and (b) ZT of Nd;_,Ca,CoO3 as a function of the tem-
perature.

fact can be attributed to a doping effect at lower calcium content which increases the electron

contribution to the thermal conductivity. Compared with the bulk materials, a decrease of the
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thermal conductivity has been achieved employing nanostuctures such as nanowires, since the
thermal conductivity of these kind of compounds in bulk is around 2-5 Wm~!'K~! [179]. As it
has been observed in nanostructured alloys, the decrease of the thermal conductivity is given by
the noticeable interfaces in the nanowires producing a strong phonon scattering [47]. The ZT
values have been calculated as it is shown in Figure 4.18(b). ZT increases with the temperature
mainly dominated with the increase of the electrical conductivity at high temperatures. The best
value of ZT was 0.012, given by the composition Ndg 97Cag o3C003. ZT value in nanostructured
materials is moderated, however, these materials can be good at high temperatures due to their

good thermal stability and electrical properties.

4.4 Carbonaceous materials: application to carbon black >

4.4.1 Materials

The chosen material for this study was Black Pearls 1400 carbon black, manufactured by Cabot
(Boston, Massachusetts, USA). According to the manufacturer’s information, the specific sur-
face of this material is 560 m?/g. The choice of an adequate carbon black was carefully made.
The surface energy of commercial carbon blacks are from 70-200 m2/g [180] and the value of
the surface area is a liable identifier of carbons with a good capacity for hydrogen adsorption
[181]. Two different treatments were made in the samples, hydrogenation and irradiation. Hy-
drogenation was carried out in a pressured hydrogen atmosphere at 20 bar and room temperature
for 180 min. In these conditions, hydrogen adsorption on the carbon black powder took place.
The used hydrogen was Ultrapure Plus X50S (99,9992 %), supplied by Carburos Metalicos. In
the irradiation process the sample was exposed to a 504-kGy irradiation with °Co isotopes. The
sample exposition to radioisotope was carried out by immersion in a water well where the ra-

dioisotopes were located. The location was the Nayade facility, existing at the Centre of Energy,

Table 4.1 Treatments in the carbon black samples.

Sample Treatment
TN-sH without treatment
TN-H Hydrogenation
CN-sH Irradiation

CN-H Irradiation and hydrogenation

Environment and Technology Research (Centro de Investigaciones Energéticas, Medioambien-
tales y Tecndlogicas, CIEMAT), in Madrid, Spain. For this study, four samples were prepared in

order to study hydrogenation and irradiation effects in the samples as summarized in Table 4.1.

SThis section is based on the publication:”An Approach on the Hydrogen Absorption in Carbon Black after
Gamma Irradiation” A. Madrofiero, M. Culebras, A. Cantarero, C. Gémez, C. Mota, J. Amo and J. Robla Advances
in Materials Physics and Chemistry,3, 295-298 (2013).
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4.4.2 Structural analysis

The treatment effect in the crystalline structure of carbon black has been studied using X-ray

diffraction analysis. In Figure 4.19(a) , referred to non-hydrogenated samples, it is possible

(a) (b)

Intensity (a.u.)
Intensity (a.u.)

0 20 40 60 80 100 0 20 40 60 80 100
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Figure 4.19 XRD plot of (a) non-hydrogenated samples and (b) hydrogenated samples.

to see that the effect of the irradiation is to decrease the crystalline perfection displayed as an
impairing of the slenderness of the diffraction peak; the irradiated carbon black becomes more
similar to an amorphous sample. The fact that y-irradiation increases the hydrogen intake in car-
bon materials is in agreement with the knowledge that amorphous carbons are better absorbers
than crystalline carbon [182]. Similar results can be observed in Figure 4.19(b) for the hydro-
genated samples. Actually, the diffraction is a powerful tool to distinguish between irradiated
and non-irradiated materials, but not very reliable to evaluate the level of over hydrogenation. In
the same way, if we proceed to evaluate the crystalline size L, using Scherrer’s formula [183],
as shown in Table 4.2 the effect of the irradiation is to decreases L.. Similar evolution of the

XRD diffractograms are known in carbon nanotubes irradiated with y-rays [183].

Table 4.2 Determination of crystalline size using Scherrer’s formula.

Sample L. [A]

CN-H 6.8
CN-sH 7.3
TN-H 7.1
TN-sH 7.3

4.4.3 Thermoelectric behavior of carbon black

The electrical properties of the samples have been obtained using the Van der Paw technique

described before and the results are shown in Table 4.3, where it is observed that the absorption
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of hydrogen decreases the electrical conductivity, as it is known for similar materials [184]. The
influence of the irradiation process is effective regarding the change in the Seebeck coefficient.
Table 4.3 shows how the irradiation improves the Seebeck coefficient, but it is also remarkable
that the intake of hydrogen increases that coefficient.

Table 4.3 Results of the measurements of electric conductivity and Seebeck effect on the carbon
black samples.

Sample o (S/cm) S (V/K)

TN-sH 2.00 0.87 £ 0.01
TN-H 1.49 4.20£0.20
CN-sH 1.41 2.63 £ 0.05
CN-H 1.09 3.25 +£0.05

4.5 Carbonaceous materials: application to charcoal

4.5.1 Materials

The material used in the present study is commercial charcoal produced from the wood of ”Eu-
calyptus Melliodora” (commonly known as yellow box). The samples have a parallelepiped

shape of 10 x 10 x 1 mm?.

4.5.2 Charcoal treatments

The charcoal samples have been subjected to different treatments in order to investigate their
influence on the thermoelectric efficiency. These are: a) hydrogenation, carried out in a tubular
steel reactor in a pure hydrogen atmosphere at 20 bars over-pressure during 3 hours at room
temperature; b) the irradiation process on the samples was performed with doses up to 504 kGy
irradiation with °Co. The sample exposition to the radioisotope was carried out by immersion in
a water well where the radioisotopes were located. The irradiation was performed in the Nayade
Facility, belonging to CIEMAT; and finally c) acid etching was performed by immersion in
chronic acid during 130 min at 373 K with a further reduction using a hydrazine-water solution.

The samples used in this study are summarized in the Table 4.4

4.5.3 Morphology and thermoelectric parameters

Figure 4.20 shows SEM micrographs of the charcoal samples before and after different treat-

ments. Figure 4.20(a) shows the surface of the raw charcoal sample, sample P, where the typical
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Table 4.4 Treatments performed on the charcoal samples.

Sample Sequence of treatments
P no treatment
PH hydrogenation
PI irradiation
PA acid etching
PIH irradiation and hydrogenation
PAI acid etching and irradiation
PAIH acid etching, irradiation and hydrogenation
PAHI acid etching, hydrogenation and irradiation

PAHIH acid etching, hydrogenation, irradiation and a further hydrogenation

Figure 4.20 SEM images of: (a) the surface of sample P, (b) the surface of sample PA.

wood structure is still observable. Figure 4.20(b) shows the surface of sample P after acid etch-
ing, sample PA, where a clear erosion of the wood network due to the acid etching treatment
appears. In the images a large number of pores and channels can be observed, legacy of the

wood structure.

Figure 4.21 plots the electrical conductivity for the different samples under study. The irradia-
tion of the samples with y-rays causes a sharp increase in the conductivity, up to five orders of
magnitude. The influence of the other treatments by themselves in the electrical conductivity is
small in comparison with the irradiation process. This effect results from the fact that during
irradiation, Compton scattering produces up to 5-6 vacancies per collision [185]. As a result,
we observe that the effect of the irradiation with y-rays is the production of structural defects in
carbon materials as the tilt of crystalline planes [160]. These nanocrystalline alterations work
as enclosures for the hydrogen storage [186], and it is assumed that the hydrogen located in de-
fects and grain boundaries convert the carbon materials into semiconductors. The acid etching
and hydrogenation improves the irradiation effect, increasing the conductivity of the samples as
shown in Figure 4.21. Hydrogen incorporation causes an increase of charge carriers which re-

sults in an improvement on electrical conductivity of the charcoal samples. The Seebeck effect,
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Figure 4.21 Electrical conductivity of charcoal samples as a function of the treatment.
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Figure 4.22 Seebeck coefficient of charcoal samples as a function of the treatment.

as shown in Figure 4.22, also increases when 7y-irradiation takes place (except for sample PA),
with a small influence of the other treatments such as hydrogenation and acid etching. The effect
of acid etching and hydrogenation on the irradiated samples does not produce a drastic change
in the value of Seebeck coefficient in opposite with the electrical conductivity that increases.
This tendency is normal because when the number of charge carriers increases, the Seebeck
coefficient decreases and the conductivity increases [9]. In contrast, acid etching previous to hy-

drogenation, irradiation and a second hydrogenation process (sample PAHIH) causes the largest
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increase in the Seebeck coefficient. The thermoelectric efficiency in charcoal samples given by
PF, indicates that all the irradiated samples show an increase of four orders of magnitude, as

shown in Figure 4.23, being more accentuated for the PAHIH sample, as expected.
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Figure 4.23 PF of charcoal samples after the different treatment.

4.6 Carbonaceous materials: application to vitreous carbon ©

4.6.1 Materials

To perform this work, samples of vitreous carbon sized 10x 10x 1 mm were prepared. They were
cut with a diamond blade from vitreous carbon plate SIGRADUR®), manufactured by HTW
Hochtemperatur-Werkstoffe GmbH (Germany). The samples received different treatments in
order to see their influence on thermoelectrical parameters of our material (see Table 4.5). The
hydrogenation was carried out in a tubular steel reactor in a pure hydrogen atmosphere at 20 bars
of over-pressure during 3 hours at room temperature. The irradiation process on the samples was
performed with doses up to 504 kGy irradiation with ®°Co. The irradiation was performed in

the Ndyade Facility, belonging to CIEMAT .
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Table 4.5 Treatments performed on the samples.

Sample Sequence of treatments

G without treatment

GI irradiation

GIH irradiation and hydrogenation
GHI hydrogenation and irradiation

GHIH  hydrogenation, irradiation and hydrogenation

Table 4.6 Results of electrical conductivity and Seebeck effect in vitreous-carbon samples sub-
jected to different treatments.

Sample o (S/cm) S (uV/m K?)

G 4620 -0.37£0.03
GI 2332 -1.95+0.03
GIH 1854 1.261+0.08
GHI 2255 -1.35+0.02

GHIH 3909 1.37+0.02

4.6.2 Thermoelectric behavior of vitreous carbon

The results of electric conductivity and Seebeck coefficient are shown in table 4.6. The electric
conductivity is very high as it is normal in graphite compounds. The highest value is for pris-
tine sample; the irradiation decreases the electrical conductivity probably because it reduces the
number of charge carriers in the conduction band. This effect results from the fact that during
irradiation, Compton scattering produces up to 5-6 vacancies per collision as already mentioned
[185]. The Seebeck coefficient increases in absolute values for the treated samples (irradiation
and or hydrogenation). Positive values, indicating p-type conduction, and negative values, indi-
cating n-type conduction, are obtained. P-type conduction is observed when the last treatment
is hydrogenation, whereas n-type conduction is obtained when the last treatment is irradiation.
This is a good procedure to obtain either n- or p-type semiconductors based on carbon materials.

This effect has also been observed in carbon microfibers [187].

4.6.3 X-ray analysis of vitreous carbon

Figure 4.24 shows the diffractograms of the samples under study. Two diffraction peaks, peak
1, at 20 ~26° and peak 2, at 20 ~53° are clearly distinguished. Peak 1 and peak 2 in Fig-
ure 4.24 are attributed to the diffraction in planes (002) and (110) by comparing with the data
base Powders Diffraction File, in particular, with the diffractogram 23-0064 corresponding to

graphite.

SThis section is based on the publication:”Changes in the thermoelectric response of vitreous carbon due to the
irradiation by y-rays”, M. Culebras, A. Madroiiero, C. Mota, C. Gémez, J. Amo, A. Cantarero Radiation Effects and
Defects in Solids, 169, 620-627 (2014) with permission of Taylor and Francis.
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Figure 4.24 X-Ray results for glassy-carbon.

Then, it is possible to calculate the layer distances d(og) and d(j1¢) from the Bragg’s equation
[188]:

A
d(oo2) = EITY Ooon) ) 4.2)
A
S 4.
d(110) 2sinb 4.3)

where the wavelength is A = 0.154056 nm because the monochromatic radiation used to perform
the diffraction tests was CuKy,. It is also known that for hexagonal lattices the Bragg law are the

following relationship between the lattice parameters and the Miller’s indies [189]:

gy = ((4/3a)(R* + hk+ k) + (1/c)?) 72, 4.4)

Now, for the particular case of 20=(002) and 26= (110) we can take # =0, k=0 and / = 2 and
on the other hand =1, k=1 and / = 0 in Eq (4.4). Then we can obtain in (4.4)
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Cc = 2d(002) (45)

and
a = 2d(110) (46)

By substitution of (4.2) and (4.3) into (4.5) and (4.6) the unit cell parameters a and ¢ are obtained.
It is also interesting to know the crystallite size or grain size (the samples are polycrystalline
materials) using Scherrer’s equation. For this purpose we can evaluate the crystalline parameters

as shown in [190]:

Lo—— 0% @.7)
Wi002) €08 6(002)
L,= ﬂ , (4.8)

Wi110) €08 6110

where L. and L, are the crystallite parameters, A is the wavelength (A = 0.15418 nm), and W is
the full width at half maximum of each peak in radians. The calculated diffraction parameters
for all the samples are shown in Table 4.7. For an adequate identification of each parameter we
define 0 as the diffraction angle of each peak in degrees, H is the figure of counts in the height of
each peak, W is the full width at half maximum of each peak in radians. These three numbers can
be read in each diffractogram. After that, a simple calculation yielded the remaining parameters;
s is (H/W) and represents the sharpness of the peak, d is the distance between crystallographic
planes according to the Bragg’s law and it is calculated from (4.2) and (4.3). On other side
the lattice parameters a and ¢ are obtained from (4.5) and (4.6). L. and L, is the crystallite
parameters in nm and it is obtained from (4.7) and (4.8). Finally, r is L./L, and represents the
acuteness aspect of the crystallites, and sz is the stack size with two variations, sz, = L,/a and
sze = L. /c. To make easier the comparisons, we will use A = sz./sz, and represents the number
of unit cell that constitutes a crystallite, in direction of crystallographic axis and in the basal

direction.



Table 4.7 XRD parameters of all samples.

Sample 26 H W S d a C L.L, r SZ4 SZ A
G 26.08 205935 0.0082 2.510107 034 — 0.68 1792 196 — 2625 098
5359 6776 0.0176 3.84310° 0.17 034 — 910 196 2662 — 098
GI 26.06 144991 0.0080 1.806107 034 — 0.68 1831 2.01 — 2675 1.00
53.52 4801 0.0176 2.72310° 0.17 034 — 9.10 201 2660 — 1.00
GIH 26.03 157910 0.0083 1.885107 034 — 0.68 1755 192 — 2565 0.96
53.54 6378 0.0176 3.61810° 0.17 034 — 9.0 192 2661 — 096
GHI 26.02 120902 0.0087 1.385107 034 — 0.68 1685 196 — 2461 098
53.52 4205 0.0186 2.25210° 0.17 034 — 859 196 25.11 — 0098
GHIH 2597 102318 0.0089 1.14910" 034 — 068 1651 1.85 — 2408 092
5346 4921 0.0179 2.73710° 0.17 034 — 892 185 2605 — 092
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Using these results, it is possible now to have information about some changes that the gamma
irradiation and the absorption that hydrogen produces. Comparing with the hydrogenation, the
effect of y-irradiation is less pronounced but observable, taking into account the change of sz
from G to GI. The variations of the lattice parameters a and c are not relevant, but the change in
the crystallite size is observable as suggests the variation of the parameter A. This is in accor-
dance with the results of experiments reported in the literature [191] referred to irradiation with
neutrons of a set of graphite material. In all these results, irradiated materials show a marked
increase in c-axis lattice strain, while changes in the lattice parameters are very small. The
Y-irradiation produces an increasing of L. without a decreasing in L,, according with already
known results [192]. The final crystallite appearance, if we compare » in GHIH with G, is a
brocaded crystallite. The parameters A tell us when a crystallite grows irregularly with larger
increase in ratio L./c than L,/a or vice versa. This is similar to the results of neutron irradia-
tion of pyrolytic carbons [193] that studies the dimensional behavior of pyrolytic carbon under
irradiation by averaging methods to describe the anisotropic distortion of the bulk in terms of
its preferred orientation and the shape change of the individual crystallites. Finally, we can
conclude that the hydrogenation alone produces an enhancing of the amorphous grade of the
material whilst the irradiation changes the crystallite shape and size. It is an advantageous as-
pect that the irradiation simultaneously produces changes in the bulk material, and improves the
activity of the surface. The results from the point of view of the thermoelectric properties are
also interesting. Therefore, it seems reasonable to accept that in the horizon of thermoelectricity
there are some glasses with possibilities to improve the vitreous carbon characteristics [194],
but the most interesting is that according to the change in the sign of the Seebeck’s coefficient,
the incorporated hydrogen works as a charged carrier. As the hydrogen was absorbed from a

gaseous atmosphere of pure molecular hydrogen, the dissociation of the molecule takes place.

4.7 Conclusions

In this chapter, several non conventional inorganic materials for thermoelectric application have
been studied. For the case of the perovskite nanostructures La;_,Ca,MnO3; a morphology
change was observed from nanowires to nanoparticles with the calcination temperature. The
perovskite phase was obtained at 650°C. The electrical conductivity increased several orders
of magnitude after the sintering process and a change from p-type to n-type conduction has
been observed depending on the calcium content in the La;_,Ca,MnO3 nanoparticles, p-type
for x = 0.005 and n-type for x = 0.01 to x = 0.5. Nd;_,Ca,CoOj3 perovskite nanowires were
synthesized achieving the perovskite phase at 650°C. The electrical conductivity increased with
the sintering process. Very high values of the Seebeck coefficient were obtained from, 600-

700 uV/K at room temperature. The electrical conductivity depends on the calcium content



Chapter 4 Non conventional inorganic thermoelectric materials 113

in Nd;_,Ca,CoOs perovskite nanowires, being higher at lower calcium contents. ZT was cal-
culated from the values of PF and the thermal conductivity, achieving values around 0.012 at
520°C. For the case of carbonaceous materials, the irradiation process can alter the thermo-
electric properties due to changes in the semiconductor behavior. For example the samples of

vitreous carbon change form p-type to n-type after irradiation.






Chapter 5

Nanocomposites and hybrid materials

for thermoelectric applications

Content

This chapter studies the thermoelectric behavior of several nanocomposites and hybrid materials
based on PEDOT and inorganic fillers. Two kinds of materials were prepared attending to the
nature of the filler. On the one hand, materials with carbon derivative fillers were prepared such
as: PEDOT/expanded graphite, and PEDOT/multiwall carbon nanotubes (MWCNTs). On the
other hand materials with inorganic additives such as: PEDOT/ Perovskite nanoparticles and
PEDOT/Te were prepared.

5.1 Introduction ’

As it has been shown in previous chapters, the thermoelectric properties of conducting poly-
mers are very low. Basically, this fact is because in general terms when the polymer is highly
conductive (1000 S/cm) the Seebeck coefficient is extremely low (~5 uV/K), consequently the
resulting Power Factor is not very good. The same fact happens when the polymer has a high
Seebeck coefficient (S> 100/K), in this case the electrical conductivity decreases until values
between 1072-10~% S/cm. It is possible to obtain intermediate values of electrical conductiv-
ity and Seebeck coefficient with he optimization of the doping level, as has been demonstrated
in Chapter 3. However, the resulting values of the PF are not as high as the traditional inor-

ganic materials. For this reason, it is very important to find other ways to increase one of the

7This section is based on the publication:”Review on polymers for thermoelectric applications M Culebras, CM
Gomez, A Cantarero Materials,7, 6701-6732 (2014).
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thermoelectric parameters (o or S) without detriment the rest. One way can be the synthesis
of nanocomposites or hybrid materials. The combination of two different materials with low
thermoelectric efficiency by themselves can generate a hybrid material with a higher thermo-
electric efficiency compared with the raw materials. For example, the combination of a material
with high electrical conductivity and high thermal conductivity (graphite) and other material
with low electrical conductivity and low thermal conductivity (polymers) will result in a mate-
rial with intermedium values; consequently, the thermoelectric efficiency will increase. In the
following sections a brief summary of the thermoelectric properties of the most representative

nanocomposites and hybrids materials investigated until now will be shown.

