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Abstract

More than 70% of the global energy consumption is lost as waste heat. This is a so
huge amount of energy that only a 10% recovery of this waste heat would exceed the
summation of the current energy produced by all the renewable energies. On the other
hand, different ubiquitous heat sources such as the sun or even our own bodies are also
available and could provide enough amount of energy to power low-consumption sensors
and wearable devices. Under this scenario, technologies able to efficiently convert heat
into electricity are highly desirable. This thesis deals with two of these technologies:
Thermoelectricity and thermo-electrochemical cells (TECs), and it intends to improve
their current low efficiencies by applying strategies based on electrochemical phenomena

in porous media.

Thermoelectric (TE) materials are solid state highly doped semiconductors. Their
relatively low efficiency (51e), is directly connected to the dimensionless figure of merit
(zT=S%sT/x), being S the Seebeck coefficient, o the electrical conductivity, « the thermal
conductivity and T the absolute temperature. It is worth mentioning that the power factor
is defined as PF=S%.

The main pathway to increase zT is through the reduction of x, while strategies to
increase PF have been minor. Our group published a few years ago a pioneering system
to increase the PF. This system was based on a hybrid solid-liquid combination, being
the solid a nanostructured and porous antimony-doped tin oxide (Sh:SnO,, ATO) which
was permeated by different electrolytes (liquids with ions). This system was capable to
increase up to 3.4 times the PF. The main enhancements were achieved using a LiBF4
non-electroactive salt and the 1-butyl-3-methylimidazolium iodide (BMI-I) ionic liquid.
In this thesis, we pursue to extend this strategy to electrolytes comprising an electroactive
(redox) molecule, capable to exchange electrons with the TE solid. We have used
chromium (I11) acetylacetonate [Cr(acac)s] as redox molecule which was contacted to the
previously employed ATO film. A PF improvement of 3.40 times was achieved due to
an 83% drop of the film resistance (R) accompanied with a 23% decrease in the absolute
value of S. An impedance spectroscopy (IS) analysis unveiled that the main mechanism
behind this remarkable result was an electron injection from the liquid to the solid when

they were brought into contact.
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Thermo-electrochemical cells are mainly focused on the heat-to-electricity conversion
at low temperatures (<100 °C), since they are formed by a redox electrolyte that separates
two metallic electrodes (typically Pt). One of the main problems of this system for its
commercial viability is the high price of Pt. Different alternatives have been studied in
the last few years, mainly carbon-based porous electrodes or the conducting polymer
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS). However,
porous oxide materials have been hardly employed, despite being very successful in other

fields like solar cells or batteries.

In this thesis, we have studied the performance of nanostructured and porous ATO in
a TEC system in contact with the typical aqueous 0.4 M potassium ferro/ferricyanide
solution. This system was compared with the common Pt-based TEC. An impedance
spectroscopy analysis revealed that the cell with the ATO electrodes exhibited the same
excellent kinetics as Pt. On the other hand, no performance improvements were detected
when the electrode area in contact with the electrolyte was significantly increased.
Finally, the Carnot-related efficiencies estimated for the Sb:SnO: cells were in the same

order of magnitude as for Pt electrodes.

Apart from the previous study with ATO, we have evaluated in this thesis an
alternative TEC configuration to that generally adopted. The new architecture comprises
a substrate with the two electrodes at its ends and with the electrolyte added on the top
contacting both electrodes, forming a planar configuration. In our study, we explore first
the use of the standard Pt electrodes deposited on top of a conductive glass substrate.
Then, we replace the Pt by the ATO. The planar configurations are compared with their
corresponding typical architectures using the common ferro/ferricyanide electrolyte. It
was found that the planar TEC with Shb:SnO> reached a temperature coefficient a=1.76
mV/K, higher than the value obtained in the standard configuration with ATO (1.21
mV/K), and also higher than the planar architecture with Pt electrodes, which showed the
typical value for the ferro/ferricyanide electrolyte (1.45 mV/K). As a consequence of this
significantly higher o value, a 29.7% higher maximum power output than the planar TEC

with Pt was observed.

In conclusion, we have demonstrated that the conversion of heat into electricity can be
improved by implementing electrochemical strategies in porous materials, either in TEs
or TECs. Our results show the possibility to significantly improve the PF of TE materials

with an electrolyte containing a redox molecule. Also, we have demonstrated that ATO
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can be a suitable electrode material to replace Pt electrodes and produce low cost TECs.
Moreover, when ATO is employed in a planar configuration, a significantly high
temperature coefficient was found, which is a new feature that opens the door to explore
in more detail alternative configurations in TECs.
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Abstract (Spanish version)

Maés del 70% de la energia global consumida se pierde en forma de calor. Es tal
cantidad que reutilizando solamente un 10% de dicha energia se excederia la suma de
todas las energias renovables utilizadas en la actualidad. Por otro lado, existen diferentes
fuentes de calor ampliamente disponibles tales como el solo o incluso nuestro propio
cuerpo que podrian otorgar suficiente cantidad de energia para hacer funcionar
dispositivos y sensores portatiles de bajo consumo. Ante esta situacion, es necesario el
desarrollo de diferentes tecnologias que permitan la conversion de calor en electricidad.
En este sentido, esta tesis se relaciona con dos de esas tecnologias: La termoelectricidad
y las celdas termo-electroquimicas (TECs), y busca la mejora de las bajas eficiencias que
actualmente poseen a través de la aplicacion de estrategias electroguimicas en medios

porosos.

Los materiales termoeléctricos (TES) de estado sdlido son semiconductores altamente
dopados. Su relativamente baja eficiencia (r7e), estd directamente relacionada con la
figura de mérito adimensional (zT=S%sT/x), donde S es el coeficiente de Seebeck, ¢ la
conductividad eléctrica, « la conductividad térmica y T la temperatura absoluta. Es

importante remarcar que el factor de potencia se define como PF=S%.