5.1.1 Carbon nanotubes

MWCNT, single wall carbon nanontube (SWCNT) or DWCNT, functionalized or not, are be-
ing extensively used to improve electrical conductivity and mechanical properties of polymeric

matrices [195].

Choongho et al. have devoted several papers [109, 110, 196, 197] to investigate the influence
of CNTs on the thermoelectric performance of a polymer matrix. They started by studying
composites of CNT and poly(vinyl acetate) (PVAc) from aqueous solutions [196]. The highest
thermoelectric performance was attained at a 20 wt % content of CNTs, with an electrical con-
ductivity of 48 S cm™!, thermal conductivity of 0.34 W m~'K~! and a thermoelectric figure of
merit larger than 6 x 1073 at room temperature. Lately, by using a conductive polymer matrix,
PEDOT:PSS doped with DMSO, in a SWCNTs dispersion they obtained promising ZT values
around 0.02 [109]. The addition of 35 wt% of SWCNT to PEDOT:PSS give values of ¢ in-
creasing up to 400 S cm~', while keeping constant § ~ 20 uVK~!, and the thermal conductivity
K ~02—04Wm 'K~ [109]. The addition of polyvinyl acetate to single-wall carbon nan-
otubes and PEDOT:PSS gives high electrical conductivity of the order of 10°> S cm™!, keeping
constant the thermal conductivity, k ~ 0.2 —0.4 W m~'K~!, the thermopower S = 41 uVK~!
and large thermoelectric power factors of about PF = 160 uW/mK? with 60 wt % SWCNT.
The presence of PVAc in the composites improves the CNTs dispersion in the polymer ma-
trix (Figure 5.1, image taken from [110]), thus enhancing the electrically connected junctions
in the nanotube network and yielding high thermoelectric performance [197]. Recently, the
addition of conductive stabilizer such as meso-tetra(4-carboxyphenyl) porphine (TCPP) to the
PEDOT:PSS/DWCNTs dispersion clearly improves the thermoelectric properties of the compos-
ite giving very exciting values of PF = 500 uW/m K2, one of highest obtained for an organic
flexible material [110].
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Figure 5.1 (a) CNT are coated by PEDOT:PSS particles, making nanotube-PEDOT:PSS-
nanotube junctions in the composites. (b)The fully dried composite held between two fingers
indicates that it is a free-standing flexible black material. Reproduced from [197] with permis-
sion of ACS Nano.

Generally, the power factor of most of the polymers used as thermoelectric materials is in the
range of 1 — 10~* uW/m K2, three orders of magnitude smaller than the state-of-the-art in in-
organic TE materials [107]. Addition of CNTs creates an interconnected network and increases
the electrical conductivity, keeping nearly constant the Seebeck coefficient and the thermal con-
ductivity. Building highly ordered structures will improve thermoelectric efficiency, as shown
in composites formed by novel 3D CNT networks with PANI [198]. These composites depict
maximum values of 6 =40.35 S cm™!, § =23.3 uW K~!, k =0.29 W m~! K~! that gives a
ZT value of 2.2 x 1073, Notice that the ZT values are 6.0 x 10~ for a 3D CNT network and
7.0 x 10~ for PANI. Better results have been obtained for the case of SWCNTs dispersed in an

aniline solution and in situ polymerization (Figure 5.2) [107].

The PANI/SWCNT nanocomposites show both higher electrical conductivity and Seebeck co-
efficient as compared to pure PANI, which could be attributed to the enhanced carrier mobility
in the ordered chain structures of the PANI. The maximum electrical conductivity and Seebeck
coefficient of composites reach 1.25 x 10> Sem~! and 40 uW K~!, respectively, and the maxi-
mum power factor is up to 2 x 107> W/m K2, more than 2 orders of magnitude higher than pure
polyaniline, and ZT~ 0.004 [107]. The SWCNT/PANI nanocomposites show both higher elec-
trical conductivity and Seebeck coefficient as compared to pure PANI, which could be attributed

to the enhanced carrier mobility in the ordered chain structures of the PANI.

The incorporation of SWCNTSs to polythiophenes derivatives, especially poly(3-hexylthiophene),
has demonstrated a high increase in their thermoelectric properties [199]. The power factor sig-
nificantly exceeds the values obtained with either constituent alone, provided that the conjugated
polymer is sufficiently p-doped. The use of SWCNTSs consistently results in a higher electrical
conductivity, with a maximum value above 1000 Scm~! and thus gives rise to a power factor

of 25uW/mK? for a filler content of only 8 wt% and a maximum value of PF = 95 yW/mK?
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Figure 5.2 TEM images for SWCNT/PANI composites with 25 wt % SWCNT. Inset of (a) is
the SEM top view of the nanowire. Reproduced from [107] with permission of ACS Nano.

for 42-81 wt%. Moreover, a CNT content of 8-10 wt% keeps the low bulk thermal conductiv-
ity of the polymer matrix, which promises a high figure of merit of at least ZT' > 0.2 at room

temperature.

5.1.2 Graphene/Graphite

Starting from 2013, a lot of research has been devoted on how to increase the thermolectric
properties by composite engineering with carbon derivatives different from CNTs-based ma-
terials as graphene, graphene nanoplateletes (GNP) or expanded graphite. Graphite in all its
variants has been extensively studied [200] as it is used to increase the electrical conductivity of
polymer matrices. Different groups have attempted to improve the thermoelectric efficiency or
turning from p-type to n-type conduction a PANI matrix [201-204]. Lei Wang et al [201] pre-
pared HCIO4-doped PANI/graphite composites by mechanical ball milling and cold pressing.
The Seebeck coefficient as well as the electrical conductivity increases with the graphite content
giving a PF = 4.18 uW/m K? and a figure of merit ZT = 1.37 x 1073 at 50 wt % of graphite.
More recently [203], similar values have been obtained for the same system, PF = 0.8 yW/m K?
and ZT = 1.95 x 1073 for a composite containing 30 wt% GN at 453 K. Simultaneous increase
in electrical conductivity and Seebeck coefficient in PANI/graphene nanosheets nanocompos-
ites has been obtained [202] for composites prepared as pellets and films. The power factor
of the pellets and films increase from 0.64 to 5.60 and from 0.05 to 1.47 uW/m K? at 50 wt
% graphene. The best value of PF = 14 yW/m K? [204] has been determined for exfoliated
graphene nanoplatelets/PANI composites at 50 wt % GNP by mechanical blending.

A very promising paper reported values of PF = 11.09 uW/m K? and ZT = 2.1 x 10~2 measured
on spin coating films obtained by incorporating 2 wt% of graphene to a solution of PEDOT:PSS
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[205]. The uniformly distributed graphene increases the interfacial area by 2-3 times with re-
spect similar CNT samples. This results in a facilitated carrier transfer between PEDOT:PSS
and graphene as well as the high electron mobility of graphene. Additionally, the porous struc-
ture of the thin film decreases the thermal conductivity [205]. Films of PEDOT:PSS/expanded
graphite [206] depict an exponential increase of the electrical conductivity while the Seebeck
coefficient remains constant, with a maximum PF = 5.31 uWm~'K~2. In order to enhance the
thermoelectric properties, non-covalently functionalized graphene with fullerene [207] by 7 —
stacking in a liquid interface was integrated into PEDOT:PSS. Graphene helps to improve the
electrical conductivity while fullerene enhances the Seebeck coefficient and hinders the thermal
conductivity. The electrical conductivity increases up to 700 S cm™!, the thermal conductivity
changed from 0.2 to 2 W m~'K~!, as usual in this kind of composites, while the Seebeck coeffi-
cient was enhanced by around 4-fold, yielding a ZT = 6.7 x 10~ for 30 wt % nanohybrids-filled
polymer composite where the ratio of fullerene to graphene was 3:7. Expanded graphite serves
as a filler for both p- and n-type organic materials for constructing thermoelectric devices [208].
PEDOT:PSS/EG composites behave as p-type materials, However, expanded graphite dispersed
in polyvinyl alcohol (PVA) with PEI gives composite films with improved n-type characteristics.

Promising values of S = —25 uV K~! and 6 = 10 S cm™! have been measured.

5.1.3 Inorganic nanoparticles

Several pioneering works [209-211] studied the influence of some inorganic structures on the
thermoelectric efficiency of polymer matrices. PPy-Fe,Os composites depict a linear metal-
lic behavior of the Seebeck coefficient with positive values increasing with temperature and a
semiconducting-like behavior of the conductivity [209]. Thermoelectric hybrid materials like
BipsSb; 5 Tes and 1-7 wt%PANI [210] depict electrical conductivities and Seebeck coefficient
30-70% lower than the corresponding to Big sSby sTes samples implying a decrease of the PF
from 250 to 90 uW/m K2 upon addition of 7 wt % of PANI. PANI/NaFe,P, whisker and
nanowire composites have also been prepared [211]. The conductivity of the whisker composite
is larger than that of the PANI, although the corresponding to the nanowires is lower. However,
the Seebeck coefficient of the nanowire structure is larger than the other two at high tempera-
ture. This possibly results from the quantum confinement in the nanowire and an increase in the

density of states per unit volume in the nanocomposite [211].

More recently, some efforts have been reported by enhancing the thermoelectric performance of
a polymer matrix with Bi,Te;. By mixing Bi,Tes as a powder with PEDOT:PSS results in a 2-3
fold increase of the power factor [46] indicating a promising route of making materials to be
used for printing TE devices on flexible substrates. Nanorods of Bi,Tes coated by PANI were
created in order to generate a more ordered molecular arrangement of PANI. Thus, the electrical

conductivity and thermoelectric power were enhanced with ZT= 0.0043 at room temperature
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Table 5.1 Thermoelectric parameters of the most relevant conducting polymer composites with
carbon materials at room temperature.

System o (Sem™) SW/KH xWm'K™!) PFuW/mK?) zT reference
PANI/DWCNT, PE- 1900 120 2710 [39]
DOT:PSS/Graphene

PANI/DWCNT, SDB- 1000 120 1825 [38]
S/Graphene

SWCNT/PEDOT:PSS, 400 27 10.4 25 ~0.02 [109]
DMSO, GA

CNT/PEDOT  stabi- 980 70 500 [110]
lizer TCPP

CNT/PVAc 48 45 0.34 0.006 [196]
SWCNT/PEDOT:PSS 1000 41 0.2-0.4 160 [197]
PVAc

SWCNT/PEDOT:PSS 241 38.9 21.1 [212]
Layered structure

SWCNT/PANI 125 40 0.2 0.004 [107]
3D-CNT/PANI 40.35 23 0.29 0.0022 [107]
CNT-PANI nanofibers 15 10 0.16 0.0022 [213]
PANI coated CNT/- 28 21.6 0.4 0.001 [214]
PANI

poly(3- 1000 29 98 [199]
hexylthiophene)

SWCNTs

MWCNT/polithiophene 6 25 0.6 8.7x10~* [215]
PANI/graphite  com- 100 10 1.2 4.18 1.37x1073 [201]
posites

PANI/graphene ~60 ~30 5.6 [202]
nanosheets pellet

PANI/graphene ~8 ~42 1.47 [202]
nanosheets film

PANI/graphene 123 34 14 [204]
nanoplatelets mechan-

ical blending

PEDOT:PSS/expanded 213 15 5.31 [206]
graphite

PEDOT:PSS/graphene 700 25 0.4 0.06 [207]
fullerene

[45]. PEDOT:PSS/Bi;Tes composite films depict a maximum electrical conductivity of 421 S
cm~! with 10 wt% Bi,Tes corresponding to a PF=9.9 uW/m K? and ZT = 0.04 [44].

Other procedure to enhance the TE efficiency is by adding additives. So, flexible films of PE-
DOT:PSS and poly(acrylic acid) (PAA) with an additive reach values of ZT= 0.2 for a BiyTes
concentration of 95 wt% [216]. Other inorganic particle different from Bi,Tes is tellurium. The
power factor of PEDOT:PSS can be optimized by dispersing Te nanowires just changing the
synthesis, the effect of nanowire morphology [40, 217, 218]. A conformationally organized
PEDOT:PSS interfacial layer template by the Te nanowires produces a high conductivity and
Seebeck coefficient, keeping the low thermal conductivity of the host polymer. A ZT as high as
0.1 has been obtained.
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Table 5.2 Thermoelectric parameters of the most relevant conducting polymers composites
with inorganic nanoparticles at room temperature.

System o (Sem™) SVKDH xWm'K™") PFuWm 'K ZT reference
PEDOT:PSS PAA 380 79 0.36 ~240 0.2 [216]
Bi2T63

PEDOT:PSS Bi;Te; 250 150 0.558 131 0.08 [46]
PANI Bi; Te; nanorods 11.626 39 0.11 1.8 0.004 [46]
p-type

PANI Bi;Te; nanorods 23 -70 10 [46]
n-type

PEDOT:PSS BiyTes 421 18.6 0.07 9.9 0.04 [44]
films

PEDOT:PSS Te 19.3 163 0.22-0.3 70.9 0.1 [217]
PEDOT:PSS Te ~ 15 260 100 [40]
nanowire

PEDOT:PSS/H,SO4 ~ 200 100 284 [42]
Te nanorod

PEDOT:PSS Te ~ 12 170 35 [218]
nanowire

PEDOT:PSS Gold ~ 2000 12 20 [218]
nanorod

PH3T Bi,Tes ~4.5 118 6.3 [219]

Novel metal/polymer/metal structures present a new design to combine inorganic metals and or-
ganic polymers thus increasing the Seebeck coefficient up to 252 ' V/K on a AI/PEDOT:PSS/Al
device [220]. Spherical gold nanoparticles rod-shaped (Au NR) have proven to be effective as
increases the electrical conductivity (2000 S cm~ 1) and decrease the Seebeck coefficient (12
1V/K) with the increase of Au NR concentration in the PEDOT:PSS matrix [221].

Tables 5.1 and 5.2 summarize values of the main thermoelectric parameters in conductive poly-

mers, polymer composites with carbons and inorganic materials, respectively.

5.1.4 Common methods to prepare nanocomposites and hybrid materials

The synthesis of nanocomposites and hybrid materials basically consists of the creation of a sta-
ble mixture of both compounds and a further processing step. In order to create a homogeneous
mixture, firstly the inorganic nanofiller has to be dispersed into the polymer matrix. A polymer
solution is usually employed. The nanofiller is added to the polymer solution (water or organic
solvent) and then the mixture is subjected to a dispersion treatment using mechanical siring
and usually ultrasounds (Figure 5.3(a)). Other way is to disperse the fillers in the monomer or
pre-polymer solution. After a homogeneous dispersion is obtained, the mixture is polymerized
creating a composite material. This method is commonly used for thermoset polymers such as

epoxy resins [222]. Figure 5.3 shows the steps followed in the two methods.
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Figure 5.3 schematic of polymer nanocomposites preparation from (a) polymeric solution and
(b) insitu polymerization

5.1.4.1 Surface modification of inorganic nanofillers

The big problem to get an efficient polymer composite is to obtain a good dispersion of the
inorganic filler into the polymer matrix; due to their different nature, they are not compatible in
general. For this reason during many years researches have been doing a lot of effort to improve
the stability of inorganic additives in the polymer solutions or solvents. Surface modification is
the most used method to improve the dispersion of the inorganic filler in a polymeric matrix.
It is possible to classify the surface modification considering how the modifier is anchored to
the inorganic particle. Using this criteria, the surface modification method can be classified in

non-covalent modification and covalent modification.

The non-covalent methods consist of the adsorption of amphiphilic molecules, such as surfac-
tants and amphiphilic copolymers or polyaromatic molecules with hydrophilic or hydrophobic
groups to the nanofiller surface [223, 224]. The hydrophilic parts of the modifier can interact
with polar regions of the polymer matrix and the hydrophobic parts of the modifier with the
non-polar regions. Consequently, the dispersion of the filler increases due to the interaction
with the polymer matrix media. This method is very common in the dispersion of CNTs in wa-
ter [223, 224]. Surfactants, such as sodium dodecyl sulfate (SDS)or cetyltrimethylammonium
bromide (CTAB), can be employed to stabilize CNTs in water [223, 224].

The covalent methods consist of anchoring the modifier by covalent bonding. There are a lot
of methods to carry out this modification. One of those is the chemical treatment of the filler
surface employing silane coupling agents to improve the compatibility between the particle and
polymer surfaces and the properties of the composite materials. For example, the surface of
the unmodified nanoparticle is covered only with —OH groups, while the surface of the silane-

modified nanoparticle is covered with 3-methacryloxypropyl trimethoxysilane molecules. The
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modified nanoparticles behave differently within organic solvents or polymer matrices compared

to unmodified nanoparticles, showing better dispersion the modified ones [224].

Other method is grafting of synthetic polymers. This approach consists in modifying the sur-
faces of inorganic based on grafting synthetic polymers to the substrate surface. This enhances
the chemical functionality and alters the surface topology of the native inorganic material. This

kind of funcionalization reduces the aggregate formation (see Figure 5.4) . The polymer from

Polymer Inorganic Polymer féfi)\ Grafting

Matrix nanopartilce polymer

Figure 5.4 Diagram of: (a) agglomerated nanoparticles in the matrix polymer and (b) well
dispersed particles due to the grafting polymer.

the surface keeps the particles separated and stables in the polymer matrix media. Two meth-
ods have been reported in the literature to covalently attach polymer chains on the surface of
inorganic nanofillers. The first one is the “grafting to” in which the end-functionalized poly-
mers react with the particle surface. The second method is the “grafting from” method in which

polymer chains are grown from an initiator-terminated self-assembled monolayer [224].

In the following sections four studies related with the synthesis of polymer nanocomposites such
as: PEDOT:PSS/EG, Perovskite/PEDOT, Te/PEDOT and MWCNT/PEDOT are shown.

5.2 PEDOT:PSS/EG composites ®

5.2.1 Materials

PEDOT:PSS solution (1.3 wt % in water) with a ratio of PEDOT to PSS of 38.5 to 61.5 %,
natural graphite powder of size < 20 m, nitric acid (HNOs3) and sulfuric acid (HySO4) were

8This section is based on the publication:"Thermoelectric measurements of PEDOT: PSS/expanded graphite
composites M. Culebras, C. M. Gémez, A. Cantarero, Journal of Materials Science, 48, 2855-2860 (2013) Repro-
duced with permission of Springer.
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purchased from Sigma-Aldrich Co.

5.2.2 Preparation of expanded graphite

Expanded graphite was obtained by the method of chemical oxidation [19]. The natural graphite
was dried at 75°C in a vacuum oven for 10 h. Then, it was mixed for 12 h with a mixture of
sulfuric and nitric acid in a volume ratio 3:1 in order to form the graphite intercalated compound
(GIC). The nitric acid is used as an oxidizer and the sulfuric acid to intercalate them. The
mixture was stirred from time to time to get a uniform intercalation of sulfuric acid into the
graphite flakes. After washing and filtrating until a neutral pH, the resulting material was dried
at 60°C in vacuum for 5 h, and afterwards subjected to a thermal shock at 900°C for 20 s to form
the EG.

5.2.3 Preparation of PEDOT:PSS/EG

Expanded graphite at different weight fractions from 0 to 80 wt % was introduced in the com-
mercial solution of PEDOT:PSS. The blend was sonicated in an ultrasonic bath for 1h in order
to disaggregate the EG flakes and stirred vigorously for 5 h in order to obtain a stable dispersion.
The suspensions were cast on glass slides that were previously washed in an ultrasonic bath with
distilled water and finally with acetone to eliminate the water. The PEDOT:PSS/EG coated glass
was kept at 40°C during 24 h and then at 60°C in vacuum for 5 h. The film dimensions were

(4x2.7) cm? and the thickness ranged between 20-30 pm.

5.2.4 Morphology of the PEDOT:PSS/EG composites

The morphological features of the smooth PEDOT:PSS/EG films were determined by TEM and

SEM analysis. The TEM images shown in Figure 5.5 indicate a homogeneous dispersion of

Figure 5.5 TEM images of PEDOT:PSS with 15 wt % of expanded graphite.

EG in the PEDOT:PSS polymer with a nanometric size particle dispersion. Expanded graphite
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nanosheet appears exfoliated into many EG layers. The SEM images are depicted in Figure
5.6. Figures 5.6(a) and 5.6(b) show the cross-section of a sample of PEDOT:PSS without EG

Figure 5.6 SEM images of: (a) cross section of PEDOT:PSS, (b) cross section of PEDOT:PSS
with 30 wt % expanded graphite, (c) surface PEDOT:PSS and (d) surface PEDOT:PSS with 30
wt % expanded graphite.

and with 30 wt % EG, respectively. The film of PEDOT:PSS form a single layer structure,
whereas introduction of EG induces the formation of a multilayer structure. The chains of
PEDOT:PSS are intercalated in the galleries of the EG indicating a homogeneous composite
dispersion. Figure 5.6(c) and 5.6(d) shows the surface of a film of PEDOT:PSS without EG and
with 30 wt % EG respectively, with a characteristic roughness indicating the packing density of
the EG at the film surface for films with EG. TEM and SEM images indicate a well-dispersed,
densely packed PEDOT:PSS/EG films.

5.2.5 Thermal analysis of the PEDOT:PSS/EG composites

The thermal analysis was carried out using DSC and TGA measurements, as described in Chap-
ter 2. Figure 5.7 shows the DSC curves of PEDOT:PSS films with no indication of a well-defined
glass transition temperature, as previously reported [225]. In the first DSC scan an endothermic
peak around 110°C is detected related to the melting of the PEDOT:PSS crystals [226]. An
indication that the sample was free of water is revealed by the absence of a peak near to 0°C.
No peaks were observed during a second temperature scan indicating that the sample did not
have enough time to re-crystallize during the quick cooling. The PEDOT:PSS chains tend to

form crystals during film formation or during slow cooling if there is enough time to reorganize
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Figure 5.7 Differential scanning calorimetric patterns of PEDOT:PSS and PEDOT:PSS with
10% of EG.

themselves. Similar patterns have been obtained for the PEDOT:PSS samples modified with
EG.

Figure 5.8 shows the weight loss of PEDOT:PSS, of PEDOT:PSS with 30 wt % EG and pure
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Figure 5.8 Thermogravimetric analysis of PEDOT:PSS, PEDOT:PSS with 30 wt % EG and
EG powder.
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EG. Good thermal stability was observed for PEDOT:PSS and PEDOT:PSS 30 wt% EG until
about 270°C, similar to PPy/EG composites [20]. The sample weight significantly decreases due
to the fragmentation of the PSS sulfonate group at about 250°C. At higher temperatures, larger
than 575°C, other fragments due to carbon oxidation are detected. This secondary process in the
PEDOT:PSS samples modified with EG is overlapped with the oxidation of carbon atoms in the
EG particles. Expanded graphite is stable until around 600°C and lose weight in one step without
any residual weight left [227]. The good thermal stability in PEDOT:PSS and PEDOT:PSS/EG

composites, indicate that it is possible to use these materials in applications up to 200°C.

5.2.6 Thermoelectric properties of PEDOT:PSS/EG composites

Conductivity of semi-conducting polymers as PEDOT:PSS in presence of conducting fillers de-
pends on the filler loading and its dispersion in the matrix. The electrical conductivity of the
composites was measured at 25°C being this temperature the most usual in large-scale applica-
tions. Data of electrical conductivity, determined by the Van Der Pauw method, are plotted as a

function of expanded graphite content in Figure 5.9 . The electrical conductivity of PEDOT:PSS
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Figure 5.9 Electrical conductivity of PEDOT:PSS/ expanded graphite composites.

increases with the expanded graphite content from 0.21 S/cm to 213 S/cm, as usual in these
graphite modified samples [228, 229]. A sharp increase of conductivity is attained at around 55
weight % of EG. Free movement of charge carriers above this graphite content increases more
efficiently the conductivity caused by a higher connectivity between the conductive expanded
graphite layers [228, 230, 231]. At lower graphite content the conductivity is mainly due to the

intrinsic conductivity of the polymer. Figure 5.10 shows the results of the Seebeck coefficient
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Figure 5.10 Seebeck values of PEDOT:PSS/expanded graphite composites.

measurements of PEDOT:PSS/EG composites as a function of EG content at room temperature.
Values of S are positive, indicating a p-type conduction. The Seebeck coefficient increases with
the first addition of EG and levels out at about 15-16 uV/K without not apparent dependence
on the expanded graphite content. These values are lower than those for traditional inorganic
materials such as BipyTes and GeSi [55, 232] but in the same range of magnitude than other
semi-conducting polymers [72]. The power factor as a measure of the thermoelectric potential

of the samples is shown in Figure 5.11 as a function of EG content at room temperature. The
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Figure 5.11 Power factor of PEDOT:PSS/expanded graphite composites.
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shape of the curve is similar to that of the conductivity with a sharp increase from 0.0035uW/m
K? without EG to 5.31uW/m K? with 80 % wt of EG. To get an idea of the value of the ZT,
since we do not have experimental data, we have chosen values of thermal conductivity from the
literature. The thermal conductivity for PEDOT:PSS was assumed to be approximately 0.2 W/m
K [72]. This gives a value of ZT of 5.74x 1076 for the PEDOT:PSS used in this work. In refer-
ence [231] the value of thermal conductivity for ethylene-octene copolymer/expanded graphite
composites with 50 wt % of EG was 0.676 W/mK. Since the chemical nature of the our samples
is similar, for PEDOT:PSS with 50 wt % of EG the calculated ZT value would be 2.3x 1074,
similar to literature values [72]. The addition of EG in a PEDOT:PSS matrix increases the ZT
value by three orders of magnitude with respect to PEDOT:PSS.

5.3 Hybrid composites of NCCO perovskites/PEDOT

5.3.1 Materials

Cobalt acetate tetrahydrate (Co(CH3COOQ),-4H,0) 98% purity, calcium acetate monohydrate
(Ca(CH3CO0O0);-1H;0) 99% purity, neodymium oxide (Nd>O3) 99.9%, glacial acetic acid 99.5%,
tetrahydrofuran , Fe-Tos and a commercial aqueous solution of PEDOT:PSS have been pur-
chased to Sigma Aldrich Co. (Madrid, Spain). EDOT, 97 % purity, was obtained from Alfa
Aesar and butanol was bought to VWR.

5.3.2 Synthesis of the perovskite nanoparticles °

Nd;_,Ca,CoO3(NCCO)(x= 0.001 and 0.005) powder was obtained by a conventional thermal
method: Co(CH3COO),-4H,0 and Ca(CH3COO),-H,O were dissolved in deionized water, and
Nd; O3 was dissolved in acetic acid. All the solutions were combined to obtain Nd-Ca-Co so-
lutions whose total cationic concentration was 0.30 M and subsequently, frozen with liquid
nitrogen. In order to eliminate the solvent, the frozen solution was lyophilized at 10~* atm with
a Tesla Cryodos freeze-dryer to obtain an amorphous solid. Finally, the solid was heated during
12 h at 900 °C under air atmosphere to obtain the perovskite phase. The powder obtained was
pressed to form compact pellets (0.5 in diameter) by using a pellet die at 490 MPa. Further, the

pellets were sintered at 1150 °C for 48 h in air atmosphere.

9This section is based on the publication:”Hybrids composites of NCCO/PEDOT for thermoelectric applications
M. Culebras, A. Garcia-Barber4, J. F. Serrano-Claumarchirant, C. M. Gémez, A. Cantarero, Synthetic Metals,(2017)
DOI:10.1016/j.synthmet.2016.12.016 Reproduced with permission of Elsevier.
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5.3.3 Preparation of the composites

Two different series of composites were made by changing the perovskite/polymer weight ratio
as follows: 80/20, 85/15, 90/10 and 95/5. Series 1: NCCO/PEDOT:PSS with x= 0.001 and
0.005. The NCCO powder was dispersed in the commercial aqueous solution of PEDOT:PSS
by sonication with an ultrasonic bath during 1 h in order to destroy all the aggregates. The
resulted dispersion was stirred for 5 h to be stabilized. Addition of THF forms a precipitate of
NCCO/ PEDOT:PSS which was filtered and dried at 100°C in vacuum for 5 h. Series 2: NC-
CO/PEDOT:Tos with x=0.001 and 0.005. The perovskite powder was dispersed in a solution
of EDOT (1 wt %) in butanol. The dispersion was sonicated in an ultrasonic bath for 1h in order
to disaggregate the NCCO particles and then stirred vigorously for 5 h in order to obtain a stable
dispersion. Then, FeTos was added to the EDOT solution at 1:2 EDOT:Fe-Tos molar ratio, and
the resultant solution was dropped on a glass substrate and heated at 100 °C for 10 min. The
powder obtained was washed with deionized water and ethanol several times, and subsequently

dried at 100 °C in vacuum for 5 h. Finally, the resulting powder was pressed to make a pellet.

5.3.4 Morphological and structural characterization of the NCCO/PEDOT per-

ovskites nanocomposites

In this work, a p-type material, the perovskite cobalt oxide Nd;_,Ca,CoQj3, has been used as
thermoelectric matrix due to its high Seebeck coefficient. Two different dopant concentrations,
x=0.001 and 0.005, were employed in order to find the best doping content in these kind of
oxides. These oxides were blended with a small amount of PEDOT:PSS and PEDOT:Tos. Thus,
four different composites, with different weight concentrations of perovskite/polymer=80/20,
85/15, 90/10 and 95/5, for the two calcium content were investigated. Figure 5.12 shows the
morphology from SEM images of the Nd;_,Ca,CoO3 (x=0.001) with the two different polymer
matrices, PEDOT:PSS and PEDOT:Tos, under study. For the case of PEDOT:PSS (Figures
5.12(a), (c) and (e)) it is possible to observe how the polymer fills the whole space between
the NCCO nanoparticles for a PEDOT content of 20% wt. However, when the NCCO content
increases, the polymer content decreases giving rise to the appearance of free space between
the NCCO nanoparticles, increasing the contact between them as it can be observed in Figures
5.12(c) and (e). Similarly, the PEDOT-Tos hybrids have the same morphological characteristics
as shown in Figures 5.12(b), 5.12(d) and 5.12(f). The size of the NCCO nanoparticles was

around 500 nm.

Figure 5.13 depicts the characteristic X-ray patterns of the fabricated Nd; _,Ca,CoO3 (x=0.001)
composites using PEDOT:PSS (Figure 5.13(a)) and PEDOT:Tos (Figure 5.13(b)). The diffrac-
tion peaks in both system are an indication of the cubic perovskite phase. This is crucial for the

purpose of this work since only the cubic phase presents thermoelectric activity [143, 170, 171].
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Figure 5.12 SEM images of NCCO/PEDOT:PSS composites with : (a) 80% (c) 90% and (e)
95 % of Ndg.999Cag 091 CoO3. SEM images of NCCO/PEDOT:Tos composites with an (b) 80%
(d) 90% and (f) 95 % of Nd0_999Ca0_001C003.

The peak associated to the amorphous polymer phase in the composite appears between 26=10°
and 20=20°. The area of this peak increases proportionally to the amount of PEDOT in the
blend [233].

5.3.5 Thermoelectric properties of the NCCO/PEDOT hybrids perovskites com-
posites

In order to characterize the hybrids materials, Figure 5.14 plots values of the electrical con-
ductivity, Seebeck coefficient, and power factor for the systems NCCO /PEDOT:PSS and NC-
CO/PEDOT:Tos as a function of calcium doping and proportion of perovskite. The electrical
conductivity increases with the addition of polymer to the NCCO particles as it is shown in
Figures 5.14(a) and 5.14(d) for PEDOT:PSS and PEDOT:Tos, respectively. The electrical con-
ductivity for the case of pure NCCO was 5x10™* S/cm and 1.5x1072 S/cm for a calcium
content of x=0.001 and x= 0.005, respectively. The electrical conductivity is very low, which

is normal because the pellet has been obtained by compressing the nanostructurated powder.
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Figure 5.13 XRD spectra of Ndg.999Cag.0o1 CoO3 composites with: (a) PEDOT:PSS and (b)
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Figure 5.14 Electrical conductivity, Seebeck coefficient and power factor for the NCCO/PE-
DOT:PSS nanocomposites (plots a, b, and ¢) and for NCCO/PEDOT:PSS (plots d-f).

However, the electrical conductivity increased with the calcium content in the NCCO nanoparti-
cles. This fact indicates a doping effect due to the presence of calcium into the perovskite phase
according with previous investigations [141]. The combination of a conducting polymer with
the NCCO nanoparticles produces an increase of several orders of magnitude in the electrical

conductivity (4 in the case of PEDOT:Tos). The polymer acts as a conductive binder between
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the NCCO nanoparticles, increasing the electric contact between the nanoparticles. The higher
conductive nature of PEDOT:Tos compared with the PEDOT:PSS in combination with the in-
situ polymerization produces a higher increases in the electrical conductivity, when PEDOT:Tos
is used to prepare the NCCO nanocomposites. Figure 5.14(b) and 5.14(e) show the Seebeck
coefficient of NCCO/PEDOT:PSS and NCCO/PEDOT:Tos as a function of calcium doping and
proportion of NCCO. The NCCO exhibits large values for the case of pure nanoparticles, 979
uV/Kand 519 pV/K, typical for low doped semiconductors. The Seebeck coefficient decreases
with the incorporation of PEDOT until values around 25 pV/K for the case of PEDOT:PSS
and 50 puV/K for the case of PEDOT:Tos. In case of PEDOT:PSS the value is very similar to
medium doped PEDOT [37] indicating a scanty effect in the enhancement of the Seebeck coef-
ficient with the addition of NCCO nanoparticles. However, for the case of the PEDOT:Tos and
NCCO nanoparticles it is possible to obtain intermediate values of 310 uV/K at 5% of PEDOT
load, for a calcium content of 0.001 and 170 uV/K for 0.005. Finally, with the addition of 20
% of PEDOT, the Seebeck coefficient decreases until values around 50 pV/K in both kind of
composites. The PF has been calculated with values of the electrical conductivity and the See-
beck coefficient, in order to give an idea of the thermoelectric efficiency of these kind of hybrids
composites. For the case of the composites based on PEDOT:PSS, the PF decreases with the
addition of the polymer indicating that PEDOT:PSS is poor conductive additive for these kind of
nanofillers. The scanty effect of PEDOT:PSS is given by their low electrical conductivity. How-
ever, for the case of the nanocomposites fabricated in-situ using PEDOT:Tos as a polymer, the
power factor increases compared to the pure NCCO nanoparticles. This fact indicates a good
synergy between PEDOT:Tos and the NCCO nanoparticles. The best value, 1.34 uW/K?m,
was attained for the sample with 5% of PEDOT:Tos and nanoparticles with 0.001 calcium con-
tent. The best compromise between the electrical conductivity and the Seebeck coefficient has

attained for this kind of nanocomposites.

5.4 Combining multilayer carbon nanotube assembly and electro-

chemical polymerization for hybrid thermoelectric materials

5.4.1 Materials

Poly(diallyldimethylammonium chloride) (PDDA), with a molecular weight of 1-2x 10° g/mol,
sodium deoxycholate (DOC) (C4H39NaQy4), EDOT, lithium perchlorate (LiClO4), and acetoni-
trile were purchased from SigmaAldrich (Milwaukee, WI). All chemicals were used as received.
MWCNTs were obtained from Bayer Material Science (12—-15 nm outer and 4 nm inner wall

diameter > 1 um length, C 95 wt%) (Leverkusen, Germany).
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5.4.2 Substrates

PET, with a thickness of 179 um, (trade name ST 505 by DuPont Teijin, purchased from Tekra
Corp, New Berlin, WI) was rinsed with water, methanol, ultra pure water, and dried with fil-
tered air before use. Corona treatment (a BD-20C Corona Treater, Electro-Technic Products
Inc., Chicago, IL) was used to improve the adhesion of the first layer by oxidizing the polymer
surface. Polished Ti/Au crystals with a resonance frequency of SMHz were purchased from
Maxtek, Inc. (Cypress, CA) and used to characterize deposited mass per layer with a quartz

crystal microbalance (QCM).

5.4.3 Assembly of MWCNT films

0.05 wt % MWCNT were dispersed in an aqueous solution of 0.25 wt% PDDA or 1 wt% DOC.
Both MWCNT suspensions were bath sonicated for 30 min, followed by 20 min of 15 W tip
sonication in an ice-water bath, and another 30 min of bath sonication to homogenize. MWCNT
dispersions were then centrifuged at 4000 rpm for 20 min and the supernatant was decanted.
The pH of the nanotube suspensions, in either PDDA or DOC, was left unaltered at 5.8. Each
substrate was immersed into the cationic PDDA-based suspension for 5 min, followed by rinsing
and drying, and then dipped into the anionic DOC suspension for another 5 min. This process
results in one deposition sequence of a MWCNT-PDDA/MWCNT-DOC bilayer (BL). After the
initial BL was deposited, all subsquent layers were deposited with 1 min dip times, with rinsing
and drying in between. This cycle was repeated to deposit the desired number of bilayers.
Deposited multilayer films were air-dried overnight and then stored in a desiccator prior to

further processing or characterization.

5.4.4 Electrochemical deposition of PEDOT

A solution of 0.01 M EDOT and 0.1 M LiClO4 was prepared in acetonitrile. The polymeriza-
tion was carried out in a three-electrode electrochemical cell at 3 mA vs an Ag/AgCl reference
electrode in an Epsilon 851 cyclic voltammeter (BASi Instrumentation, West Lafayette, IN).
During the electrochemical polymerization of EDOT, a platinum grid was used as counter elec-
trode and the MWCNT film acted as the working electrode. Figure 5.15 shows a scheme of the
polymerization of EDOT over the MWCNTs substrates fabricated using layer by layer assembly
(LBL).



Chapter 5 Nanocomposites and hybrid materials for thermoelectric applications 135

Polymerization Increasing time

MWCNT MWCNT/PEDOT MWCNT/PEDOT

Figure 5.15 Scheme of PEDOT polymerization of MWCNTs substrates
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Figure 5.16 Schematic of the LBL deposition of MWCNTs stabilized by PDDA and DOC.

5.4.5 Morphology and characterization during the electrochemical deposition of
PEDOT

. MWCNTs films were prepared using the LBL assembly method shown in Figure 5.16 Mul-
tilayer thin films tightly assemble due to the electrostatic interaction between PDDA and DOC
molecules used to stabilize the MWCNT in the aqueous deposition suspensions. In the case of
PDDA, the polymer is assumed to be adsorbed to the MWCNT, creating positively-charged nan-
otubes that are stable in water. In the same way, the interaction between DOC and the surface of
MWCNT imparts water stability and a negative charge. Alternately, exposing a PET thick film
substrate to these two oppositely-charged aqueous solutions results in the incremental growth

of a nanotube-based thin film with high electrical conductivity, as shown in Figure 5.17. Figure
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Figure 5.17 Mass deposition and thickness of MWCNT-PDDA/MWCNT-DOC films as a func-
tion of the number of bilayers deposited (a). Electrical conductivity and absolute resistance as
a function of the number of bilayers deposited (b). The lines in each graph are just to guide the
eyes.

5.17(a) shows the approximately linear growth in thickness and mass deposited during the LBL.
assembly of MWCNT-PDDA and MWCNT-DOC. The thickness increases from 400 nm at 20
BL to 3.1 m at 70 BL. The relatively large size and complex shape of the carbon nanotubes re-
sults in a significant error associated with these values. What appears to be a change in the slope
of growth beyond 40 BL is an artifact due to the high variability associated with the profilometer

thickness measurements.

Electrical conductivity and resistance values for these MWCNT-based films as a function of
the number of bilayers deposited are shown in Figure 5.17(b). The resistance decreases greatly
from 20 to 30 BL and then decreases more gradually. In a bulk material, increasing thickness
typically decreases electrical resistance, but these multilayered thin films exhibit more complex
changes in the electrical behavior. During LBL deposition, diffusion of DOC and PDDA deeper
into the film can increase the proportion of insulating material, which causes an increase in the
resistance, although not necessarily proportional to the increase in thickness due to the reduction
of the electrical conductivity. For this reason, a maximum in the electrical conductivity appears
at 30 BL, when these effects are counterbalanced. The dense packing of MWCNTs, that con-
tributes to relatively high electrical conductivity (Figure 5.17(b)), is shown in cross sections
TEM images for a 50 BL MWCNT-PDDA/MWNT-DOC film (Figure 5.18). The nanotubes
appear more tightly packed close to the PET substrate which may indicate greater stabilizer
content (DOC and PDDA) near the multilayer film surface. This is a contributing factor to the
behavior shown in Figure 5.17(b) (i.e., there is no clear trend between electrical conductivity
and film thickness). Greater packing density with a smaller number of bilayers will result in the

greater electrical conductivity for the 20 and 30 BL films.