La principal forma de incrementar zT es a través de la reduccion de x, mientras que las
estrategias para aumentar PF no han sido tan investigadas. En este sentido, nuestro grupo
publicd hace algunos afios un sistema pionero capaz de incrementar el PF. Este sistema
se basé en una combinacidn hibrida sélido-liquida, siendo el s6lido una pelicula de 6xido
de estafio dopado con antimonio (Sb:SnO,, ATO) nanoestructurado y poroso el cual se
impregnd con diferentes electrolitos (liquidos con iones). Este sistema mostrd mejoras en
el PF de hasta 3.40 veces. Los principales resultados se consiguieron empleando una sal
no electroactiva como es el LiBF4 y el liquido i6nico yoduro de 1-butil-3-metilimidazolio
(BMI-1). En la presente tesis, se ha buscado la extension de este sistema empleando una
molécula electroactiva (rédox), capaz de intercambiar electrones con el sélido TE. Se ha
utilizado la molécula rédox acetilacetonato de cromo (I11) [Cr(acac)s] la cual se ha puesto
en contacto como el mismo material TE nanoestructurado y poroso (ATO). Como
resultado, se consiguieron mejoras de hasta 3.40 veces en el PF debido a una disminucion
del 83% en la resistencia (R) de la pelicula porosa junto con un decrecimiento del 23%

en el valor absoluto del S. Un analisis por espectroscopia de impedancia (IS) revel6 que
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el principal mecanismo responsable de este resultado fue un proceso de inyeccion

electronica desde el liquido hacia el s6lido cuando ambos se pusieron en contacto.

Las celdas termo-electroquimicas estan principalmente orientadas a la obtencién de
electricidad utilizando para ello calor a bajas temperaturas (<100 °C), dado que estan
formadas por un electrolito que contiene un par rédox que separa dos electrodos metalicos
(normalmente Pt). De hecho, uno de los principales problemas de estos sistemas es el alto
precio de mercado del Pt. En este sentido, diversas alternativas han sido desarrolladas en
los Gltimos afios, principalmente a traves del uso de materiales porosos basados en el
carbono y el polimero conductor poli(3,4-etilendioxitiofeno)-poli(estireno sulfonato)
(PEDOT:PSS). Sin embargo, los 6xidos metalicos porosos apenas se han utilizado en
estos dispositivos, a pesar de estar ampliamente empleados en otros campos tales como

celdas solares o baterias.

En esta tesis, se ha estudiado el funcionamiento del 6xido de estafio dopado con
antimonio nanoestructurado y poroso en una TEC en contacto con el electrolito mas
tipicamente empleado en este campo que es una disolucion acuosa 0.4 M de
ferro/ferricianuro potasico. Este sistema se ha comparado con la TEC que utiliza
electrodos de Pt. Un estudio de espectroscopia de impedancia demostro que la TEC con
electrodos de ATO poseia tan buenas propiedades cinéticas como la de Pt. Por otro lado,
no se encontraron mejoras en el rendimiento de la TEC con ATO a pesar de incrementar
notablemente el area electrodica en contacto con el electrolito. Finalmente, las eficiencias
relativas al ciclo de Carnot estimadas para las TECs con Sb:SnO; fueron del mismo orden

que para el sistema con Pt.

Ademas del estudio ya mencionado con ATO, en esta tesis se ha evaluado una
configuracién de TEC alternativa a la generalmente utilizada. Esta nueva arquitectura
incluye un substrato con dos electrodos depositados en sus extremos y un electrolito
colocado sobre dicho sustrato contactando ambos electrodos, dando lugar a una
configuracién planar. En este estudio, se han explorado en primer lugar electrodos de Pt
depositados sobre un substrato conductor. Tras ello, se ha substituido dicho material por
ATO. Las configuraciones planares con ambos materiales se han comparado con la
orientacion estandar empleada en las TECs utilizando como electrolito una disolucién
acuosa 0.4 M de ferro/ferricianuro potésico. Se observo un valor inusualmente alto en el
coeficiente de temperatura (o) de a=1.76 mV/K en la TEC planar con electrodos de

Sh:SnOz, siendo un valor mas alto tanto para la TEC en orientacion estandar con el mismo
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material (1.21 mV/K) como el sistema planar con Pt, el cual mostré el valor mas habitual
para este electrolito (1.45 mV/K). Como consecuencia de este alto valor de «, la potencia
méaxima obtenida para la celda planar con ATO encontrada fue un 29.7% mayor que para

el sistema en plano con Pt.

En conclusion, se ha demostrado que la conversion de calor en electricidad puede ser
mejorada a través de la aplicacion de estrategias electroquimicas en materiales porosos,
tanto en TEs como en TECs. Nuestros resultados demuestran la posibilidad incrementar
el PF en materiales TEs de manera significativa utilizando para ello un electrolito que
contiene una molécula rédox. Ademas, también se ha demostrado que el material ATO
puede ser empleado como electrodo reemplazando al Pt con la finalidad de producir TECs
a menor coste. Finalmente, cuando el ATO se ha empleado en una TEC en configuracion
planar, se ha encontrado un valor del coeficiente de temperatura significativamente mas
alto, abriendo la puerta hacia posibles investigaciones de nuevas arquitecturas en el

campo de las TECs.
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1.1. Motivation

The rapid growth of the world population is imposing a huge energy demand, and the
use of fossil fuels to satisfy this demand linked to the environmental problems related to
their combustion, is leading the world to witness one of the most critical climatic
situations ever [1,2]. Furthermore, this energy crisis requires the exploitation of the
current sustainable sources of energy in order to fulfill the global demand while the
efficiency of these processes must be urgently increased [3]. In addition, it is estimated
that 72% of the total world energy consumption is currently lost as waste heat (see Fig.
1.1a) [4]. Only a 10% recovery of this waste heat would exceed the summation of the
current renewable energies (see Fig. 1.1b) [5,6]. On the other hand, different ubiquitous
heat sources such as the sun or even our own bodies could provide enough amount of

energy to power low-consumption sensors and wearable devices [7,8].