Figure 5.19 shows the voltage across the electrodes as a function the polymerization time during
the PEDOT synthesis over the substrate with 30 BL. The potential oscillate between 1.65-1.80
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Figure 5.18 TEM images of the cross section of a film with 50 BL MWCNT-PDDA/MWCNT-
DOC.
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Figure 5.19 Voltage as a function of the polymerization time for the sample with 30 BL.

V. Probably these oscillations are generated by diffusion of the molecules from the electrode
(PDDA and DOC) to the solution (also the electrolytes can go to the electrode), since the elec-
trode is a layered system. This voltage is adequate to polymerize EDOT. This fact indicates that
the working electrode made by a film of MWCNTs is conductive enough to keep 3 mA between
the electrodes. Consequently, a homogeneous polymerization over the MWCNTSs substrate was

observed.

The morphology of these MWCNT-PEDQOT thin films was visualized using SEM, as shown in
Figure 5.20. Prior to EDOT diffusion and polymerization, the MWCNT assembly exhibits a
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(a)

Figure 5.20 SEM images of a 50 BL of MWCNT-PDDA/MWCNT-DOC film (a) and the same
film after 10 (b) of EDOT polymerization.

well-connected network, with a homogeneous distribution of nanotubes (Figure 5.20(a)). After
10 minutes of EDOT polymerization, uniform and conformal coverage of the nanotube film is
observed (Figure 5.20(b)). MWCNTs are still clearly visible at this polymerization time, but
longer time causes PEDOT to fill interstitial space among the nanotubes as it is observed in Fig-

ure 5.21, further improving connectivity. Filling open space in these nanotube assemblies with

70 bl

30 bl

Figure 5.21 SEM images of MWCNT/PEDOT films.

ICP will improve electrical conductivity and thermoelectric performance. Figure 5.21 shows
the surfaces morphology of different substrates as a function of the polymerization time. Homo-
geneous distribution of the MWCNTSs has been observed around the substrate with a different
roughness degree. For lower number of BL the surface was flatter than the films fabricated
employing large number of BL as can be observed in Figure 5.21. At 10 minutes of PEDOT

electropolymerization, the SEM images indicate no changes on the film surface indicating that
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there was not enough PEDOT to overcome the MWCNTs film. At intermediate polymerization
times for the films fabricated using 50 and 70 BL, excess of PEDOT was not observed on the
film surface. However, when the number of BL was 30 some PEDOT globules were observed as
show Figure 5.21 indicating that PEDOT covers the film completely. After 60 min of polymer-
ization, all MWCNT are covered and excess PEDOT creates a layer with a globular morphology

(Figure 5.21), which is commonly seen with electrochemical polymerization [27, 37, 62].

In order to study the polymerization of PEDOT over the MWCNTs substrate the cross section
of the films was study as a function of the polymerization time as it has been shown in Figure

5.22 . It is possible to see how EDOT polymerize over the MWCNTs, increasing the electri-

50 bl 30 min

Figure 5.22 TEM images of the cross section MWCNT/PEDOT Films (50 BL).

cal connections between the MWCNTs. PEDOT is distributed homogeneously in all the film,
showing a diffusion of EDOT through the carbon nanotubes during the polymerization. At long
polymerization times, the PEDOT overcome the MWCNTs film creating a layer of PEDOT on
the surface. In addition, the thickness of the MWCNTs film decreases during polymerization at
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10 minutes due to the diffusion of the excess of PDDA and DOC from the film to the electro-

chemical solution.

5.4.6 Thermoelectric behavior of MWCNT-PEDOT hybrid films

Electrical conductivity, Seebeck coefficient and power factor were determined as a function
of the number of bilayers deposited and PEDOT polymerization time, as shown in Figure 5.23.

Conductivity increases several orders of magnitude with the addition of PEDOT to the MWCNT-
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Figure 5.23 (a) Electrical conductivity, (b) resistance, (c) Seebeck coefficient and (d) power
factor of MWCNT-PDDA)/MWCNT-DOC multilayers as a function of PEDOT polymerization
time.

based multilayer thin films. A maximum in electrical conductivity is observed with 30 min of
polymerization when the number of bilayers is smaller than 50, but 60 minutes of polymer-
ization is needed to achieve maximum conductivity with 50 or more bilayers. In this case,
electrical conductivity is primarily influenced by polymerization time and film thickness. With
increasing polymerization time (i.e., more PEDOT incorporation), excess of PEDOT produces
a single layer that decreases conductivity. With greater film thickness, the number of defects
increases and, consequently, the electrical conductivity is reduced. For this reason, the electri-

cal conductivity reaches a maximum when the film has an optimal number of MWCNT layers
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and PEDOT covers the entire nanotube network without significant excess, which happens at 30
BL and with 30 min of polymerization. The maximum electrical conductivity of (2100£100)
S/cm is unprecedented for a MWCNT-based composite, which is comparable to films prepared
with DWCNTs or highly doped PEDOT [39]. Figure 5.23(b) shows electrical resistance of the
MWCNT-PDDA/MWCNT-DOC films as a function of PEDOT polymerization time. As ex-
pected, resistance decreases with the incorporation of more PEDOT (i.e., larger polymerization
time) to the MWCNT network. Resistance below 1 Q was achieved for some films, which
makes them very promising for thermoelectric module fabrication. Unfortunately, the Seebeck
coefficient tends to decrease with polymerization time as well (Figure 5.23(c)). This is not an un-
expected result because PEDOT has an inherently low Seebeck coefficient (7-10 uV/K)[27, 37]
and longer polymerization time increases the concentration in the nanocomposite film. Power
factor reaches a peak value at intermediate film thickness (30 BL) and polymerization time (30
min), as shown in Figure 5.23(d) . The maximum power factor is approximately 150 uW/m K2,

being the highest value for MWCNTs-polymer composite [19, 20] until the date.

5.5 Tellurium-PEDOT hybrid films synthesized by electrochemical

synthesis

5.5.1 Materials

The reactants used in this study are: EDOT, 97% purity (Munich, Germany), Lithium Perchlo-
rate (LiClO4) 95% purity (Alfa Aesar, Karlsruhe, Germany), tellurium (IV) oxide 99% purity
(Acros Organics, Geel, Belgium), acetonitrile (reagent grade) and sulphuric acid (95%) (VWR
Chemicals, Llinars del Vallés, Espafia).

5.5.2 Synthesis of Te-PEDOT films

The preparation of the Te-PEDOT films was performed in a three electrode cell by means of
electrochemical polymerization. First of all, the films of PEDOT:CIO4 were synthesized on
a PET substrate (2 x 4 cm?) with a gold coating (20 nm) obtained by metal evaporation in a
Univex 300 Evaporation system. The gold layer served as the working electrode. PEDOT:ClO4
was polymerized starting from a 0.01 M solution of EDOT and LiClO4 0.1 M, in 100 mL of
acetonitrile at a current of 3 mA versus an Ag/AgCl reference electrode for 30 s. PEDOT coated
gold PET was washed with acetonitrile to remove the monomer and oligomeric species from
the surface. Afterwards, the gold layer was removed with an acid solution (HNO3:HCI ratio
1:3). The PEDOT derivative thin films were washed several times with water and finally with

ethanol (with this treatment the gold layer was removed keeping the polymer integrity and its
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Figure 5.24 Scheme of the Te deposition over the PEDOT working electrode.

properties) [37]. Te deposited films were obtained by electrochemical deposition on the PEDOT
surface using this film as the working electrode (see Figure 5.24). Tellurium deposition was
carried out at —0.4 V from a 0.01 M TeO, and 0.1 M H;SOy solution in 100 mL of ultra pure
water in a ice bath. All the films obtained were washed several times with water and finally
with ethanol. In all the experiments, a steel electrode was used as the counter electrode and an

IVIUM n-stat equipment was employed as a potentiostat.

5.5.3 Morphology and characterization during the electrochemical deposition of
Te

Cyclic voltamperometry (CV) was used to optimize and to study the deposition of tellurium
over the PEDOT film as the working electrode. The starting solution was formed by the tel-
lurium oxide (TeO;) dissolved in sulphuric acid solution to form telluric acid (HTeO;r) [234],
as described in the experimental part. Figure 5.25(a) shows the corresponding cyclic voltamper-
omerogram. The main reduction peak appears at —0.4 V. This cathodic peak can be associated
with the reduction of HTeOEr to Te, deposited over the working electrode, according with the

following reaction [234, 235]:

HTeO +3H" +4e” — Te(s) +2H,0 (5.1

Another reduction processes can be overcome during the Te deposition such as the hydrogen
evolution:

2H" +2¢~ — H, (5.2)
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Figure 5.25 (a) Cyclic voltamperometry of HTeOJ using PEDOT film as a working electrode.
(b) Galvanometric curve during the Te deposition in an ice bath. Thickness of the Te-PEDOT
films as a function of the Te electrodeposition time.

or other reactions that involve Te, which occurs at the same time than the Te deposition such as
[234, 235]:
HTeOj +5H" +6¢~ — HyTe +2H,0 (5.3)

Te(s) +2H" +2¢~ — H,Te (5.4)

Figure 5.25(b) shows the evolution of current during Te deposition on the working electrode
(PEDOT film) at -0.4 V vs Ag/AgCl. A decay of the intensity is observed below 60 minutes
of Te electrodeposition, probably due to the tellurium deposition on the PEDOT film. At time
longer than 60 minutes the working electrode would be saturated in Te so, the electrical re-
sistance decreases consequently, the intensity slightly increases to keep a voltage of —0.4 V
between the electrodes. The occurrence of parallel reactions can be the reason of efficiency

during the Te deposition [234]. Figure 5.26 plots the PEDOT-Te film thickness as a function
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Figure 5.26 Thickness of the Te-PEDOT films as a function of the Te electrodeposition time.
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of Te electrodeposition time. A progressive increment in the thickness is observed indicating a

deposition of Te on the PEDOT electrode.

Figure 5.27 shows the morphology of the films as a function of the Te electrodeposition time.
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Figure 5.27 SEM images of Te-PEDOT films after: (a) 30, (b) 60, (c) 90, (d) 120, (e) 150 and
(f) 180 minutes of Te electrodeposition.

All the films were homogeneous with different roughness degrees, as detected by SEM. At
low deposition times (30 minutes), it is possible to observe Te crystals on the PEDOT surface
(Figure 5.27(b)), the crystals were distributed homogeneously over the PEDOT film. However,
the degree of interconnection between the Te crystals was really low. Figure 5.27(b) shows the
surface of the PEDOT films after 60 minutes of polymerization, showing how the film surface is
practically covered by Te particles. After 90 minutes of Te synthesis (Figure 5.27(c)), the amount
of Te increases, creating a more compact morphology, which improves the contact among Te
crystals. Figure 5.27(d), (e) and (f) show the film surface after 120, 150 and 180 minutes of Te
synthesis respectively. The images show a Te film homogeneously distributed with a globular

morphology typical for electrodeposited materials.

Figure 5.28 shows the surface topography of Te-PEDOT film synthesized during 2.5 hours of Te
deposition measured using AFM. The figure depicts a film composed by Te crystals with certain
roughness degree. It is possible to observe domains where the tellurium crystals are very close
between them producing variations in the Z-direction around +20 nm. However narrow valleys
appear corresponding with Te particle boundary in some regions of the sample. These results

indicates that Te is not deposited producing a flat film. As increasing the Te deposition, the
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Figure 5.28 (a) AFM image of the PEDOT film after 2.5 hours of electrodeposition. (b) Rough-
ness profile corresponding with the white line on the AFM image ( the inset is a 3D view of
AFM image).

particles are more tightly connected one with each other creating a rough film. The morphology

obtained is typical for Te synthesized by electrodeposition [235].

Figure 5.29 shows the Raman spectra of the Te-PEDOT films. The optical characterization was
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Figure 5.29 Room-temperature Raman-scattering spectra of PEDOT-Te films obtained with the
647.1 nm excitation line of an Ar-Kr laser.

performed using the triple spectrometer in subtractive mode, in order to go below 100 cm~! for
the purposes of measuring the phonon optical modes related to Tellurium. All measurements
were calibrated with a Si sample by the characteristic phonon peak at 519.5 cm~!. After mea-
suring the Si phonon, we kept the spectrometer in this position in order to avoid displacements
in the calibration, thus our experimental values have a maximum uncertainty of 0.2 cm~!. The
Raman spectra were de-convoluted with Lorentzians (green lines) in order to extract the contri-

butions from individual modes and give an accurate phonon value. The red line is the cumulative
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fit of the Raman Spectra. In the sample with Te content, we can observe three peaks, located
at 88, 117 and 137 cm™!, corresponding to the E;, Aj, and E; optical modes respectively, in

agreement with the bibliography [236].
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Figure 5.30 XRD analysis of Te-PEDOT films as a function Te deposition time.

Figure 5.30 shows the XRD analysis of Te-PEDOT films from 20° to 60° at different times of Te
electrodeposition. All the spectra present a peak centered at 20=25.8°. This peak corresponds
with the crystalline domains of the PET substrate. This diffraction peak is attributed to the
reflection corresponding with the (100) plane [237, 238]. The signal of the PET substrate over-
come the PEDOT peaks. Several Te diffraction peaks are also observed in Figure 5.30. These
peaks correspond with the diffraction of planes (101), (102), (003) centered at 20=27.5°, 38.2°
and 45.8°, respectively. The intensity of the Te peaks increases with electrochemical deposition
time, since the Te content increases as well. The XRD results show a prefered orientation in the
(003) direction during crystal growth. The crystal size, D, in this orientation was determined

using the Scherrer equation:
KA

- BcosO (5-5)

where, A is the X-ray wavelength; B the full-width at half-maximum in radians; and 6 the

Bragg angle. The samples synthesized for 180, 150 and 120 minutes had a crystal size of 26+3
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nm, 27+3 nm and 31£3 nm, respectively. These values are in agreement with the literature
[235, 237, 238].

5.5.4 Thermoelectric behavior of Te-PEDOT films

As it can be seen in Figure 5.31, the electrical conductivity was determined as a function of Te
deposition time. The electrical conductivity decreases with Te content from (7504+70) S/cm to
(5945) S/cm. This change is probably due to the fact that the Te deposited using electrochemical
methods is polycrystalline, creating a film with the appearance of a porous material. The PEDOT
conductivity is higher than that of Te by itself due to its semi-metallic character [70]. This
behavior comes from the high doping level found in the PEDOT films grown by electrochemical
polymerization at oxidative potentials [27, 37]. The huge drop in the electrical conductivity is
not only produced by the presence of Te nanocrystals, but also by the decrease of the doping
level occurred in the PEDOT during the electrodeposition of Te, since the applied potential
during the Te synthesis was —0.4 V. This negative potential produces an electrochemical de-
doping of PEDOT, generated by the reduction process taken place on the working electrode
[37].
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Figure 5.31 Electrical conductivity, Seebeck coefficient and Power Factor of Te-PEDOT films
as a function Te deposition time.

The Seebeck coefficient was measured at room temperature as a function of the Te deposition
time (see Figure 5.31). The Seebeck coefficient increases more than one order of magnitude,
from (9+1) uV/K to (230420) uV/K. At lower deposition times (30 min), the Seebeck coeffi-
cient is closer to the value of the reduced PEDOT, 35-40 uV/K [27, 37, 239]. This indicates that
the Te crystals deposited on the PEDOT film are not well interconnected inhibiting the increase
of the Seebeck coefficient. For this reason, at low electrodeposition times (below 60 min) the
Seebeck coefficient is related with the reduced state of PEDOT [27, 37, 239]. As the deposition
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time of Te increases, its properties dominate over that of PEDOT and a large increase of § is
observed. At large depositions times, the Seebeck coefficient increases until values closer to
230 uV/K. This value is in the same range than those achieved for Te films synthesized by elec-
trochemical polymerization by Martin-Gonzalez et al. [235] (around 250 uV/K), although the
values obtained in Ref. [235] were lower, probably due to the presence of PEDOT in the final
film. The reason of the large increase observed in the Seebeck coefficient at longer deposition
times is originated from the well connected Te crystals. The Te crystals produce continuous and
homogeneous films as it has been shown in the SEM images (see Figure 5.27), giving very good

values for the Seebeck coefficient.

The Power Factor of the Te-PEDOT films has been calculated from the electrical conductivity
and the Seebeck coefficient (Figure 5.31). The Power factor increases from 6.5+1.5 uyW/m
K? to 308 uW/m K? with the Te electrodeposition time. This increment in the PF is mainly
dominated by the increase of the Seebeck coefficient. The optimum Te deposition time was
150 min, giving a PF around (320470) uW/m K2?. The values obtained in this work can be
compared with previous studies done in similar composites using Te as a filler in a conductive
matrix. For instance, the maximum value obtained for PEDOT:PSS-Te films treated with H,SO4
was 284 uW/m K2 [42], or for the case of PEDOT:PSS mixed with Te nanowires [40] they
measure a value around 100 puW/m K2. Other relevant study was reported by E. W. Zaia et
al. [43] obtaining a PF around 85 uW/m K? for PEDOT:PSS/Te nanowires doped with copper.
In this work, Te-PEDOT films have been synthesized with the largest power factor published
until the present date to our knowledge, even higher that Te films previously synthesized by
electrochemical deposition (285 uW/m K?) [235]. This indicates the good synergy between
PEDOT and Te in these films. The range of ZT could be estimated taking values of the thermal
conductivity from the literature. The thermal conductivity of Te films is in range of 0.8-1.1 W/m
K [235]. Previous studies of the thermal conductivity of PEDOT:PSS mixed with Te at 85 % wt
showed values around 0.22 W/m K [41]. Thus, the ZT of the Te-PEDOT films prepared in this
work could be in the limiting range 0.1-0.43.

5.6 Conclusions

In this chapter four kinds of nanocomposites have been investigated. Two of them, PEDOT:PSS/EG
and PEDOT/Perovskite nanocomposites were prepared by the conventional synthesis process,
mixing and dispersion. The other two systems, MWCNT/PEDOT and Te-PEDOT were pre-
pared by electrodeposition. Homogeneous PEDOT:PSS/ expanded graphite composites have
been prepared by solvent evaporation on a glass substrate at different EG contents. SEM and
TEM images indicate a homogeneous dispersion. DSC analysis indicate an endothermic peak

due to semi crystalline structure, independent of the graphite content. The thermal stability is
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not greatly improved upon graphite addition. The electrical conductivity shows a sharp increase
upon addition of the expanded graphite, whereas the Seebeck coefficient levels out after the first
graphite addition. The thermoelectric power of these systems is dominated by the electrical
conductivity. For the case of NCCO/PEDOT composites based on PEDOT doped with Tosy-
late and PSS were prepared. The addition of PEDOT to the NCCO nanoparticles increases the
electrical conductivity, since the polymer acts as a conductive binder. The Seebeck coefficient
increases with the NCCO content achieving higher values when Tosylate is the doping element.
The best thermoelectric efficiency is given by the sample with 5 % of PEDOT:Tos and nanopar-
ticles with a Ca content of 0.001. A method to synthesize low resistance thermoelectric films
using the combination of LBL assembly and electrochemical polymerization has been devel-
oped. The electrical conductivity increases as a function of the polymerization time while the
Seebeck coefficient decreases. The maximum thermoelectric efficiency was achieved at 30 BL
during 30 min of polymerization. Finally, Te-PEDOT films have been synthesized by a very
simple method, electrochemical deposition. Te has been deposited over PEDOT working elec-
trodes and was characterized by XRD, Raman and SEM analysis. The electrical conductivity
decreases as a function of the Te electrodeposition time while the Seebeck coefficient increases.
The maximum power factor was achieved at 150 min of Te electrodeposition time giving the
excellent value of (320470) uW/m K?Z, being the highest value obtained until now for this kind

of systems.