(a) (b)

Other

Fig. 1.1. (a) Used and wasted (in form of heat) parts of the total global energy consumption. (b)
Representation of the energy produced by current renewable energy sources and 10% of the wasted heat
from the global energy consumption. Source: International Energy Agency.

Thermoelectric (TE) devices could significantly contribute to overcome the
abovementioned issues, since they are able to convert heat into electricity with no gas
emissions (environmentally friendly), free maintenance, and without using moving parts
[9,10]. Due to these advantages, they can be employed for different applications such as
powering wearable electronic devices [11], energy generation in buildings [12] or
recovering industrial waste heat [13]. However, TE devices are not widely spread mainly
due to their low efficiency (x1e) and the toxicity and low abundance of many common
materials (e.g. Bi2Tes, PbTe) [13]. The TE efficiency is directly related to the so-called
dimensionless figure of merit (zT=S%T/x), which is determined by three material
properties: the Seebeck coefficient (S), the electrical conductivity (¢) and the thermal
conductivity (), and also the absolute temperature (T). It is wort noting that the product

of the first two parameters is known as the TE power factor (PF=S%s). The most
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successful strategy to increase zT has been the x reduction (specifically, the lattice thermal
conductivity x.) mainly by nanostructuring [14,15]. In contrast, PF improvements have
been minor due to the adverse correlation between S and o [16].

In 2018, our group reported a novel strategy to improve the PF based on a novel solid-
liquid system [17]. In that system, a nanostructured and porous TE solid (antimony-doped
tin oxide Sh:SnO», ATO) was contacted with different liquid electrolytes which were able
to significantly increase the PF, showing up to 3.4 times improvements. In that work, the
main enhancements were achieved using a LiBF4 non-electroactive salt dissolved in 3-
methoxipropionitrile (3-MPN) and the 1-butyl-3-methylimidazolium iodide (BMI-I)
ionic liquid. In this thesis (Chapter 3), we pursue to extend this strategy to electrolytes
comprising an electro-active (redox) molecule, capable to exchange electrons with the TE

solid.

Apart from solid-state TEs, thermo-electrochemical cells (or thermogalvanic cells or
thermocells, TECs) have recently gained attention as candidates for the heat-to-electricity
conversion at low temperature (<150 °C). It should be noticed that around 96% of the
total waste heat lies in the range from 25-80 °C [18]. TECs are formed by an electrolyte
sandwiched by two electrodes at different temperatures. The electrolyte always includes
a redox couple to ensure a constant current output. TECs systems have different
advantages when compared with solid-state TEs: (i) they are able to create an open-circuit
voltage (Voc) in the order of mV pear each degree of temperature difference [19], (ii)
TECs usually use abundant salts (e.g. Fe complexes) in water-based solutions which
reduces the cost [20], (iii) they have an inherent low « as they are liquid-based systems.
TECs have a wide range of applications including wearable devices and sensors which
use human-body heat [21,22], solar energy harvesting [23] and other applications (e.g.
fire alarms) [24]. The main problems of this technology include: (i) the low power output
(Pout) values they can provide when compared with solid-state TEs due to their high
internal resistance, (ii) the encapsulation process needed since they are liquid-based
systems and (iii) the very high price of the platinum which is the benchmark electrode
material for these systems [25,26]. In this regard, porous materials that exhibit large
surface areas have been reported to be an alternative to Pt, since their large area increase
can lead to high Pous. These porous materials have been also employed in many other
fields like solar cells [27,28], batteries [29,30], supercapacitors [31,32] and even in TECs,

being in the majority of cases based on carbon [33]. Because of that, in this thesis
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(Chapters 5 to 6), we will explore the use of porous metal oxides in TECs, which has

hardly been evaluated despite their possible potential as electrode materials.

1.2. Objectives

The main objective pursued in this thesis is to demonstrate performance improvements
in the conversion of heat into electricity in TE systems and TECs induced by

electrochemical processes taking place in porous materials.
To achieve this objective, several specific objectives are proposed:

1. To demonstrate PF improvements in a nanostructured and porous Sb:SnO> TE
material in contact with an electrolyte containing a redox molecule (Chapter 3).

2. To fabricate a TEC formed by the same porous metal oxide with suitable
performance when compared to Pt (Chapter 5).

3. Explore the performance of a TEC formed by nanostructured and porous Sh:SnO;
in planar configuration with suitable performance when compared to horizontal

configuration (Chapter 6).

1.3. Research strategy

To achieve the mentioned specific objectives, two main research lines were designed:
(i) TE solid-liquid system evaluation with the redox electrolyte and, (ii) TECs fabrication

employing metal oxide porous electrodes in different orientations (see Fig. 1.2).