Chapter 6

Devices for energy production and

storage using conducting polymers

Content

In this chapter four experiments related with energy production and storage using organic semi-
conductors and nanocomposites will be shown. Firstly, all the concepts necessaries to under-
stand the chapter will be introduced in the first section. Then the first experiment, consists of
the development of a thermoelectric generator using PEDOT as thermoelectric element. In the
section 6.3 the results obtained for another thermoelectric module fabricated using MWCNTs-
PEDOT nanocomposites will be shown. Then the fabrication of a thermal sensor based of PE-
DOT films will be discussed. Finally, in section 6.5 the implementation of several supercapaci-
tors based on PEDOT fabricated employing different substrates such as: PET and Cotton fabric

will be demonstrated.

6.1 Introduction

This section has been divided in two main topic: thermoelectrics for energy applications and

supercacitors for energy storage.

6.1.1 Thermoelectric modules

The main element in a TEG or cooler is called “thermocouple”. Basically consists of a n-
type and a p-type semiconductor electrically connected in series by a metallic element (com-

monly, copper). Figure 6.1 shows the configuration of a thermoelectric module, which consists

151



Chapter 6 Devices for energy production and storage using conducting polymers 152

COLD

Figure 6.1 Configuration of a thermoelectric module.

of several thermocouples connected electrically in series but thermally in parallel isolated by
two ceramics panel, one on the top and the other at the bottom of the device. The generating
performance of a thermoelectric module is gauged primarily by the conversion efficiency and
power-per-unit-area, while the cooling performance by the coefficient of performance (COP)
and heat-pumping capacity. These parameters can be estimated using the proper theoretical
models that can be very useful in analyzing and optimizing the design of small dimension ther-

moelectric modules.

6.1.2 Power output and conversion efficiency

The TEG can convert heat into electricity trough the Seebeck effect. The electrical power gener-
ated from a module depends on the following parameters: number of thermocouples, configura-
tion, thermoelectric properties of thermoelement materials, thermal and electrical properties of
contact layers, and the temperature difference across the module [47]. Thinking of the module
shown in Figure 6.1, and taking into account the thermal and electrical contact resistances, the

output voltage V and current / are given by:

 NS(T—T)
V=g @1

_ AS(T,-T)
L= (420 )1) ©2)

where N is the number of thermocouples in a module, S the Seebeck coefficient of the ther-
moelectric element and p the electrical resistivity, 7, and 7, are temperatures at the hot and
cold sides of the generator, respectively, A and 1 are the cross section area and the length of
the thermoelectric material, respectively, /. is the thickness of the contact layer, n = 2p./p and

r=A/A. (where p, is the electrical contact resistivity, 4. the thermal contact conductivity, and A



Chapter 6 Devices for energy production and storage using conducting polymers 153

the thermal conductivity of thermoelement material). n and r are usually referred to as electrical
and thermal contact parameters, for commercially available Peltier modules, general common

values are n ~0.1 mm and r ~0.2 [47].
The power output P and conversion efficiency ¢ of a thermoelectric module, when operated with

a matched load, is given by the following equations:

_ 8 AN(L-T.)°
C2p (n4a)/1+rl. /1)

(6.3)

Th_TC

0= T : (6.4)
(+2r0)?2 = 5 () + () (i)

where Z = S?/(Ap) is the figure of merit of the materials used in the fabrication of the thermo-

electric module. Figure 6.2 shows the power per unit area P4 = P/AN and conversion efficiency
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Figure 6.2 Power per unit area and conversion efficiency vs thermoelement length for different
temperature differences. Reproduced from [47] with permission of TAYLOR and FRANCIS.

as a function of the length of the thermoelectric material for several temperature gradients. In or-
der to obtain high conversion efficiency, the module should be designed with high length. How-
ever, if a large power-per-unit-area is required, the thermoelectric length should be optimized at
a relatively shorter length. It is apparent that the optimum design of a thermoelectric module is

likely to be a compromise between obtaining high conversion efficiency or large power output.

6.1.3 Thermoelectric module fabrication

In order to fabricate a TEG several parameters have to be considered for example: The operating

temperatures 7. and 7}, the required output voltage, current, the thermoelectric properties of the
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thermoelectric element and also the design parameters such as: the length of thermoelectric
materials, the cross-sectional area, and the number of the thermocouples N in the generator.
For this reason, it is very important to optimize all of these parameters in order to get a high

performance thermoelectric modules.

Basically, the conventional thermoelectric Peltier modules are fabricated using n- and p-type
Bi,Tes as thermoelectric elements. The assembly process is shown in Figure 6.3. After a sinter-

ing process, Bi,Tes is cutted in a small square pieces, them these pieces are electrically conected

S02/~1931

e ———

Figure 6.3 Image of a Peltier module assembly.

in a series configuration alternating n and p type material. Finally, the module is isolated using

two ceramic panels (top and bottom ) and two copper wires are used as a current collectors.

The thermoelectric elements in a module can be designed attending to the maximum ZT at the
temperature range operation. Since the thermoelectric element will be in a temperature gradient,
it is possible to create a segmented thermoelectric material with the maximum efficiency of
each material in the position where this temperature appears in the thermal gradient along the
thermoelectric element. In this arrangement two materials are joined or segmented together,
each with its figure of merit optimized for a different temperature range. Figure 6.4 shows a
multisegemented generator. Under development for applications recovering automobile waste
exhaust heat, the cold-side sections of both elements are based on bismuth telluride. The hot side
sections of the p- and n-type elements consist of high-performance, a cobalt filled skutterudite
and a cobalt antimonide clathrate, respectively, with zinc antimonide segmented into the p-type
leg to operate over the intermediate temperature range. A 15% conversion efficiency has been
obtained in prototype generators when operated over a temperature difference of around 700 K
[47].
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Figure 6.4 High performance multisegmented thermoelectric generator. Reproduced from [47]
with permission of TAYLOR and FRANCIS.

6.1.4 Organic thermoelectric modules

There are several disadvantages that makes unsuitable the use of thermoelectric modules based
on inorganic materials for energy production. One of those is the impossibility of use them in
large scale applications [240], since the cost of the raw materials is too high ( it has to be taken
into account that Te and Bi are one of the most rare elements in the earth crust). However,
organic materials can be employed advantageously into the development of thermoelectric gen-
erators [241-244]. These materials offer great possibilities in terms on large scale application
fabrication in multiple geometries, interesting mechanical properties as flexibility and easy in-
tegration in different elements such as: clothes, buildings or facades [42]. Unfortunately, there
are some problems to be solved in order to be competitive with the inorganic thermoelectric
materials. The most important problem is the low thermoelectric efficiency of organic materials,
although several approaches have been used to improve the thermoelectric efficiency of conduc-
tive polymers. Optimizing the doping level has become one of the most powerful methods to
increase PF, which is a useful parameter to gauge performance when the thermal conductivity is
similar amongst the materials being compared. In the case of PEDOT, ZT = 0.2 and PF 2> 300
uW/m K? has been demonstrated with various dopants [36]. The addition of nanostructured
fillers to the conducting polymers has also been used to increase their thermoelectric efficiency.
For example, very high power factors have been obtained for PANI/DWCNT/Graphene (1750
1W/m K?) and PANI/DWCNT/PEDOT:PSS/Graphene (2710 pW/m K?) multilayer thin films
prepared using the LBL assembly [38, 39]. Polymer composites have also been prepared using
inorganic semiconductor nanostructures such as Te nanorods [40, 41, 245] or even Bi,Tes [44],
but the use of inorganic fillers does not solve the problems of high cost and scarcity of raw
materials. For this reason, it is more useful to develop high performance thermoelectric mate-
rials based on completely organic semiconductors. There are very promising examples of good
thermoelectric performance for PEDOT:PSS films and PANI/DWCNT/PEDOT:PSS/Graphene
multilayer assemblies, but these materials are very thin (60-1000 nm) [38, 39, 246]. From the
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point of view of thermoelectric device fabrication, these thin films are expected to have large
internal resistance in the final thermoelectric generator due to the series connections between
the legs, which is challenging for energy generation. It is important to produce films with a very
low electrical resistance in combination with a large power factor. In principle, it is possible
to reduce the resistance just by increasing the thickness of the film, but this is not completely
true for polymers. When the thickness of the polymer film increases, the number of defects also
increases [247], creating a poor morphology for electrical transport through the material. As a
result, the final electrical conductivity sometimes decreases with thickness, which reduces the
efficiency of the thermoelectric material. This chapter describes the synthesis of the two ther-
moelectric modules based on organic materials studied in the previous chapters. To understand
the results obtained in this chapter the most relevant results in terms of organic thermoelectric

module fabrication found in the bibliography will be commented.

6.1.4.1 State-of-the-art of organic thermoelectric modules

The fabrication of thermoelectric modules using conducting polymers is one of the most impor-
tant challenges in the field of organic thermoelectrics due to the necessity to find a stable and
efficient n-type conducting polymer. Currently there are several studies with very interesting
values of ZT, around 0.2-0.4 in PEDOT [24, 27, 36]. However, PEDOT can only be obtained
as a p-type semiconductor. The problem of n-type conducting polymers is their low stability
in air conditions due to that fact that they are in a reduced state that can be lost trough the
oxidant effect of the air. Currently, some conducting polymer air stable with n-type behavior
are available. Unfortunately, the thermoelectric efficiency is very low [248]. One the earliest
work was developed by X. Crispin et al. [36]. After the discovery of the impressive ZT (0.25)
in PEDOT:Tos optimized by chemical de-doping X. Crispin et al. fabricated a thermoelectric
generator using PEDOT:Tos as thermoelectric p-type material and TTF-TCNQ as n-type semi-
conductor. The TEG is completed by depositing on the top Au contacts. The maximum power
output per area of the PEDOT-Tos/TTF-TCNQ TEGs consists of 54 thermocouples with the
following leg dimensions: 25mm x25mm x 30 m achieving a value around 45 pWem™2. Them
in 2014 with the discovery of a very high power factor ef PEDOT:PSS by Pipe et al. [24] and
Qingshuo et al. [242] reported an organic thermoelectric modules screen-printed on paper by
using PEDOT:PSS, as shown in Figure 6.5 . This research is a very good example of a solution
process for a thermoelectric module fabrication. They used a highly conductive PEDOT:PSS
solution to be used as an ink to cover a sheet of paper previously masked. Their results were
very promising achieving a power output of 4.0 uW at 50 K temperature gradient. However the
highest power output achieved for organic thermoelectric module was attained by Zhu et at in
2012 [249]. They synthesized conducting polymers of n-type and p-type based on poly(metal
1,1,2,2-ethenetetrathiolate) achieving very high value of ZT, 0.1-0.2 at 400 °C for both kinds



Chapter 6 Devices for energy production and storage using conducting polymers 157

(a) Silver Paste (b)

/1

N/

PEDOT:PSS

(c) (d)

|

Figure 6.5 Schematic representation of the: (a) series and (b) parallel PEDOT:PSS array, (c)
schematic and (d) photograph of the PEDOT:PSS modules sandwiched between copper plates.
Reprinted from [242] with permission from The Royal Society of Chemistry.

of thermoelectric materials. Following the architecture of the conventional Peltier modules they
made a thermoelectric generator with the impressive power output of 750 uW at 82 °C temper-
ature gradient. Against the poly(metal 1,1,2,2-ethenetetrathiolate)s derivatives are insoluble and

present the same problems than the inorganic thermoelectric modules.

For the case of polymer nanocomposites there are a big number of researchers with very promis-
ing results in terms of power output being nanocomposites based on CNTs the most represen-
tatives. The advantage of using CNTs is that these materials can be n-type or p-type, so it is
possible to combine several layer of n-type and p-type CNTs to fabricate the thermoelectric
module. Carroll et al. [250] developed a thermoelectric generator based on n-type and p-type

CNTs in 2012. They connected 72 layer of CNTs as shows Figure 6.6 intercalating an isolating

Viee

Figure 6.6 (a) and (b) 3D scheme of thermoelectric module assembly and (c) real image of the
module. Reprinted from [250] with permission of ACS Nano Letters.
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layer between the CNTs layer. They achieved a very interesting power output of 137 nW at
a AT=50 °C . Following these ideas several themoelectric modules were fabricated. Recently,
Wang el al. [251] reported a generator using diethylenetriamine (DETA) as n-type dopant for
SWCNTs. They delivered 649 nW at AT=55°C for 14 thermocouples generator. Other signif-
icant work was published in 2016 by Cho ef al. [252] where a thermoelectric generator using
Au-doped-CNT/PANI (p-type) and PEI/CNT (n-type) as thermoelectric elements was reported.
They achieved 376 nW in 14" thermocouple module applying 10°C of temperature difference.

6.1.5 Conducting polymers as supercapacitors

Currently, there are several kinds of devices able to store energy such as: fuel cells, batteries,
combustion engines, supercapacitors and capacitors [49, 253, 254]. Basically, there are two
parameters characteristic of all devices employed in energy storage, one is the energy density
and the other one is the power density. The energy density gives information about the amount of
energy that the device can accumulate per unit mass, the power density is related with the power

output that the device is able to supply per unit mass. Figure 6.7 shows the energy densities
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Figure 6.7 Energy densities versus power densities for various energy storage devices.

and the power densities for several energy storage devices. Batteries show high energy density
however low power density; in contrast capacitors exhibit a high power density and low energy
density. Consequently, the batteries can store big amount of energy, however the energy output
is very low. The capacitors are able to supply energy very fast, however, they cannot store a big

quantity. In the region with intermediate properties are the supercapacitors.

The most simple example of a capacitor is based on metallic parallel plates represented in the
schematic of the Figure 6.8 . It is made from two metallic plates separated by a dielectric mate-

rial. Trough the application of a potential difference between the plates it is possible to charge
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Figure 6.8 Scheme of parallel plate capacitor .

the metallic plated and the capacitor can apply charge in a passive way. The most important
parameter of a capacitor is the capacitance (C). C is determined by the ratio of the charge (Q),

and the potential difference (AV) given by the equation:

C= AV (6.5)
There are several kinds of capacitors such as: ceramics with capacitances around 1 nF, polyester
capacitors, with capacitances in the range of nF and electrolytic capacitors with capacitance val-
ues higher than 1uF. The typical electrolytic capacitors are composed by aluminium electrodes
separated by an electrolyte and rolled in a cylindrical device. The electrolytic capacitors able
to store energy, more than 10 KW/Kg are called supercapacitors [62, 255, 256]. Depending on
the charge mechanism, the are double layer supercapacitors if the charge is given by ions, and
pseudosupercapacitors if the charge process is produced by redox reactions. The capacity in the
double layer supercapacitors only depends on the electrode morphology (porosity and surface
area) and the electrolyte, while the psuedosupercapacitors not only depends on the electrode
morphology and the kind of electrolyte, but also the material of the electrode, since these capac-
itors involve fast redox reactions between the electrode and the electrolyte [50]. The materials
used in the fabrication of double layer supercapacitors, basically, are carbon derivatives such
as: CNTs [51, 254] or graphene [256]. In contrast, the materials employed in the fabrication of
the pseudosupercapacitors are electro-active compounds able to produce redox reactions such
as: transition metals oxides or conducting polymers. As it has been commented in previous
chapters of this thesis, there are several advantages on the use of conducting polymers in energy
applications. The combination of several materials in the fabrication of the electrode is a good

strategy to increase the device capacitance. For this reason it is very important the development
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of nanocomposites based on carbon materials, conducting polymer and metallic oxides in order

to obtain high performance supercapacitors.

As it has been commented before, the morphology of the electrode is a key point in order to ob-
tain a high performance supercapacitor, since it is related with the surface area of the electrode.
So, using nanostructurated electrodes can be one solution to increase the capacitance of the fail

device. Figure 6.9 shows different nanostructurated composites attending to their dimensional-
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Figure 6.9 Different heterogeneous nanostructured materials based on structural complexity.
Reprinted from [257] with permission from The Royal Society of Chemistry.

ity. 0-D dimensional nanostructures can be nanospheres or nanocapsules, their main problem is
the low electrical conductivity of the particles weakly connected [257]. 1-D nanostructures are
basically nanowires and nanotubes, they can present aleatory distribution or vertically aligned
in a susbtrate, the mains problems of these compounds are their low stability and conductivity.
2-D nanostructures are based on laminar semiconductors such as graphene, these structures are
more stable highly conductive. 3-D surface nanostructures are networks of nanowires or fibers.

This kind of electrodes depict higher stability conductivity and elasticity.

In this chapter, supercapacitors devices have been developed using PEDOT as electrode ma-
terial and nanocoposites of MWCNTs-PEDOT-MnO, over cotton fabrics in order to get a 3D

electrode.
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6.2 A thermoelectric module fabricated by electrochemical poly-

merization 1©

6.2.1 Materials

The reactants used in this study are: EDOT, lithium perchlorate (LiClO4), ethanol, hydrazine
and acetonitrile, all of them purchased from Sigma Aldrich Co (Madrid, Spain).

6.2.2 Device fabrication

The device fabrication was carried out in four steps. The first step was the generation of a
conductive pattern in a polyethylene terephthalate (PET) substrate. In this work we used gold as
conductive material. Using a mask, the gold was evaporated over the PET substrate. The shape

of the gold pattern is shown in Figure 6.10. The second step consists of the electrochemical

1) Electropolymerization
2) Remove gold layer

Electric
contact

Isolation of
PEDOT tracks
PEDOT

Figure 6.10 Scheme of the synthesis of PEDOT thermoelectric module.

polymerization. The gold pattern over the PET substrate was used as working electrode, a
steel sheet as counter electrode and Ag/AgCl was used as the reference electrode. PEDOT
was polymerized from a 0.01 M solution of EDOT and LiClO4 0.1 M in acetonitrile. The
polymerization was carried out at 3 mA during different time periods. After the polymerization,
the PEDOT tracks were insulated removing the gold at the bottom of the device as shown in
Figure 6.10. Finally, the PEDOT tracks were electrically connected by gold contacts using a

mask deposited by metallic evaporation (see Figure 6.10).

10This section is based on the publication:”Organic thermoelectric modules produced by electrochemical poly-
merization M. Culebras, M. M. de Lima, C. Gémez, A. Cantarero Journal of Applied Polymer Science, 43927 (2017),
Reproduced by permission of Wiley.
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6.2.3 Electrical measurements of the thermoelectric module

The synthesis of PEDOT was carried out in galvanostatic mode, keeping constant the current
between the electrodes. Previous experiments determined that the optimum current for the syn-
thesis is 3 mA, because at this current it has been obtained the best compromise between growth

velocity and good quality of the deposition of PEDOT. If the current is very low the speed of

(a) (b)

Figure 6.11 Images of: (a) Gold pattern, (b) 3D model of the thermoelectric module, (c) and
(d) final device .

the reaction is also low and, if the current is higher than 3 mA the velocity of the PEDOT de-
position is very fast, producing an interconnection of the PEDOT tracks. In order to isolate the
PEDOT tracks, the gold layer used as a working electrode has to be removed. The gold layer
(see figure 6.11(a)) has been removed using Royal water (HNO3:HCI 1:3). The PEDOT and
PET substrate are not affected with this treatment, as it has been demonstrated in Chapter 3. In
the fabrication of this module only a n-type semiconductor is used. For this reason the electrical
contacts between the PEDOT layer have been made from the cold part to the hot part of the
device to connect in series the thermoelectric elements. Figure 6.11 shows some pictures of the
final device composed by 16 PEDOT tracks connected with gold layers. In addition, the PET

substrate provides flexibility to the module.

Figure 6.12 shows the voltage as a function of the temperature difference applied to the sample
for the module with and without chemical reduction and for one PEDOT track after the reduction
treatment. The Seebeck coefficient for a single PEDOT track before chemical reduction was 10

UV/K, but after 11 seconds of treatment with hydrazine vapor the Seebeck coefficient increases
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Figure 6.12 Voltage as a function of temperature.

until 33 uV/K; these data are consistent with the previous values already published in [27, 37].
The hydrazine treatment affects to the doping level of the polymeric material decreasing the
number of charge carriers, since the electrons, provided by the reduction agent, neutralize the
positive charges along the PEDOT chains (polarons and bipolarons) [19, 27, 37]. Consequently
the number of w-bounds increases and the electrical conductivity of the films change from 750
S/cm to 350 S/cm at 11 s of reduction treatment. For the pristine module, the Seebeck coef-
ficient was around 91 puV/K without the reduction treatment and it increases until 413 uV/K
subjecting it to the reduction treatment with hydrazine vapor during 11 seconds. This increment
in the Seebeck coefficient of the module is produced due to a reduction of the doping level of
PEDOT. Figure 6.12 shows a linear behavior between the voltage and the temperature differ-
ence, indicating that the Seebeck coefficient remains constant with the temperature. Due to the
absence of T, (glass transition temperature) in PEDOT [206] the maximun temperature range
application is given by the T, of the substrate in the case of flexible substrates (for PET, T, ~
85 °C).