Thermoelectric .
. Thermo-electrochemical cells
materials

v
/ Device fabrication \
(TECs with different

configurations)

(ATO in contact with

Device fabrication ’
a redox molecule)

v
Standard Planar
1 (Chapter 5) (Chapter 6)

Measure the PF ‘
improvement K /

Parameters
assesment
(Power output)

Performance
evaluation

Performance
evaluation
Other

techni .
(S?Mllg(ﬁ) Compare with Pt

Fig. 1.2. Scheme of the research strategy followed in this thesis.
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The first step of both researching lines will be devoted to the device fabrication: (i)
porous and nanostructured ATO in contact with the redox molecule (Chapter 3), (ii) TEC
with ATO as electrode material in standard configuration (Chapter 5), (iii) TEC with ATO
as electrode material in planar orientation (Chapter 6). Then, the PF improvements for
the solid-liquid system (Chapter 3) will be measured before and after the electrolyte
injection, and the possible mechanisms behind the obtained performance will be
evaluated by means of impedance spectroscopy (IS) and other techniques (e.g. SEM or
XRD). On the other hand, the performance of TECs will be evaluated by measuring the
temperature coefficient («) and Pouts under the abovementioned conditions mainly using
IS as described in Chapter 4. Finally, all the results obtained in the TECs part of this thesis
(Chapters 4 to 6) will be compared with Pt since it is the benchmark material in these

systems.
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In this chapter, the main theoretical concepts which are the basics for the correct
understanding of this thesis will be covered. First, a brief introduction about solid-state
thermoelectrics (TES) is presented, including the main TE effects and most common TE
materials. After that, the initial studies reported about solid TEs combined with
electrolytes are shown in detail. Finally, thermo-electrochemical cells (TECs) are
introduced, including their fundamentals and the key strategies to increase their

performance.

2.1. Solid-state TEs

Here, we cover the main aspects of solid-state TEs. this field including the TE effects

and solid TE materials usually employed.
2.1.1. TE effects

There are three main TE effects: (i) The Seebeck coefficient effect which relates the
potential gradient that appears as a consequence of a temperature difference, (ii) the
Peltier effects that explains the heat absorption/expulsion at different conductor materials
junctions and (iii) the Thompson effect which accounts the heat flux generated (or
adsorbed) in a non-isothermal TE material. Furthermore, all these abovementioned effects

are inter-related by the two Kelvin relationships.
(i) Seebeck effect

In 1822, Thomas Seebeck realised that a compass needle was deflected when it was
placed in the vicinity of a closed loop formed from two dissimilar metal conductors if the
junctions were maintained at different temperatures [1]. Although he thought that it was
a magnetic effect, one year later Hans Christian @rsted offered the physical explanation
to this phenomenon by proving that the magnetic needle was being affected by electrical
current [2]. This effect explains the appearance of an open-circuit voltage (Voc) in a non-

isothermal electrically conductive material (see Fig. 2.1).

/4
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Fig. 2.1. Representation of the Seebeck effect. An open-circuit voltage is generated between the junctions
of two dissimilar materials (brown and grey) under a temperature difference.
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To explain this phenomenon, one needs to think about the different mobilities of the
charge carriers (electrons or holes) at the junctions. The carriers at the hot side will have
a larger mobility thanks to the higher thermal energy (high temperature) present there.
Due to this fact, they will tend to diffuse toward the cold side pilling up there, and
therefore giving rise to a potential difference due to the charge imbalance present in the

material (see Fig. 2.2).

AT
Hot Cold
o ® © o
[ ) o o O
+ AV )

Fig. 2.2. Schematic representation of the reorganization of the electrons under a temperature difference in
an n-type conductive material. Electrons are represented by the black points.

The parameter that indicates the voltage provided at open circuit per each degree of
temperature difference is called the Seebeck coefficient (S) and its units are V/K, although

it is usually given in pV/K. It is defined as,

S i AV
T AP AT (2.1)

where AV is the potential difference of the cold side with respect to the hot one (TE
convention), and AT=Tc-Tw is the temperature difference, being Tc and Tw the
temperatures of the cold and hot side, respectively. It is important to remark that if
electrons (negative charge) are concentrated at the cold side, the sign of S will be negative
(and positive with holes). In the former case, we speak of n-type materials while the latter
gives rise to p-type. Typical values for S of TE semiconductors materials (e.g. BizTes
alloys) lay around +200 pV/K, while metals present lower values of +1-40 pV/K.

One may see that the higher the value of S, the larger the Vo that can be achieved. To

have a good TE performance, a high Seebeck coefficient is highly desired.
(if) Peltier effect

Twelve years later, in 1834, Jean Charles Athanase Peltier discovered the Peltier effect
[3]. Regrettably, Peltier interpreted the results of his research work in a wrong way. Only

in 1838, Russian academician Emily Lenz proved that the Peltier Effect was an
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autonomous physical phenomenon [4], which is based on the absorption/release of heat
when a current is flowing between two different conductor materials (see Fig. 2.3). The
effect takes place at the materials junctions and it depends on the current direction [5].

o
+£ =
\A - C
e >
R ~ 1
T~a e’ o
g "'---,,__..h \‘ =
= S -
o S~ e’
.g “.‘.“'-.
E ‘-"-___
o
o
Metal . Metal
TE material
contact contact

Fig. 2.3. Schematic representation of the Peltier effect with the heat absorption (blue)/release (red)
processes that take place at the materials junctions. Dashed line represents the electrochemical potential.

Fig. 2.3 shows a system formed by two metals in contact with an n-type
semiconductor. On the one hand, electrons at the left part, need to absorb energy (heat)
to jump across the barrier to a higher energy level. Therefore, there is a cooling process
at that junction. On the other hand, electrons flowing from the semiconductor to the metal
must release energy (heat) to drop to a lower energy level. As a consequence, there is a
heating process. To measure the cooling/heating power Qp , one needs to account the

current flow I and the Peltier coefficient 77 which are related by,

Qp =11 (2.2)

It is worth noting that, when a TE material (or device) is generating a temperature

difference thanks to a current flow, it is working in Peltier mode.
(iii) Thomson effect

More than 20 years later, William Thomson (later, Lord Kelvin) proposed a
relationship between the two former effects. Due to this derivation, it was possible for
him to stablish the third phenomenon known as Thomson effect [6,7]. He discovered that
heat is either absorbed or released when current flows in a non-isothermal material in its
whole volume. This heat is proportional to both the electric current and the temperature

gradient.