The power generation has been studied as a function of the load resistance R;, as shown in Fig-
ure 6.13 The temperature difference was kept fixed at 60°C. In this case, the thickness of the
PEDOT tracks was in the range between 2-5 um. The results show a maximum delivered power
at Ry = 30 kQ, corresponding with the impedance of the generator. The module without chem-
ical reduction presents a maximum power around 2.7 nW, while after the reduction treatment a
value of 5.03 nW has been achieved. The results indicate that the optimization of the doping
level of the conducting polymer produces an increase of the power generation, since the power
factor of PEDOT is higher when the polymer has the optimum doping level [27, 36, 37, 70].
The supplied voltage increases from 15 mV to 26.1 mV after the chemical reduction, since the
Seebeck coefficient is higher when a de-doping process is carried out in conducting polymers

[27, 36, 37, 70]. This de-doping process is very important to maximize the power generation
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Figure 6.13 Power of the thermoelectric module as a function of the load resistance.

in the thermoelectric modules. In previous chapters, it was demonstrated that this optimization
of the doping level in conducting polymers can be realized using two paths, trough chemical
de-doping [27] or electrochemical de-doping [37]. From the point of view of the industrial fab-
rication of the module, it is more appropriate to choose a process that minimizes the production

costs. For this reason, the chemical de-doping, using hydrazine vapor, could be the best choice.

The impedance of the thermoelectric device is still very high. One way to reduce the impedance
of the thermoelectric generator is to increase the thickness of the PEDOT track as shown in

Figure 6.14(a). However, when the PEDOT film is very thick, higher than 5 ym, some cracks
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Figure 6.14 (a) Power as a function of the thickness of PEDOT tracks and (b) Power as a
function of load resistance in 15 thermoelectric modules connected in parallel .

appear on the film due to the fragility of the material. Figure 6.14 shows the power of the two
thermoelectric modules with different thicknesses, being higher the power when the thickness
of the PEDOT track increases due to a decreasing of the impedance (30 kQ when the thickness
is around 2-5 um and 200 kQ when the thickness is between 120-150 nm). Another way to
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reduce the impedance of the generator is to connect several modules in parallel. Following this
strategy, 15 thermoelectric modules were connected in parallel using a copper tape. In this case,
the maximum power was 25 nW, achieved at 1.8 kQ, reducing significantly the impedance of

the device.

Definitely, a very interesting process of fabrication of thermoelectric modules using electro-
chemical polymerization has been developed. This method has several advantages over the
conventional procedures such as: easy scalability to industrial processes, fast synthesis, low
impedance devices and low cost of production in a large scale. However, more research is

needed to increase the power supplied and to decrease the impedance of the final device.

6.3 A cylindrical thermoelectric module fabricated using layer-by-

layer assembly and electrochemical polymerization

6.3.1 Materials

PDDA, with a molecular weight of 10°-20° g/mol, DOC (C,4H39NaQ,), EDOT, lithium per-
chlorate (LiClOy4), and acetonitrile were purchased from Sigma Aldrich (Milwaukee, WI) All
chemicals were used as received. MWCNT were obtained from Bayer MaterialScience (12—15
nm outer and 4 nm inner wall diameter, length > 1 um, purity > 95 wt%; Leverkusen, Ger-

many).

6.3.2 Device fabrication

For thermoelectric generator fabrication, a PET substrate (8.5x 15 inch?) was first masked using
tape to make a striped pattern. The space between the stripes determined the width (0.6 inch in
this study) of the MWCNT films. Then, a dispersion of 0.05 wt % MWCNTSs were prepared
in an aqueous solution of 0.25 wt% PDDA or 1 wt% DOC. Both MWCNT suspensions were
bath sonicated for 30 min, followed by 20 min of 15 W tip sonication in an ice water bath, and
another 30 min of bath sonication to homogenize. The MWCNT dispersion was then centrifuged
at 4000 rpm for 20 min and the supernatant was decanted. The masked substrate was dipped
20 times alternatively in each solution with two washing steps after each dipping process. The
polymerization process was carried out in galvanostatic mode at 3mA/inch for 60 min. In this
step, the PEDOT stripes are cut to 1 inch length and electrically connected with silver paste
from the bottom to the top (series connection). The thermoelectric fundamental units (30 in this
case) were attached to a copper tube, using silicone as adhesive. The fundamental units were

connected in groups of three in series, with all groups in parallel.
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6.3.3 Characterization of the thermoelectric module

Figure 6.15 Photographs of the 20 Bl of MWCNTs films preparation.

Figure 6.15 shows the PET substrate after the LBL deposition. After the tape removal the
MWCNTs strips are obtained as shown in Figure 6.15. Due to the long length of the MWC-
NTs strips the substrate were cut in three parts to be used in the polymerization of EDOT as a
working electrode. The entire substrate could not be used since, the length of the strips creates
a large electrical resistance making impossible to keep 3 mA between the electrodes. Figure
6.16(a) shows the MWCNTs strips after the EDOT polymerization. PEDOT was polymerized

(a)

Figure 6.16 Pictures of: (a) 20 BL of MWCNTs/MWCNTs after PEDOT polymerization and
(b) fundamental unit of thermoelectric module.

homogeneously over the MWCNTs strips decreasing the electrical resistance of the stripes. The
substrates after polymerization were cut in 1 inch length and electrically connected with silver

paste from the bottom to the top (series connection) as it has been shown in Figure 6.16(b) . The
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number of thermoelectric strips was 12, the size was (0.6x 1) inch?, the resistance of each strip
was 3.2 Q approximately, the resistance of the silver paste contact was 4 €, so all these factors

together makes a fundamental unit of the thermoelectric generator with a total resistance of 86
Q.

Figure 6.17 Schematic and picture of the thermoelectric module fabricated from PEDOT-
infused MWCNT-based films deposited on PET.

The thermoelectric module shown in Figure 6.16 was fabricated using the 20 BL MWCNT-based
films and 60 min of PEDOT polymerization. All of the thermoelectric films were connected
from the hot side to the cold side because the legs have only one type of conduction (p-type).

The supplied power was measured as a function of the voltage (Figure 6.18(a)) and the load
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Figure 6.18 Power from cylindrical thermoelectric generator as a function of: (a) voltage and
(b) load resistance, with varying temperature differential supplied .

resistance (Figure 6.18(b)). The maximum power supplied was 5.5 uW with a load of 40 Q. As
expected, the power generation increases with a larger temperature difference. This cylindrical

generator morphology of this device is ideal for recycling waste heat from pipes. The power
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achieved here is greater than most other thermoelectric generators produced with organic mate-
rials, which range from 30 nW up to ~2 uW with AT from 10 to 50 °C [242, 250-252, 258].
This thermoelectric generator is the first prototype, although the power output obtained is not
bad, it is needed more research trying to improve the performance of the thermoelectric module,

in order to be competitive with commercial Peltier modules.

6.4 Thermal sensor based on a PEDOT film !!

6.4.1 Materials

The reactants used in this study were: EDOT, 1-butyl-3-methylimidazolium hexafluorophos-
phate, and acetonitrile, purchased from Sigma Aldrich Co ( Madrid, Spain).

6.4.2 Synthesis of PEDOT nanofilms

The PEDOT films have been obtained by the electrochemical polymerization method on a gold
thin film (20 nm), previously deposited on a PET substrate by metal evaporation in a Univex 300
Evaporation system. The synthesis was carried out in an Ivium-n-Stat: a multi-channel electro-
chemical workstation under computer control with a Pt grid as a counter electrode, a PET gold
covered substrate as the working electrode and a Ag/AgCl electrode as the reference one. The
PEDOT was polymerized from a 0.01 M solution of EDOT and 1-butyl-3-methylimidazolium
hexafluorophosphate 0.01 M in 100 mL of acetonitrile at 3 mA during 1.5 minutes. Under these
experimental conditions, the PEDOT film thickness was 110-120 nm. The gold layer of the
working electrode was removed after the PEDOT synthesis with an acid solution (HNO3:HCI
ratio 1:3). The PEDOT nanofilms were rinsed several times with water and ethanol to remove
the untreated monomer and then dried in air at room temperature. Finally, the samples were

reduced in a hydrazine (N,H4) vapor atmosphere during 25 seconds.

6.4.3 Sensor fabrication

Figure 6.19 shows the scheme of the electronic elements which forms the thermal sensor. This
device is composed by: i) a PEDOT nanofilm attached to two blocks at different temperatures
(T and Tp), ii) a circuit amplifier with a high differential gain (Gd), of about 100 dB, iii) a light
emitting diode connected at the output through a load resistance and v) a power supply with

an electromotive force (emf) of £5V. The electronic circuit is composed by an ANI 129 (or an

"This section is based on the publication: Thermal sensor based on a polymer nanofilm” M. Culebras, A. M.
Lépez, C. M. Gémez, A. Cantarero, Sensors and Actuators A: Physical, 239, 161-165 (2016) Reproduced by per-
mission of Elsevier.
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Figure 6.19 Scheme of the electronic circuit of the thermal sensor and the load.

AD620AN) OP amplifier, two OP amplifiers (OP177GP) as a voltage reference and the final fit
of the gain in differential mode was performed through a non reversible structure. The negative
emf is actually not necessary here for this application (since the temperature difference will be

always positive), VEE can be connected to ground.

6.4.4 Sensor characterization

Among the substrates that can be used to obtain PEDOT by electrochemical polymerization, in
this work, we have chosen PET since it is a polymer with good flexural properties. The flexibil-
ity was kept after the PEDOT layer was synthesized over the PET substrate. The polymerization
time and intensity during the electrodeposition process determine the thickness of the film. Pre-
vious experiments [27] correlated time and intensity with the thickness of the PEDOT films. In
this work, we have chosen 3 mA and 1.5 min to obtain a 120 nm thick PEDOT film as shown
in Figure 6.20(a). The measurements of Seebeck coefficient were made with a homemade ap-
paratus as shown in Figure 6.20(b). The sample (see Figure 6.20(a)) was attached between two
copper blocks to guarantee a good thermal conductivity. One of these blocks was kept at room
temperature (7p) while the other one is heated to different temperatures, 7" being 7 > Ty. Figure
6.20(c) shows the output or Seebeck voltage as a function of the temperature difference created
across the polymer nanofilm. The sample was subjected to a reduction process using hydrazine
vapor to increase the Seebeeck coefficient of the sample. As shown in Figure 6.20(c), the Se-
beeck coefficient changes from 9 uV/K to 40.1 uV/K by reducing the PEDOT. This fact is
related with the doping level of the sample; since the hydrazine is a reduction agent, the oxida-

tion level of the PEDOT chains decreases [27]. Due to this process, the polymer chains change
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Figure 6.20 (a) Image of PEDOT nanofilm; (b) Schematic diagram of the Seebeck measure-
ments. (c) Seebeck voltage as a function of temperature difference across the sample.

from a polaronic/bipolaronic state for the pristine sample to a neutral state for the reduced one,
as have been previously reported [37, 100]. The increase of the Seebeck coefficient improves

the sensitivity of the thermal sensor.

The electric behavior of the thermal polymer sensor (Figure 6.20(b)) has been simulated with a
COMSOL Multiphysics Modeling Software. The following parameters have been used for the
simulation: 0.2 W/m K for the thermal conductivity, 200 S/cm for the electrical conductivity and
40.1 wV/K for the Seebeck coefficient. The sample dimensions were 20 x 5 mm? and the thick-

ness was 1 um. Figure 6.21 shows the temperature mapping simulation of the polymer thin film.

Figure 6.21 Temperature mapping of a polymer thin film simulated with COMSOL.

The film is connected to a variable load resistance in order to check the optimum impedance for
the maximum energy transfer. In addition, power simulations generated by different tempera-
ture increments between the two blocks as a function of the current intensity have been obtained
with the COMSOL software. Figure 6.22 shows the power generation simulations as a function
of the electric current across the sample for several temperature differences. The dependence
between power and current is of parabolic type. As the temperature difference increases, the
maximum value of the power is shifted to higher values when the current increases. This fact is

explained by an increase of the voltage across the sample produced by the Seebeck effect.
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Figure 6.22 Simulation of power generation as a function of current intensity for the polymer
thermal sensor at several temperature differences.

In order to check experimentally the data previously simulated, the PEDOT nanofilm (Figure
6.20a) has been successively pressed by a finger and the output signal has been recorded. Fig-

ure 6.23 shows the temperature difference and the output or Seebeck voltage generated when
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Figure 6.23 (a) Temperature increment, and (b) voltage output generated by finger pressing the
thermal polymer sensor.

the PEDOT nanofilm is pressed by the finger. These results indicate that the finger creates a
temperature difference of around 1.5 °C (Figure 6.23(a)) on the film. The temperature gradient
results show a good correlation between the data calculated from the Seebeck voltage and that
measured from the PT100 resistors. A reproducible voltage of 60-65 uV is recorded with a very

good time response of 0.52 s.
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An on-off type device that uses a PEDOT film as thermal sensor (Figure 6.24(a)) has been
developed. The high CMRR (above 100 dB) of the electronic circuit in conjunction with its
large differential gain (larger than 90 dB) makes it possible to use a very small input voltage
(Figure 6.24(a)). For this reason, the voltage generated by the finger pressing the PEDOT film,
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Figure 6.24 (a) Picture of the sensor device. (b) Input and output voltage during several finger
pulses.

200 pV, with a temperature difference of about 5 °C can be used for the device operation. The
noise can be neglected because the common-mode gain (Gc) is almost zero. The output of the
operational amplifier is saturated with a very low differential pressure (of the order of 80 uV).
When a finger pulse (AT ~ 5°C) is applied, the output voltage (Figure 6.24(b)) is enough to
switch on an LED as shown in Figure 6.24(a).

6.5 Supercapacitor devices based on PEDOT nanocomposites

6.5.1 Materials

PDDA, with a molecular weight of 10°-20° g/mol, DOC (C,4H39Na0Q,), EDOT, lithium per-
chlorate acetonitrile and propylene carbonate were purchased from Sigma Aldrich (Milwaukee,
WI) All chemicals were used as received. MWCNT were obtained from Bayer Material Science
(12—15 nm outer and 4 nm inner wall diameter, length > 1um , purity > 95 wt%; Leverkusen,
Germany. Cotton fabric 400 with a weight 100 g/m? was purchased from Testfabrics Inc, West
Pittston PA USA. Poly(methyl methacrylate) (PMMA) was kindly supplied by ICI with number
average molar mass M,, = 28270, polydispersity index PI = 1.98, and glass transition temperature

of approximately 112 °C.
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6.5.2 Assembly of supercapacitors based on PEDOT films

A 20 nm gold layer was deposited in a PET substrate (4x2.7) cm? using thermal evaporation.
The PET-gold substrate was used as a working electrode in a three electrode electrochemical
cell, a platinum grid was used as counter electrode and Ag/AgCl electrode was used as reference
electrode. EDOT polymerization was carried out at 3 mA from a solution of 0.01 M of EDOT,
0.1 M of LiClQy in acetonitrile using an IVIUM n-stat as a potentiostat. After the polymerization
the working electrode was covered by the synthesized PEDOT films. The PET-Au-PEDOT film
was cut in half to fabricate the supercapacitor device. Then these two films were connected
putting in between a glass filter paper previously dipped in the electro-gel, made from 4.2 mL

of acetonitrile:propylene carbonate (volume ratio 5:2) with 1 M of LiClO4 and 0.8 g of PMMA.

6.5.3 Preparation of MWCNTSs-cotton fabrics

First, cotton fabrics were washed in hot water and dried at 70 °C Then, the fabric was dipped in
a solution with 0.05 wt % of MWCNTs and 0.25 wt% of PDDA. After this process the fabric
was washed several times with water and drained. Then, the fabric was dipped in a solution
with 0.5 wt % of MWCNTs and 0.5 wt% of DOC. The non attached elements were removed by
several washing steps and drained. These two recessed correspond with one cycle called bilayer.
The fabric were coated with 10, 20 and 30 BL.

6.5.4 PEDOT synthesis over MWCNTs-cotton fabrics

The synthesis of PEDOT over MWCNTs-cotton fabrics (size 4x2.7) cm? was carried out using
electrochemical polymerization. A solution with 0.01 M of EDOT and 0.1 M of LiCIO4 in
acetonitrile was prepared. The electrochemical cell was formed by 3 electrodes: a counter
electrode (platinum grid), a reference electrode (Ag/AgCl) and the MWCNTs-cotton fabric was
used as a working electrode. In order to avoid that the electrochemical solution touch the copper
electrodes, the working electrode was assembled as shows Figure 6.25 . MWCNTs-cotton fabric
was placed between two pieces of PET-ITO, one of them connected to a copper tape. Then the
PET-ITO sheets with the fabric in between, was hold with metallic tweezer. The polymerization
was carried out in a galvanostatic mode at 6 mA during 4 hours in a IVIUM n-stat in order to
cover with PEDOT all the dipped part of the fabric. After the polymerization the MWCNTs-

cotton-PEDOT fabric was rinsed several times with clean acetonitrile and ethanol.
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Figure 6.25 Picture of the working electrode during the PEDOT polymerization on MWCNTs-
cotton fabrics.

6.5.5 MnO,-PEDOT co-synthesis over MW CNTSs-cotton fabrics

The synthesis of MnO,-PEDOT-MWCNTs-cotton fabrics were carried out following the same
procedure described in the previous section. However, the solution used in the synthesis was
made of 0.08 M EDOT monomer, 10 mM manganese acetate, 0.16 M sodium dodecyl sulfate,

and 0.1 M lithium perchlorate dissolved in water.

6.5.6 Assembly of devices based on cotton fabrics

All the devices fabricated were assembled using the following procedure. One of the sides of the
fabrics was covered with a gold leaf in order to improve the electric contact. Then, a glass filter
paper, previously dipped in the electro-gel solution was placed between the fabrics as shows
Figure 6.26. A PET-gold sheet was employed as a current collector and finally the device was

sealed with propylene tape.

(a) (b)
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Figure 6.26 (a) Schematic of fabric supercapacitor and (b) picture of the final device.
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6.5.7 Characterization of supercapacitors based on PEDOT films

The supercapacitor device using PET-Au-PEDOT films was assembled as described before. The
devices were characterized by cyclic voltamentry in an IVIUM n-stat potentiostat in a two elec-

trode mode. Figure 6.27 shows the results of the cyclic voltammetry analysis, at different scan
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Figure 6.27 Cyclic voltamentry of PET-Au-PEDOT device at different scan ratio.

rates, from 20 mV/s to 200 mV/s, of PEDOT films synthesized during 1 minute of polymeriza-
tion. These results show highly capacitance behavior with a nearly rectangular shape and highly
symmetrical in the doped/de-doped states even when the scan rate is very high (200 mV/s).

This fact indicates a low contribution in the equivalent internal resistance of the supercapacitor

device.
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Figure 6.28 (a) Galvanostatic curves at 0.5 A/g and 1.0 A/g of PET-Au-PEDOT device. (b)
Specific capacity as a function of polymerization time.

Galvanostaic analysis charge and discharge curves are shown in Figure 6.28(a). The charge and

discharge processes were evaluated applying 0.5 A/g and 1.0 A/g until 1.0 V. The curves show
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the typical behavior of the charge-discharge process of electrochemical supercapacitors. The
discharge curves exhibit capacitance performance without ohmic drop indicating the good be-
havior of the device. The values of the specific capacitance were calculated using the following

equation:
I-At

AV -m’

Cp= (6.6)
where [ is the constant charge current, Az/AV is the inverse of the slop of the galvanostatic
curves and m is the total mass of the electrodes. The absolute capacitance obtained for the
device fabricated using a PEDOT electrode synthesized at 1 min of polymerization was 7.4 mF
and 6.7 mF measured at 0.5 mA/g and 1.0 mA/g respectively. Considering the total mass of
the electrodes, 0.2 mg the specific capacitance was 37.0 F/g and 33.6 F/g for 0.5 mA/g and 1.0
mA/g, respectively. The specific capacitance value decreases with the current density due to

limitations with the diffusion of the electrolyte at high values of current densities.