The absorbed/released heat power (Qr) in the TE material is given by the Thomson
coefficient (5), | and AT,
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Qr = BIAT. (2.3)
It is worth noting that this is a non-reversible effect which can be neglected in most

TE systems working under a low AT.
(iv) Kelvin relationships

In 1851, Lord Kelvin (still known as Thomson) stablished a theoretical relationship
between the three abovementioned effects: The Seebeck, Peltier and (its own discovered)
Thomson effects [8,9].

The first Kelvin relationship shows how S and 17 are linked one to each other.

11 = ST. (2.4)

Thanks to this connection, it can be seen that good TE generators (with high S), are

also effective coolers (or heaters) (large 77).

Furthermore, the second Kelvin relationship was able to relate g with the Seebeck

coefficient provided by the material and its temperature variation (3S/9T).

aS
B=Tﬁ; (2.5)
One may note how is possible to calculate £ (and, hence Qp) and 77 (and, therefore Qr)

if Sand 0S5 /0T are known.
2.1.2. TE materials

Different families of solid-state TE materials exist. However, not all of them offer the
same properties (parameters) when employed in different applications. In this regard,
highly doped semiconductors (e.g. Bi>Tes alloys) are the benchmark material at room

temperature.

To evaluate how good is the performance of a TE material, its electrical and thermal
properties must be also analysed. To meet this target, Abram Fiddorovich loffe introduced
the concept of figure of merit (z) [10]. At present, it is usual to find the temperature-

corrected (dimensionless) figure of merit (zT) as,

T_SZGT_PFT
Zl = K - K ) (26)

where ¢ is the electrical conductivity and x the thermal conductivity. Moreover, the
product S%s is known as the TE power factor (PF). Furthermore, this dimensionless zT is
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also related to the TE efficiency (#+=) and coefficient of performance (COP), which are
important TE indicators, depending on the mode at which the system is working (Seebeck
or Peltier mode, respectively).

As stated by zT, an ideal TE material should display a high PF (large Sand o), since it
means a high Vo and I, and a low «, to reach a high AT within the material. However,
these parameters are not independent at all and they cannot be varied without affecting
the others. In fact, all these coefficients are related to the charge carrier concentration (n)
which makes their optimization the main challenge for the TE community [11]. In this
sense, Fig. 2.4 depicts the typical relationships between n and all the abovementioned

parameters.

1.0

zT

0.5

Insulators Semiconductors Metals

0.0 | \ \
1017 1018 1019 1020 1021

Charge Carrier concentration (¢cm3)

Fig. 2.4. Dependency between all the main thermoelectric parameters: Seebeck coefficient, electrical
conductivity, thermal conductivity and dimensionless figure of merit with the charge carrier concentration.
The coloured zones indicate the type of material.

It can be seen in Fig. 2.4 how, the higher the carrier concentration, the lower the S and

eventually zT, while thermal and electrical conductivities strongly increase.

Metals are the materials with the highest n, which leads to small S values. On the other
hand, materials with very low carrier concentration (insulators), show prominent Seebeck
coefficients but very low ¢ and «. Because of these inter-dependent relationships, the
highest zTs are commonly found in materials with 10'°-10%° cm™ carrier concentration,

which are highly doped semiconductors.

Regrettably, as previously mentioned, not all semiconductors exhibit the same
performance at different temperature ranges. For example, the benchmark materials at
room temperature are the Bi>Tez alloys, but they do not usually work at high temperatures.
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Under those conditions, skutterudites or Half-Heusler compounds present a better TE
performance [12]. Fig. 2.5 shows different p- and n-type TE materials and their different

zT values as a function of temperature [13].

a)2 ,__P-type thermoelectric materials b) n-type thermoelectric materials
£ T T T T T T T T T T T T T 25 T T T T T T T T T T T T

PbTe-SrTe-Na - 2,0

Na-Pb-Sb-Te

1,54
Bi,Sb,.,Te.

~
N N
1,0 4 1.04
B-doped SiGe '
sy f, 5Tiy 2CoSby 4Sn,
3 %\e (Half-Heusler) 0,51
00 L = L 0,0 L
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Fig. 2.5. Different families of (a) p-type and (b) n-type TE materials and their zT values as a function of
temperature. Image reproduced with permission from Ref. [13].

2.1.3. Power output and efficiency of TE materials
If a TE material is subjected to a temperature difference (Seebeck mode operation) a
Voc Will appear proportional to its S. If the system is connected to an external load, an

electrical current (1) will be produced. The voltage difference across the load (AVioad), is

given by,
AVioaa = IR oqa = SAT — IRy, 2.7)
where Rioad is the load resistance and Rq is the ohmic resistance of the material.

The current produced by the TE material can be given by,

_SAT
B Rg + RLoad. (28)
Now we can extract the expression for the power output (Pout=AVioadl) of a TE

I

material by combining Eq. (2.7) and Eq. (2.8),

— (SAT)ZRLoad
(RQ. + RLoad)z. (2'9)

The maximum power output (Pmax) is found when Ro=Road,

Pout = AVioaal

(SAT)?
max — 4R, . (2-10)

As expected, the larger the S (or AV) and the lower the Rq (or higher o) the best power

outputs.
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The efficiency for the heat to electricity energy conversion when certain incident heat

power (Qin) is present is known as the efficiency of the TE material (371,

Pmax

Nre = Om (2.11)

Furthermore, if we combine Eq. (2.11) and Eq. (2.6) the maximum TE efficiency 7wvax
is obtained [14],

TH_TC 1+ZTavg_1
T]Max = T. TC, (212)
H 1+ ZTavg + E

being Tawy=(TH+Tc)/2 the average temperature of the TE material. Moreover, the first term
refers to the Carnot efficiency (c). From Eq. (2.12), it can be observed how, the larger
the zT, the better the material performance. Also, zT increases with the temperature of the

system, as shown in Fig. 2.6 [15].
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Fig. 2.6. Dependency of the thermoelectric efficiency with the hot side temperature for different zT values.
The Carnot efficiency is also shown. Cold side temperature was considered constant at 298 K.