Figure 6.29shows the evolution of the specific capacity of the device as a function of the charge-
discharge cycles at 1 mA/g. The specific capacitance decreases from 33.6 F/g to 21 F/g after
1000 cycles indicating the good behavior of the device.
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Figure 6.29 Specific capacitance of a PET-PEDOT device as a function of charge-discharge
cycles.

6.5.8 Characterization of supercapacitors based on cotton fabrics

Several cotton fabric were coated with MWCNTs solutions using the LBL method (from 10
to 30 BL). As positive solution, 0.25 % of PDDA and 0.05 % of MWCNTs have been used
and for negative solution 1% of DOC and 0.5 % of MWCNTs were employed. The time of

dipping in each solution was 2 min with a rinse step in between. After the LBL coating, the
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EDOT polymerization was performed during 4 hour, at 6 mA. The electrical conductivity was
measured using Van Der Paw method as a function of the number of bilayers (see Figure 6.30).

The results indicate a maximum of the electrical conductivity at 20 BL with a value around
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Figure 6.30 Cotton fabric/MWCNT after EDOT polymerization.

1073 S/cm. After 20 BL the electrical conductivity remains in the same values, indicating
no improvement in the electrical properties with the number of bilayers, probably due to a
saturation of the cotton fabrics. After the synthesis of PEDOT over the fabric coated with 20
BL, the electrical conductivity increased more than 4 orders of magnitude, until values around
50 S/cm. The big increase in the electrical conductivity is due to the presence of PEDOT, that
acts as an electric connector between the cotton fibers, making a highly electrically conductive

fabric network.

Figure 6.31 shows several pieces of cotton fabrics coated with 10 BL and 20 BL. The image show

20 bl 4 hours

Figure 6.31 Cotton fabric/MWCNT with different number after several EDOT polymerization
times.



Chapter 6 Devices for energy production and storage using conducting polymers 178

how when the number of BL is 10 the polymerization of EDOT is not working well probably due
to the high electrical resistance of the fabric, making really hard a homogeneously distribution of
the current around the cotton fabric electrode. For this reason, when the time of polymerization
was 4 hours only a small part of fabric was coated. However, when the number of BL was 20, the
cotton fabric electrode was conductive enough to keep the current homogeneously distributed to

coat completely the cotton fabric, finishing after four hours of polymerization.

SEM analysis were used to analyze the presence of PEDOT in the cotton fabrics. Figures 6.32
(a) and (b) show MWCNTs-cotton fabrics before the PEDOT synthesis. The MWCNTs layers

500 um '

Figure 6.32 SEM images of: (a) and (b) MWCNTs-cotton fabrics, (c) and (d) MWCNTs-
PEDOT cotton fabrics, (¢) and (f) MWCNTs-PEDOT-MnO, cotton fabrics .

were homogeneously distributed around the fibers since, the SEM images did not show evi-
dences of MWCNTs agglomerations. It is possible to observe some bridges between the cotton
fabrics. These bridges are MWCNTs which electrically connect the fibers between them. Fig-
ures 6.32(c) and (d) depict the MWCNTs-cotton fabrics after the PEDOT deposition. PEDOT
was homogeneously synthesized around the fabric. The SEM analysis shows that PEDOT is not
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only deposited on the superficial layer but also was synthesized on the most internal fibers. The
PEDOT had a globular morphology typical from the electrochemical deposition of conducting
polymers. Different morphology have been obtained for the case of MWCNTs-PEDOT-MnO,
fabrics as shown in Figures 6.32 (e) and (f). The coating was structured in spherical domains,
showing some agglomerates distributed in specific parts of the sample. Obviously, the use of
different reaction media in the co-deposition of PEDO-MnO, produces different morphologies

conditioned by the solvent (water) and the presence of a surfactant.

cps/eV

SEM Carbon Manganese

Figure 6.33 Microanalysis and mapping of MWCNTs-PEDOT-MnO; cotton fabrics .

EDAX elemental analysis was made to evidence the presence of Mn in the fabrics as shown in
the Figure 6.33. The results indicate the presence of Mn in the cotton fabrics, with a (28=+5)
J%owt on the sample surface. The mapping images show the element distribution of carbon and
manganese. The image of Mn distribution (red) shows how the Mn is concentrated in the middle

of the sewing, probably because the reduction of Mn ions is dominating in this area of the fabric.

The devices using MWCNTs-PEDOT-cotton fabric and MWCNTs-PEDOT-MnO,-cotton fabric
were assembled as it has been described in the previous section. The devices were character-
ized by cyclic voltametry in an IVIUM n-stat potentiostat in a two electrode mode. Figure
6.34 shows the cyclic voltametry curves of the devices fabricated using MWCNTs-PEDOT and
MWCNTSs-PEDOT-MnO, over cotton fabrics between O and 1 V at 20 mV/s. The curves do not
show a rectangular shape indicating a non ideal capacitance behavior. Probably this behavior
is given by the poor electrical connection between the electro-active region (MWCNTs-PEDOT
and MWCNTs-PEDOT-MnQO») and the current collector (PET-Au). However, the curves show
some capacitance behavior at low scan rate such as 20 mV/s which decreases when the scan rate

is higher.
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Figure 6.34 Cyclic voltamentry of MWCNTs-PEDOT-cotton fabric and MWCNTs-PEDOT-
MnO5- cotton fabric devices at 20 mV/s.
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Figure 6.35 (a) Galvanostatic curves of CNTs-PEDOT-Cotton fabric and MWCNTs-PEDOT-
MnO,-cotton fabric devices. (b) Specific capacity as a function of cycles.

Galvanostatic analysis charge and discharge curve are shown in Figure 6.35(a). The charge
and discharge process was evaluated applying 1 mA until 1.0 V. The curves show the typical
behavior of charge-discharge process of electrochemical supercapacitors. The discharge curves
exhibit capacitance performance with an ohmic drop indicating that the behavior of the device
can be improved. The values of the specific capacitance were calculated using Eq. 6.6. The
absolute capacitance values obtained for CNTs-PEDOT-cotton fabric and MWCNTs-PEDOT-
MnO,-cotton fabric devices were 406 and 294 mF, respectively. Taken into account the mass
of the electro-active part of the electrodes (54 mg for CNTs-PEDOT and 14 mg for MWCNTs-
PEDOT-MnO,) the specific capacitance was 7.0 F/g and 21 F/g for CNTs-PEDOT-cotton fabric
and MWCNTs-PEDOT-MnO,-cotton fabric devices, respectively. The specific capacitance was

evaluated as a function of the number of cycles as shown in the Figure 6.35(b). In both cases the
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specific capacity decreases with the number cycles, being important after 500 cycles, probably

given by a degradation of the electro-gel.
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Figure 6.36 (a) Picture of the cylindrical thermoelectric generator charging one of the super-
capacitors developed. (b) Charge and discharge curve using the thermoelectric generators as
power supply.

Figure 6.36 shows a proof of concept of the cylindrical thermoelectric (fabricated with MWC-
NTS/PEDOT nanocomposites) generator charging one supercapacitor device fabricated using
PEDOT electrodes. The temperature gradient applied to thermoelectric generator was 30 K.
The Figure 6.36(b) shows how the voltage arrives until 26 mV after 600 s. Obviously, this

experiment is a small proof of concept, and it could be the starting point for future research.

6.6 Conclusions

In this chapter, several devices have been developed using the materials synthesized in previous
chapters. On the one hand, two thermoelectric generators were fabricated. The first was made
using PEDOT synthesized by electrochemical polymerization. The chemical de-doping using
hydrazine vapor increases the power generation. By increasing the thickness of the PEDOT
tracks, it is possible to increase the power generation. Connecting 15 modules in parallel, the
supplied power has been incremented until 25 nW. The second thermoelectric generator was
fabricated combining layer by layer assembly and electrochemical polymerization using MWC-
NTs and PEDOT achieving a power of 5.5 uW at AT=30 K. In addition it has been developed
a thermal sensor based on the thermoelectric effect acting on a polymeric materials. A PEDOT
nanofilm has been obtained from electrochemical polymerization from EDOT monomers on a
PET substrate covered with gold. The PEDOT nanofilm has been used as thermal sensor based
on the Seebeck effect. A simulation using COMSOL Multiphysics indicates the temperature and
voltages differences that can be generated. An electronic device that uses the voltage generated
by the temperature difference due to a finger pressing the polymer has been constructed. The

device can switch on a LED.
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On the other hand, several supercapacitors devices based on PEDOT were prepared by elec-
trochemical polymerization of PEDOT. The supercapcitors based on PEDOT films show an
excellent capacitance behavior according to the cyclic voltametry results achieving 37 F/g of
specific capacitance. Also supercacitors devices were made over cotton fabrics combining layer
by layer deposition and electrochemical deposition of PEDOT and MnO,. The devices based
on cotton fabrics showed higher values in terms of absolute capacitance however the specific
capacitance were smaller, 7.0 F/g and 21 F/g for CNTs-PEDOT-cotton fabric and MWCNTs-
PEDOT-MnO;-cotton fabric devices respectively. This fact can by explained because the de-
vices based on cotton fabrics were not well optimized due to the high ohmic drop showed in
the galvanostatic curves. However, the purpose of this research was to create as starting point
for future research lines. Finally, a proof of concept of the charge of a supercapacitor using

thermoelectric generator based on organic materials was developed.



Chapter 7

General conclusions

The thermoelectric properties have been evaluated in several materials of different nature (or-
ganic, inorganic and hybrids). The addition of polar solvents as DMSO to PEDOT:PSS solution
increases the electrical conductivity due to a secondary doping effect in the polymer chains. The
electrochemical polymerization is a powerful method to synthesize highly conductive polymers
such as PEDOT and PPy. Using chemical de-doping, trough hydrazine vapor it is possible to
optimize ZT of PEDOT. The electrical conductivity decreases with the exposure time to hy-
drazine vapor while the Seebeck coefficient increases. In addition, the thermoelectric properties
were evaluated in PEDOT films synthesized using different counter-ions, achieving the best
thermoelectric efficiency (ZT = 0.2) in PEDOT:BTEFMSI at 5 seconds of reduction time. Also
the electrochemical de/doping is a very promising way to optimize the thermoelectric efficiency
in conducting polymers, the results obtained for PEDOT and PPy depict optimum values at in-
termedium potentials for the case of PEDOT and at negative potentials for PPy. In addition
PEDOT nanoparticles showed thermoelectric behavior. The electrical conductivity increases
with the contraction of the oxidant salt (Fe-Tos), however the spherical morphology only is ob-
tained when H;O, is used during the synthesis, generating some looses in terms of electrical
conductivity due to secondary reactions. The synthesis of PEDOT nanoparticles using a posi-
tive charged surfactant (DTAB) produces a transition between p-type to n-type semiconductor.
In addition higher concentrations of DTAB inhibits the PEDOT polymerization. Finally, PE-
DOT nanowires with a 200 nm of diameter have been synthesized using alumina templates.
For the case of inorganic materials, La;_,Ca,MnO3 and Nd;_,Ca,CoO3 only the perovskite
phase is obtained at 650°C, producing a change in the morphology in the La;_,Ca,MnQOs3. The
thermoelectric properties are strongly dependent on the calcium content in both materials. In
the case of La;_,Ca,MnO3 nanostructures there is change from p-type to n-type conduction
with calcium content, and in Nd;_,Ca,CoOs3 perovskite nanowires the electrical conductivity is
higher at lower calcium content. In addition, several carbon derivatives were evaluated as ther-

moelectric materials (carbon black, vitreous carbon and charcoal), showing that the irradiation
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process can alter the semiconductor behavior, for example the samples of vitreous carbon change
form p-type to n-type after irradiation. Hybrids and nanocomposites materials showed excellent
thermoelectric behavior. The nanocompsites prepared by solution process methods such as:
PEDOT:PSS-EG and PEDOT-Perovskites nanocomposites showed an increase in their thermo-
electric efficiency. The addition of EG to PEDOT:PSS polymer matrix increases the electrical
conductivity 3 orders of magnitude. The addition of PEDOT to perovskites nanocomposites
improves the electrical conductivity achieving higher PF than the raw materials. PEDOT can
be synthesized using LBL MWCNTs films as working electrode. The electrochemical polymer-
ization over these films creates hybrids materials with a high thermoelectric efficiency giving a
maximum, 150 uW/m K2, using 30 BL MWCNTs film and polymerized during 30 min. The
same strategy was followed for Te-PEDOT films. The thermoelectric properties were evaluated
as a function of Te decomposition time. The electrical conductivity decreases as a function of
the Te electrodeposition time while the Seebeck coefficient increases. The maximum power fac-
tor was achieved at 150 min of Te electrodeposition time giving the excellent value of (320+70)
uW/m K. Figure 7.1 shows the evolution of the thermoelectric efficiency given by the PF, for
the most representative materials studied during this doctoral thesis. The trend is clear, there has
been an impressive increase as result of the continuous research carry out during these years.
Finally, two thermoelectric modules, one thermal sensor and supercapacitors devices were fab-

ricated based on the materials studied in this thesis.
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Figure 7.1 Thermoelectric efficiency evolution during the period of this thesis o during the last
four years.
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Appendix A

Resumen en castellano

A.1 Motivacion

Debido a la gran demanda energética que actualmente presenta la sociedad es necesario apostar
por el desarrollo de nuevos dispositivos energéticos que permitan satisfacer las necesidades de
la sociedad actual. El inherente agotamiento de las fuentes de energia no renovables, a parte
de los problemas medioambientales que presenta el abuso de estas fuentes, crea la necesidad de
buscar y construir nuevos dispositivos mds eficientes capaces de producir energia. La existencia
de materiales con alta eficiencia termoeléctrica puede ser de especial interés para aprovechar las
pérdidas en forma de calor y transformarlas en energia eléctrica; muy interesante para 4mbitos
industriales y, en particular, en la industria del automévil. Un material termoeléctrico ideal

consiste en un conductor eléctrico perfecto que al mismo tiempo sea un aislante térmico perfecto.

Los materiales termoeléctricos se caracterizan mediante una cantidad adimensional denominada
Figura de Mérito (ZT) que se expresa mediante el producto de un pardmetro Z, que depende de
las propiedades intrinsecas del material, por la temperatura T a la que se encuentra el mismo.
ZT viene definida por: el coeficiente de Seebeck, S, la conductividad eléctrica, o, la conductivi-
dad térmica, K y la temperatura absoluta, T segtin la ecuacién ZT = S?c/T. El valor m4ximo
de ZT se obtiene en un corto rango de temperaturas, de manera que un material termoeléctrico
idéneo para aplicaciones de alta temperatura no lo es en aplicaciones de baja temperatura y
vice-versa. En los anos 90 se disponia de un conjunto de materiales con una figura de mérito
en torno a la unidad. En esos momentos, nos encontramos con tres familias entre los materiales

termoeléctricos. En primer lugar, el BirTes para aplicaciones en torno a temperatura ambiente.

219
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En segundo lugar, materiales basados en PbTe para aplicaciones a temperaturas intermedias.
Finalmente, SiGe para el uso a temperaturas elevadas, fundamentalmente en generadores ter-
moeléctricos de radioisétopos, utilizados en las naves espaciales. La situacion realmente habia
cambiado poco desde los afios 60. Cualquier proyecto de investigacion que propusiera como
meta la obtencién de ZT del orden de 3 hubiera sido rechazado por cualquier Agencia de Fi-
nanciacién como no creible. A mediados de los afios 90 la situacion cambid drasticamente.
L.D Hicks y M.S Dresselhaus propusieron la utilizacién de pozos cudnticos y superredes para
la mejora de las propiedades termoeléctricas de los materiales. El confinamiento cudntico y
el aumento en la densidad de estados hicieron posible el aumento del coeficiente Seebeck del
material. La misma idea fue desarrollada por una serie de investigadores y en unos afios T.L.
Harman et al obtuvo un considerable aumento de ZT utilizando puntos cuanticos de PbTe. En
el caso de materiales basados en carbono la situacién es también esperanzadora. Un estudio
reciente de H. Sevingli y G. Cuniberti estima que en el caso de ldminas de grafeno la figura
de mérito podria ser del orden de 20 (Resultado teérico no comprobado experimentalmente).
Resultados incluso mejores se han predicho en el caso de polimeros conductores y sistemas
hibridos. El uso de polimeros conductores (ICP) sobre materiales de indole inorganica pre-
senta varias ventajas como, por ejemplo, la abundancia de materias primas, el bajo coste de
las mismas, facil modificaciéon quimica para ajustarse a la finalidad deseada, fécil procesado a
escala industrial, ausencia de toxicidad etc. En particular destaca la familia de polimeros en
basados en poli-(3-4 etilendioxitiofeno) conocido como PEDOT. Algunos investigadores han
obtenido valores bastante altos de ZT, en torno a 0.2-0.4, para PEDOT: Tosilato (PEDOT:Tos) y
PEDOT:Poliestiren-sulfonato (PEDOT:PSS).

Por otro lado, la utilizacién de ICP para supercondensasores presenta un alto potencial, debido
a su alto poder de capacidad con unos valores alrededor de 100-500 F/g y a su rdpida absorcién
y desorcién de iones. En este caso, la utilizacién de ICP abarataria el coste en la fabricaciéon de
dispositivos debido a la abundancia de las materias primas y a su fécil procesado. Nuevamente,
la formacién de nanoestructuras poliméricas puede ser clave para incrementar las prestaciones
de dichos dispositivos, ya que el uso de materiales nanoestructurados conlleva un incremento
del drea superficial, de modo que el contacto electrodo-electrolito es mayor, aumentando la

velocidad de carga y descarga, acortdndose los caminos para el transporte electrénico.
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A.2 Objetivos

El objetivo principal de la presente tesis doctoral ha sido el desarrollo de materiales orgdnicos
para ser usados en dispositivos termoeléctricos, que se han logrado a través de objetivos secun-

darios tales como:

1. Diseio, formulacién y sintesis de polimeros conductores y su completa caracterizacién

2. Disefo, formulacion y sintesis de materiales hibridos (organicos-inorganicos) y su completa

caracterizacion.
3. Sintesis de nanoestructuras semiconductoras y su caracterizacion.

4. Fabricacién de médulos termoeléctricos y supercondensadores basados en polimeros con-

ductores.

A.3 Metodologia y estructura de la tesis

Se han utilizado diferentes métodos de sintesis para obtener polimeros conductores y materiales
nanoestructurados , como la polimerizacién oxidativa y la electropolimerizacién. En cuanto
a los métodos de sintesis de materiales nanoestructurados se han empleado técnicas como: la
sintesis hidrotermal y miniemulsién. También se realizé una caracterizacion estructural medi-
ante técnicas espectroscopicas, como Raman, FTIR, Uv-Vis y difraccién de rayos-X, una carac-
terizacién morfologia, como microscopia de fuerza atémica y microscopia electrénica de barrido
y de transmisidn, una caracterizacion eléctrica y térmica mediante medidas de efecto Seebeck,
conductividad eléctrica y térmica, con equipos experimentales desarrollados durante la tesis. La
conductividad eléctrica es uno de los factores que determinan la eficiencia termoeléctrica del
material, ya que se encuentra en el numerador de la expresion de ZT. Por lo tanto se disefi6
un montaje experimental para llevar a cabo dichas medidas. La conductividad eléctrica de las
muestras se ha medido siguiendo el método de Van Der Paw. El método de Van Der Pauw es
muy indicado para la medida de la conductividad eléctrica en peliculas delgadas. Para ello se re-
alizan 6 contactos metélicos de un 200 nm de espesor de Au mediante un equipo de evaporacion
de metales, Leybold Univex 300, sobre la superficie de las muestras. Se sittian 4 contactos en
el centro equidistantes entre si (a, b, ¢ y d), que son los que se utilizardn para la medida de

conductividad eléctrica, ya que éste método utiliza medida de resistencias eléctricas a 4 hilos.
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Los otros de los extremos son usados posteriormente para la medida del efecto Seebeck. Segtin
la ecuacion de Van Der Pauw:

o TR0 _|_e—7'CdR2C7 =1 (A.1)

donde d, es el espesor de la pelicula y ¢, es la conductividad eléctrica. Para el cdlculo de las
resistencias Rj y R, se utilizaron las siguientes ecuaciones, segtn la ley de Ohm: Ry = Vpy /I,
y Ry =V, /1.4. Para el célculo de Ry se pasa una corriente entre los contactos a y ¢ y se registra
la tensidén entre los contactos b y d, de igual modo se procede para el cdlculo de R, salvo que,
la corriente se inyecta entre los contactos A y B y se registra la tension en los contactes ¢ y d.
Para el registro de las medidas se ha utilizado un multimetro Keithely 2400. Para la medida
del efecto Seebeck se disefié un dispositivo experimental que fue desarrollado en el laboratorio
para la realizacion de la presente tesis doctoral. EI dispositivo para determinar el coeficiente
de Seebeck consta de un multimetro para registrar la diferencia de potencial, un controlador de
temperatura, dos bloques de cobre, uno refrigerado por un corriente de agua y el otro calentado
por una resistencia eléctrica, dos sensores de temperatura PT100 y dos cables que contactan los
extremos de la muestra. Para la obtencion del coeficiente Seebeck, la muestra es sometida a
una diferencia de temperatura entre los extremos, de modo que se registra la tension entre los
contactos de los extremos de la muestra en funcion de la diferencia de temperatura. La pendiente

de la recta obtenida es el coeficiente de Seebeck de acuerdo con la expresion:

S=AV/AT. (A2)

La presente tesis doctoral se ha estructurado en 7 capitulos. El primer capitulo consiste en una
introduccion general donde se introducen conceptos basicos y generales de la tesis. El segundo
capitulo se dedica a la descripcion de las técnicas experimentales empleadas. El tercer capitulo
consiste en varios desarrollos experimentales relacionados con el estudio de las propiedades
termoeléctricas de polimeros conductores y nanoestructuras poliméricas basadas en PEDOT. El
segundo capitulo estd dedicado al estudio de las propiedades termoeléctricas de nanohilos de
6xidos metdlicos Nd;_,Ca,CoO3 y La;_,Ca,MnO3 ademds de materiales basados en carbono
como, negro de humo, carbon vegetal y vitrografito. El capitulo 5 estd dedicado a la sintesis y
caracterizacion de materiales hibridos basados en PEDOT ( PEDOT-Grafito expandido, PEDOT-
MWCNTs, PEDOT-Nd;_,Ca,CoO3 y PEDOT-Te). El Capitulo 6 describe la fabricacion de dos

generadores termoeléctricos, un sensor térmico y supercondensadores basados en los materiales
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estudiados en los capitulos posteriores. Por ultimo, el Capitulo 7 estd dedicado a las conclu-

siones generales de la tesis.

A.4 Resultados y conclusiones mas relevantes

En el Capitulo 3, se obtuvieron peliculas de una disolucién comercial de PEDOT:PSS medi-
ante deposicion por casting en sustratos de vidrio. Se midieron las propiedades termoeléctricas
(conductividad eléctrica y efecto Seebeck) en funcién de la cantidad de DMSO en la disolucién
de PEDOT:PSS, obteniéndose un incremento de 3 érdenes de magnitud (desde 0.14 S/cm hasta
177 S/cm), sin embargo, el coeficiente de Seebeck disminuy6 con la adiciéon de DMSO. Para dar
una idea de la eficiencia termoeléctrica de las peliculas se calcul6 el Power Factor (PF = S%0)
obteniéndose un valor maximo de 0.722 uW/mK?. Por otra parte se sintetizaron peliculas de
PEDOT por via electroquimica en presencia de varios contrainones. Se observo una dependen-
cia de la conductividad eléctrica en funcién del tipo de contraién utilizado. En dichas peliculas
se evaluaron las propiedades termoeléctricas en funcién del tiempo de reduccién en presencia
de hidracina para optimizar el nivel de dopado de las peliculas de PEDOT. Se observé un dis-
minucién de la conductividad eléctrica y un aumento del coeficiente de Seebeck con el tiempo
de reduccién. El valor optimo de eficiencia dado por el PF se obtuvo después de 11 s para
PEDOT:CIO4 y PEDOT:PFg con valores de 41 y 60 uW/mK? respectivamente y después de 5
s para las muestras de PEDOT:BTFMSI obteniendo un valor de PF=147 uW/mK?. Ademds, se
realizé un estudio de las propiedades termoeléctricas de PEDOT y PPy en funcién del potencial
en una celda electroquimica. Se observé un aumento de la conductividad eléctrica a potenciales
donde predominaban las especies oxidadas mientras que el coeficiente de Seebeck aumenté a
potenciales donde predominaban las especies reducidas de PEDOT y PPy. Para el caso del PE-
DOT se obtuvo un valor de méximo de PF de alrededor de 16 uW/mK? a un potencial de 0.01
V mientras que para las muestras de PPy el valor maximo de PF fue 3.9 uW/mK? a un potencial
de -2.0 V. En este capitulo se muestran también los resultados obtenidos para la polimerizacién
de PEDOT en miniemulsién. Para ello se emplearon dos surfactantes, Lutensol AT50 y DTAB y
como oxidantes Fe-Tos y agua oxigenada. Para el caso de las muestras sintetizadas en presencia
de Lutensol AT 50 se consigui6 obtener una morfologia esférica con un tamafo de particula en-
tre 30 y 40 nm. La conductividad eléctrica aumento con el contenido de Fe-Tos pero disminuyd
con el contenido de agua oxigenada probablemente debido a reacciones secundarias en la cadena

polimérica que rompen la conjugacion. La sintesis de nanoparticulas de PEDOT utilizando un
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surfactante catiénico (DTAB) produce una transicién de tipo de conduccidn, es decir, se produce
un cambio de semiconductor de tipo p a semiconductor de tipo n. Ademas una concentracién
elevada de DTAB provocé una inhibicion de la reaccion de polimerizaciéon de PEDOT. Final-
mente también se obtuvieron nanohilos de PEDOT utilizando Aldminas porosas de 200 nm de

diametro de Poro.

En el Capitulo 4 se sintetizaron nanostructuras de tipo nanohilo de compuestos basados en
Nd;_,Ca,Co0O3 y La;_,Ca,MnOs3. Parael caso de los materiales de composiciéon La; _,Ca,MnOs
se observd un cambio en la morfologia de nanohilo a nanoparticula tras el tratamiento de cal-
cinado. La fase de tipo perovskita se obtuvo a 650 °C. Tras el proceso de sitnerizado a alta
temperatura, la conductividad eléctrica aumenté varios 6rdenes de magnitud. Dependiendo del
contenido en calcio se observd un cambio en el tipo de conduccién obteniéndose un compor-
tamiento de tipo n para x=0.005 y p desde x=0.01 hasta x=0.5. En el caso de las muestras de
composicién Nd;_,Ca,CoO; la fase de perovskita se alcanzé a 650 °C con la morfologia de
tipo nanohilo. Al igual que en las muestras de composicién La;_,Ca,MnOs3 la conductividad
eléctrica aument6 con el proceso de sinterizado. Se obtuvieron valores de coeficiente de See-
beck en el rango de 600-700 uV/K. El contenido en calcio esta fuertemente relacionado con la
conductividad eléctrica, siendo ésta mayor a bajos contenidos en calcio. Ademads, se obtuvieron
los valores de ZT para las muestras de Nd;_,Ca,Co0Qj3, alzando un valor maximo de 0.012 a
520 °C. Finalmente, para los materiales basados en carbono (negro de humo, carbén vegetal y
vitrografito)el proceso de irradiacién puede alterar su comportamiento termoeléctrico como, por
ejemplo, cambios en el signo de del coeficiente de Seebeck como es el caso de las muestras de

vitrografito produciendo un cambio de tipo de semiconductor tipo p a tipo n.

En el Capitulo 5 se estudiaron cuatro tipos de nanocomposites hibridos organico-inorganico
tales como: PEDOT-grafito expandido, PEDOT-MWCNTs, PEDOT-Nd;_,Ca,CoO3 y PEDOT-
Te. Las peliculas de PEDOT-grafito expandido se prepararon mediante dispersion de particulas
de grafito expandido en una disolucién de PEDOT:PSS y posterior evaporacion del disolvente
sobre sustratos de vidrio. Los resultados obtenidos indicaron un aumento de la conductividad
eléctrica con el contenido en grafito expandido, llegando a alcanzar valores de 200 S/cm a al-
tos contenidos de grafito expandido. El coeficiente de Seebeck aumenté con la primera adicion
de grafito expandido a un valor de 15-16 uV/K que se mantuvo contante con el contenido en
grafito expandido. Se obtuvo un valor maximo de PF de 5.31 uW/mK? a un contenido en grafito
expandido de 80 %. Las muestras de PEDOT-Nd; _,Ca,CoO3 fueron realizadas ultizando PE-

DOT:PSS y PEDOT:Tos como componente orgdnico y nanoparticulas de Nd;_,Ca,CoO3 con
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x=0.001 y x=0.005. Las imagenes de SEM muestran una distribucién homogénea de ambos
componentes. En cuanto a las propiedades termoeléctricas, los resultados de conductividad
eléctrica mostraron un aumento de la misma con el contenido en PEDOT, sin embargo, las
muestras con PEDOT:Tos mostraron valores mayores. En el caso del coeficiente de Seebeck
se observo la tendencia contraria, el valor del coeficiente de Seebeck aumenté con el contenido
de Nd;_,Ca,CoO3. Para las nanoparticulas puras el coeficiente de Seebeck fue de 979 uV/K'y
519 uV/K para las composiciones x=0.001 y x=0.005, respectivamente. Esté disminuy6 hasta
25 uV/K para el caso de PEDOT:PSS y 50 uV/K para el caso de PEDOT:Tos. Los resultados
optimos fueron alcanzados a un 5 % de contenido en PEDOT:Tos y un 95 % de Nd;_,Ca,CoO3
con x=0.005 obteniendo un power factor de 1.34 uW/mK?. Otro tipo de materiales desarrollados
fueron nanocompuestos hibridos basados en PEDOT-MWCNTs. La sintesis de estos materiales
se llevo a cabo mediante deposicion electroquimica de PEDOT sobre electrodos de MWCNTs
fabricados utilizando la técnica de capa a capa (layer by layer en inglés). Para la fabricacién de
los electrodos se utilizé dos suspensiones de MWCNTs. En una de ellas se utilizé un surfac-
tante de tipo catiénico (PDDA) mientras que en la otra suspension se utilizé un surfactante de
tipo anidnico, de tal manera que el sustrato de PET fue sumergido alternativamente en ambas
disolucidnes con etapas de lavado entre cada inmersién. Se realizaron varias sintesis de PEDOT
utilizando estos electrodos de MWCNTs, fabricados con distinto niimero de bicapas (desde 20
hasta 60 BL). La polimerizacion se llevé a cabo durante 10, 30, y 60 minutos. Los resultados
de microcoscopia electréonica (SEM y TEM) muestran una distribucion homogénea de ambos
componentes obteniendo unas peliculas donde los componentes estin intimamente mezclados
ya que el PEDOT es sintetizado sobre de los MWCNTs. Con el fin de encontrar el 6ptimo
numero de bicapas y el tiempo de polimerizacion, se midieron en las muestras la conductividad
eléctrica y el efecto Seebeck. En lineas generales la conductividad eléctrica tiende aumentar
con el tiempo de polimerizacién siendo dptima en la mayoria de los casos a 30 minutos uti-
lizando electrodos con un nimero de bicapas intermedia (30-40 BL). En cuanto al coeficiente
de Seebeck se observo una disminucién con el tiempo de polimerizacion. El valor 6ptimo de
power factor fue hallado en la muestra sintetizada durante 30 minutos con un electrodo de 30
bicapas dando un valor de 155 uW/mK?2. Por tltimo, en este capitulo se sintetizaron muestras
de PEDOT-Te. Este tipo de peliculas fueron sintetizadas mediante electrodeposicion de Te a
-0.4 V sobre una pelicula de PEDOT previamente sintetizada por via electroquimica. Los re-
sultados de difracciéon de rayos X y Raman confirmaron la presencia de Te en la pelicula de
PEDOT. El anélisis morfolégico de la superficie llevado a cabo mediante SEM y AFM mostré

una superficie de morfologia globular con una rugosidad de 20 nm. La conductividad eléctrica
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y el coeficiente de Seebeck se estudid en funcién del tiempo de electrodeposicion de Te sobre
las peliculas de PEDOT. Se observé un aumento del coeficiente de Sebeeck con el tiempo de
electrodeposion, mientras que se observé una disminucién de la conductividad eléctrica con el
tiempo de electrodeposion. El valor maximo de power factor se determiné en la muestra con un

tiempo de electrodeposicién de Te de 150 minutos alcanzando un valor de 320 uW/mK?.

En el Capitulo 6, se presentaron los resultados de fabricacidon y caracterizacién de dos gen-
eradores termoeléctricos, un sensor térmico y supercondensadores basados en los materiales
desarrollados en los capitulos anteriores. El primer generador termoeléctrico presentado fue
fabricado mediante un proceso unico de deposicién electroquimica de PEDOT como elemento
termoeléctrico en una geometria planar. Para ello se emple6 un sustrato flexible de PET con un
patrén de oro, depositado mediante evaporacion metélica. Las medidas de efecto Seebeck en el
dispositivo dieron un valor de 91 uV/K, debido a la conexién en serie de 16 pistas de PEDOT. El
dispositivo se sometid a un tratamiento de optimizacién del nivel de dopado mediante vapor de
hidracina, ocasionando un incremento en el coeficiente de Seebeck del dispositivo hasta un valor
de 413 uV/K. Se realizaron medidas de potencia en el dispositivo manteniendo un diferencia de
temperatura de 60 °C. El valor mdximo de potencia fue 2.7 nW a una resistencia de carga de 30
KQ. Dicho valor se aument6 hasta 5.03 nW tras la optimizacién del dopado mediante vapor de
hidracina. La conexioén de 15 mddulos en paralelo dio lugar a una disminucién de la resisten-
cia interna del dispositivo incrementando el valor de potencia hasta 25 nW a una resistencia
de carga de 1.8 KQ. El segundo dispositivo descrito en el capitulo fue desarrollado utilizando
el material hibrido sintetizado a partir de MWCNTs y PEDOT. Los sustratos de MWCNTs se
obtuvieron mediante el proceso de capa a capa (layer by layer) sobre ldminas flexibles de PET
con dimensiones de (8.5x15) pulgadas. Previamente en las ldminas de PET, se dibuj6 un patrén
a modo de tiras mediante el empleo de cinta adhesiva. Una vez se obtuvo el patrén, los sustratos
se emplearon como electrodos de trabajo para la electropolimerizacién de PEDOT. Los elemen-
tos termoeléctricos consistieron en 12 pistas de MWCNTs/PEDOT con una altura de 1 pulgada
conectados eléctricamente mediante laca conductora de plata, a este conjunto de elementos ter-
moeléctrico se le llam6 unidad fundamental. Alrededor de 30 unidades fundamentales fueron
ensambladas a una tuberia de cobre creando asi un generador con geometria cilindrica. Con este
dispositivo se obtuvo una potencia mixima de 5.5 yW con una diferencia de temperatura de
30 °C en circuito cerrado a una resistencia de carga de 50 Q. El tercer dispositivo desarrollado
ha sido un sensor térmico basado en el efecto termoeléctrico de una pelicula de PEDOT, de tal

manera que se ha desarrollado una aplicacién del tipo on-off. El alto CMRR (superior a 100 dB)
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del circuito electrénico realizado junto con su gran ganancia diferencial (superior a 90 dB) hace
posible poder utilizar una entrada de tensiéon muy pequeia. En concreto, el sensor proporciona
en circuito abierto una tensién de unos 200 p'V con una diferencia de temperatura de unos 5 °C
. El ruido es suficientemente rechazado debido a que la ganancia en modo comun (Gc) es casi
nula. La salida del amplificador de instrumentacién (Al) se satura con una tension diferencial
muy baja (del orden de 80 uV). Cuando se aplica, por ejemplo, un dedo al extremo del sensor
(AT~5 °C) la salida del (AI) presenta una tensién aproximada a la tensién de alimentacion capaz
de habilitar una carga (load) determinada. Por ejemplo, un led (funcionamiento ON). Cuando
el dedo se retira se deshabilita el led (funcionamiento OFF). Como el circuito electrénico (Al)
es muy sensible a la tensidn diferencial requiere que el sensor esté situado en un entorno en
donde sus extremos (T y Ty) tengan la misma temperatura en ausencia de excitacion externa.
Por ultimo, en este capitulo se desarrollaron varios dispositivos para almacenamiento de en-
ergia basado en supercondensadores mediante el uso de materiales obtenidos y caracterizados
en esta tesis. Los primeros dispositivos fueron fabricados con peliculas de PEDOT depositadas
via electroquimica en sustratos de PET con un capa delgada de Au (20 nm) previamente deposi-
tada mediante evaporacion metdlica. Las peliculas de PEDOT sobre los sustratos de PET-Au
se utilizaron como electrodos en el supercondesador, de tal manera que entre los electrodos se
colocé un trozo de papel de filtro, hecho con fibra de vidrio, previamente humedecido con un
electro-gel, fabricado a partir de: 4.2 mL 1 M de perclorato de litio en una relacion volumen 5:2
de acetonitrilo:carbonato de propileno y 0.8 g de PMMA. Siendo el primer paso la realizacién
de la disolucién 5:2 de acetonitrilo:carbonato de propileno y adicionar sobre esta disolucién 0.8
g de PMMA, luego se adicionan 4.2 mL de perclorato de litio 1 M sobre la disolucién 5:2 por
ultimo se agita y se calienta a 105 °C hasta formacién de un gel. Los resultados de volamper-
omtria ciclica mostraron un buen comportamiento del dispositivo como condensador, también
se evalu6 la capacidad especifica del dispositivo alcanzando un valor de 33.6 F/g que disminuy6
has 21 F/g después de 1000 ciclos de carga y descarga en el dispositivo. Se fabricaron otros
dispositivos basado en un tejido de algodéon, MWCNTs y PEDOT. En primer lugar, las telas
se impregnaron con 20 BL de MWCNTs mediante el proceso de capa a capa. Los tejidos de
algoddn se sumergieron en dos suspensiones de MWCNTSs en una de ellas se utilizé un surfac-
tante de tipo catiénico (PDDA) mientras que en la otra suspension se utilizé un surfactante de
tipo anionico, de tal manera que el trozo de tela de algodén se sumergié alternativamente en
ambas disoluciones con etapas de lavado entre cada inmersién. Una vez obtenida la deposicion

de MWCNTs sobre el algodon, se procedid a la sintesis de PEDOT y PEDOT-MnO, mediante
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un proceso de co-electrodeposicidon. Las imdgenes de microscopia electrénica mostraron un re-
cubrimiento homogéneo de las fibras que conforman el tejido de algodén por parte del PEDOT.
En el caso de la co-electrodeposicion junto con MnO; se observ la presencia de particulas de
MnO, distribuidas en las fibras de algodén. Se ensamblaron dos dispositivos de igual modo que
para las peliculas de PEDOT. En este caso se obtuvieron capacidades absolutas muy elevadas
406 mF y 294 mF para los dispositivos de MWCNTs-PEDOT-algodén y MWCNTs-PEDOT-
MnO,-algodén respectivamente. Sin embargo, la capacidad especifica fue de 7.0 F/g and 21 F/g
para para los dispositivos de MWCNTs-PEDOT-algodon y MWCNTs-PEDOT-MnO;-algodén
respectivamente, mostrado un valor inferior que el obtenido para los dispositivos fabricados con
peliculas de PEDOT sobre sustratos de Au y PET. Este hecho puede ser debido a que el proceso
de fabricacién de este tipo de electrodos fabricados a partir de tejidos de algodon requiere de
una optimizacién. Por tltimo se desarrollé una prueba de concepto en la cual uno de los con-
densadores desarrollados en este capitulo se cargé mediante el médulo cilindrico desarrollado a

partir de los materiales hibridos de MWCNTs-PEDOT.

En conclusidn, la presente tesis doctoral ha contribuido muy positivamente al estado del arte
en el d&mbito de la termoelectricidad tanto en materiales orgdnicos hibridos abriendo asi nuevos

horizontes para futuras lineas de investigacion.
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