Considering the Carnot imposed limit, zT values close, or even above 3, is the next

objective for TE community in order to increase the TE efficiency.

2.2. The solid-electrolyte system

During the last 20 years, the TE community has been mainly focused on reducing the
thermal conductivity either by nanostructuring [16] or by introducing phonon scattering
[17], since these methods hardly affect the rest of the parameters. Regrettably, « is

achieving its amorphous limit since the phonon mean free path cannot be smaller than the
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inter-atomic distance [18]. Due to this fact, improvements in the PF have been pursued
in the last years [19], mainly either introducing resonant levels [16], modulation doping
[20] or making composites [21].

2.2.1. The hybrid system

In this regard, our group reported in the past more than 3 times PF improvements in a
pioneering solid-liquid hybrid system formed by a nanostructured and porous TE material
(Sb:SnO2, ATO) in contact with different electrolytes (liquids with ions) (see Fig. 2.7)
[22].

(@) hole for liquid injection (b) electric contact

thermocouple thermocouple porous solid (Ag paint)
porous solid

liquid electrolyte

A H
thermoplastic
glass /

sealant

substrates
electric
contact

(Ag paint)

glass
substrates

heat sink

hole for liquid transparent

injection sealant frame

Fig. 2.7. (a) Front-view scheme of the hybrid system and (b) photograph of a device without an electrolyte
injected. This figure was reprinted with permission [22].

The system consisted in a nanostructured and porous Sb:SnO- film that was permeated
by different electrolytes: ionic liquids and inert salts. PF improvements were measured
before and after the electrolyte injection, achieving more than 3 times enhancements with
a 0.1 M solution of LiBF4 dissolved in 3-methoxypropionitrile (3-MPN) due an average
drop of 62% in the electrical resistance of the film (R) without affecting the Seebeck
coefficient. On the other hand, the 1-butyl-3-methylimidazolium (BMI-I) ionic liquid
showed improvements higher than 2.50 times since R decreased more than 82% while S

was reduced only by 35%.

This work was performed using inert salts or ionic liquids, which are not expected to
exchange electrons with the TE solid. In this thesis it was investigated if PF
improvements can be achieved employing chromium (I11) acetylacetonate [Cr(acac)s],

which is a molecule capable to exchange electrons with the TE solid.

2.3. TECs

In this part, the fundamentals (components and parameters) of TECs and the main
strategies to increase their performance are reviewed. The main advantage of these

devices with respect to solid-state TE materials is that they show higher Seebeck
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coefficient values, in the order of mV/K [23,24]. Also, since they are based on liquid or
gel electrolytes, their thermal conductivity is low (similar to that of polymers). However,
efficiency values for these systems are usually well below 1% due to the high internal
resistance of these devices, which is one the main reasons why they are not very
extensively studied [25]. It is worth noting that, in this field, the Seebeck coefficient is
sometimes employed, but from our point of view is more precise to use the temperature

coefficient () instead.
2.3.1. Fundamentals
(i) TheTEC

Although the thermogalvanic effect was described more than 30 years ago [26-29],
TECs have mainly remained hidden until the last years. A TEC is a system formed by
two similar electrodes at different temperatures in contact with an electrolyte which
contains a redox couple (see Fig. 2.8). The benchmark TEC includes two Pt electrodes
permeated by a 0.4 M potassium ferro/ferricyanide aqueous solution (Pt/0.4 M
KsuFe(CN)e/Pt) [30-33].

CINDUSTRIAL WASTE HEAT

e

/ NATURAL \

\__HEAT 1 MICRO

. HEAT _

Fig. 2.8. Schematic representation of an ideal thermo-electrochemical cell system where the reduction takes
place at the cold side and the oxidation is occurring at the hot part. The main processes and applications are
also depicted.

(i) Temperature (or Seebeck) coefficient
TECs are able to produce electric current when they are subjected to a temperature
difference thanks to the temperature dependency of the redox potential (Eredox) [34].

Considering a redox reaction Ox + ne” <> Red ,we can obtain an expression for the

temperature coefficient (o) using the relationships between the redox Gibbs free energy
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(AGRedox), the Faraday constant (F), Eredox, the redox enthalpy (AHgredox) and the redox

entropy (ASredox),
AGRredox = —NF EReqox (2-13)
AGRredox = AHgeqox — TASgedox- (2-14)

If we combine Eq. (2.13) and Eq. (2.14), we obtain the expression,

AH AS
() ()

To calculate an expression for the temperature coefficient, we need to derive the redox

potential with respect to temperature assuming that the redox enthalpy is constant, which

is valid for the range of temperatures usually employed in these systems,

dERedox ASRe'dox
= = : 2.16
* dT nF ( )

Hence, the open-circuit voltage that a TEC is able to create, is directly proportional to
the redox entropy difference. In fact, this entropy term is directly related to the partial
molar entropy of the redox ions (ASpartial), the Eastman entropy (ASeastman) and the entropy
of the electrons (ASeiectrons) through the cables [26,27],

ASgedox = ASpartiat + ASeastman + ASktectrons- (2.17)
The last two terms can be neglected: The entropy of the cable electrons is negligible
when compared with ASpartial. Furthermore, ASeastman considers the solvated ions/solvent
interaction when they are travelling through the solvent and can be also discarded
according to the literature [23,35]. Hence, Eq. (2.17) can be simplified as,

ASgedox = ASpartiat = ASrea — ASox, (2-18)

being ASred and ASox the partial molar entropies for the reduced and oxidized forms,

respectively.

Indeed, ASpartiar (and, therefore ASredox) IS directly linked to the solvation entropy
(ASsow) of the redox ions due to the solvent polarization around their solvation shells. In
addition, ASsoiv can be negative or positive depending on which process (oxidation or
reduction) produces a net gain of entropy [30]. For example, if we consider the
ferro/ferricyanide redox reaction, the oxidation process will result in a gain of entropy so
it will tend to occur at the hot side while the reduction will be at the cold side [30,36]. It

produces a total redox entropy difference ASredox~135 kJ/mol which gives rise a
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temperature coefficient value of a~1.40 mV/K according to Eq. (2.16), which is the value
typically found in the literature [23,24,30,32].

Arguably, strategies to improve o have been the most studied so far in this field. Due
to this fact, different studies were performed [37] leading to the conclusion that the Born
model [38] must be considered since it describes ASsoiv Which is the main contribution to
ASpartial @5 mentioned before. This model implies that ASsoy mainly depends on the
dielectric constant of the solvent (&), the ionic radii (r) and the ionic charges of the

oxidized (zox) and reduced (zred) forms according to,

e?N, (dlne
ASsory = (

— AT ) (22— 2 2.19
2¢rT \ dT ) (ZOx ZRed); ( )
where e is the electron charge and Na the Avogadro’s number. Thanks to these

dependences, increasing ASsowv has been a useful approach to improve a in TECs [32,39].

It is worth noting that, in this thesis, the usual solid-state TES S convection has been
followed, where the hot side is the reference. However, the reader can find in the literature
that a for the ferro/ferricyanide system is negative because of the sing convection
sometimes followed in TECs.

(iii) Power output of TECs

Several methods can be employed to estimate the power output (Pout) in TECs, being
chronoamperometry, chronopotentiometry or fixing load resistances the most common
techniques [40]. The total (steady state) resistance (R4c) of a TEC has three main

contributions [34],

Ric = Ry + Rt + R, (2.20)
where Rs is the series resistance including the electrolyte (mainly) and all the electrical
connections (wires and cables), Rct is the charge-transfer resistance due to the redox
reactions of the redox couple at the electrode surfaces, and Rmt is the mass-transport

resistance which accounts for diffusion and convection of the redox species [41].

When the 1-V curve of a TEC is analyzed a linear response is found as shown in Fig.
2.9 [40].

AVLoad == IRdC' (221)

In addition, Pout curves of these systems are parabolic with its maximum value (Pmax)

achieved at the half of the curve (see Fig. 2.9) where Rioag=Rdc.
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Pout = AVioaal = Vool — Iszc (2-22)

(Voc)?

2.23
e (223)

Brax = O-S(Voclsc) =

where I is the short-circuit current (value of | when V=0).
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Fig. 2.9. Example of current-voltage and power-current curves of a thermo-electrochemical cell under a
temperature difference. This figure was reprinted with permissions [41].

As previously mentioned, Rs is typically related to the resistance of the electrolyte and
all the parasitic resistances present in the system. Nevertheless, Rct and Rmt do not show
such a straightforward determination. Since the core of a TEC is an electrochemical
reaction, Butler-Volmer formalism can be employed to assess Rct [42,43]. In this regard,

Eqg. (2.24) shows redox and mass-transport contributions to the faradaic current in a redox

reaction,
C,.(0,t C 0,t
i =1 (C(—) explag nfnl - 20D 1 — a) nfn]>, (2.24)
ox red

where i is the faradaic current produced by the redox reaction, io=nFAkoCox Cred” is the
exchange current, A the electroactive area, ko the electron transfer constant, Cox” and Creq
are the initial (bulk) oxidised and reduced agent concentrations, Cox(0,t) and Cred(0,t) are
time-dependent concentrations, aa and ac are the anodic and cathodic charge-transfer
coefficients respectively, f=F/RT being R is the universal gas constant, #n=E-E° is the
overvoltage being E is the electrochemical cell potential and E° the standard potential.

Different conclusions can be extracted from Eq. (2.24). On the one hand, by enlarging

either the electroactive area or the electrolyte concentration, the generated current will
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also increase. One the other hand, Rmt is mainly related to the diffusion and convection of
the redox ions. These phenomena need also to be improved since ions takes time to travel
from electrode to the other. In fact, all of these conclusions led to the development of

different methods frequently employed in TECs to increase their Pout [32].
(iv) Heat flux

To calculate the efficiency of a TEC the input thermal heat power (Qin) is needed.
Arguably, this is the least studied part in TECs systems due to its inherent complexity
[27,31,44,45], and generally, Qin is extracted from the conduction of heat through the
electrolyte, given by the Fourier’s law [31,44], Therefore, the heat flux (q) through the

system can be described according to equation,

q = (TH_dM, (2.25)

where Ac the electrolyte cross-sectional area and d the inter-electrode distance.
For the particular case when Eqg. (2.25) is considered to be valid (small d and 4Ts), the
TEC efficiency (yrec) is given by [44,46],

Prax _ Voclsc

S 100.
. 2.26

However, it was recently demonstrated [44] that Eq. (2.25) fails since it hardly takes

Nrec (%) =

into account the rest of the thermal losses: (i) possible cell conduction, (ii) air convection
and (iii) radiation. As a consequence, cell engineering is important, and a thermally low
conductive material (e.g. PTFE) and suitable cell dimensions should be selected.
Regarding the latter, convection in the electrolyte can be managed to increase the total
power output of the cell, either if horizontal or cold-above-hot orientations are employed
[28,45-48]. In addition, radiation is usually considered a minor process but is has been

confirmed to have a considerable effect upon the possible system thermal drops [44,46].
2.3.2. Strategies to increase the performance of TECs

Arguably, strategies related to the temperature coefficient and power output
improvements are the most studied in the literature, mainly focusing on solvation entropy
alteration [46,49,50] and electrode surface area modification [51-53]. In addition, efforts
to reduce the input thermal heat (or thermal conductivity) have also attracted the attention

of researchers in the last years [46,54,55].
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(i) Open-circuit voltage

Increasing the Voc in a TEC is directly related to an enhancement in the temperature
(or Seebeck) coefficient, either due to (a) a solvation entropy alteration [46,50] or (b) an
increase in temperature-dependent concentration ratio difference (ACy) within the cell, or

sometimes even both effects together [54,56,57].

Both approaches relate to the relationship that o displays in a TEC, which results after
combining Eq. (2.16) and the Nernst equation [46],

R
aeff =a— FACT-, (227)

where aerr IS the effective (measured) temperature coefficient. It can be seen how oeft has
a second component which depends on the concentration difference of the redox ions
apart from the already mentioned solvation entropy part. Eq. (2.27) is a useful tool to
predict the possible Voc improvement in a TEC. In this regard, several works have been

published in the last years:

(@) Increasing ASsolv

The addition of additives to the electrolyte can modify the solvation sphere (and ASsorv)
producing an increase in the measured temperature coefficient of a TEC. For example, in
2017 Kim et al. added methanol to the ferro/ferricyanide solution to modify the
ferrocyanide ASsov giving a=2.9 mV/K, which is more than 2 times the usual value [49].
A major step was achieved by Prof. Jun Zhou’s group one year later, obtaining a
temperature coefficient of a=4.2 mV/K after inducing a synergistic ASsoiy modification of
ferricyanide (with urea) and ferrocyanide (with guanidium chloride) [50]. Later on, in
2020, the same group achieved an unprecedented Carnot-related efficiency () value of
n=11.1% using the guanidium-modified ferro/ferricyanide electrolyte producing a

thermo-crystallization effect which boosted a and reduced « synergistically [46].

(b) Increasing AC;

As shown in Eq. (2.27), increasing the internal concentration difference of the cell can
result in a temperature coefficient improvement. Although less investigated than the
former, this route has been significantly used by many groups in the last years. For
instance, Wang et al. obtained a huge value of ae=8 mV/K for the ferro/ferricyanide
system due to an increase in AC, by inducing a photocatalytic effect with the oxygen
evolution reaction [56]. In addition, Yu et al. increased the concentration difference by
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using a membrane to selective separate the ions obtaining a fire-sensing TEG which was
tested as a fire alarm [57]. Another example was given by Prof. Yamada’s group which
enlarged this parameter by inducing host-guest chemistry into the iodide/triodide TEC

system [35].
(if) Power output

In general, Pout Values is the main drawback when TECs are compared with solid-state
TE materials which usually are several orders of magnitude lower than solid-state TE
materials [32,58]. To overcome this disadvantage, different studies have been focused on

optimizing (a) the electrodes or (b) the electrolytes, respectively.

(a) Electrode optimization

Improving electrode kinetics will result in an enhancement of R, and therefore, in the
current output that a TEC can deliver [32,59]. Platinum has been considered one of the
best materials in terms of kinetics. However, the high cost of this material makes it
prohibited in order to achieve a larger implementation [60]. In this sense, carbon-based
materials have gained attention during the last fifteen years as a valid alternative to Pt due
to their larger surface area and good kinetics [61]. In fact, multi-walled [51] and single-
walled [62] carbon nanotubes offered 7. values of 1.4% and 2.6%, respectively. A major
step was carried out by using Pt-decorated aerogel carbon nanotubes obtaining a value of
nr=3.95% [53]. Recently, the record efficiency value was beaten thanks to the
combination of the guanidium-boosted electrolyte [46] with nitrogen-doped carbon
nanowires on carbon cloth fibres achieving a value of #,=13.02% [63]. In addition, this
value was again surpassed after using the same electrolyte with asymmetric cobalt oxide
electrodes which offered a higher #,=14.8% [64]. These works open the possibly of the
combination between boosted electrolytes and optimized electrodes which can turn into

much better performances.

(b) Electrolyte optimization

Although Fe(CNg)*™* is the benchmark redox couple, it has a certain number of
limitations (e.g. HCN production under acidic conditions) that make necessary the
development of new electrolytes [30,65]. This has been intensively investigated during
the last years mainly due to the appearance of new iron-based [36,65], iodide [35,66] and
ionic liquid [67,68] electrolytes. In addition, increasing the electrolyte concentration has
been reported to offer larger power outputs even after increasing the viscosity (and, hence
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Rs) of the electrolyte [69,70]. Due to the abovementioned reasons, electrolyte

optimization is also an important strategy for the TEC performance enhancement.
(iii) Thermal conductivity

Unlike a and Poy, efforts related to the suppression of x have been minor in the
literature, mainly due to its inherent difficulty to be correctly measured in a TEC [44].
However, this parameter cannot be ignored since keeping the temperature difference
within the system is essential for the electric current generation [23]. Because of that,
either (a) introducing thermal separators or (b) using gel-based electrolytes have been

identified to be valid strategies for the thermal conductivity reduction.

(a) Introducing thermal separators

Under very large AT thermal convection cannot be discarded. In fact, it can dominate
the x value [45]. In this regard, it has been reported that thermal separators in electrolytes
can effectively increase the TEC performance by suppressing the thermal convection
within the electrolyte [71,72]. Thanks to these works, it was discovered that, under
appropriate dimensions (e.g. thickness and porosity), large increases in AT values can be

achieved, reducing the thermal input needed into the cell.

(b) Gel-based electrolytes

Gel electrolytes can be an effective way to reduce the thermal conductivity since
thermal convection is sometimes negligible in those system [54,73,74]. However, the
movement of ions is also decreased which can turn into a power output reduction under
certain conditions. This fact is one of the main reasons why gel-based electrolytes are not
widely spread in the literature. On the other hand, gel electrolytes partially solve possible
leakage problems usually found in liquids, which can be beneficial for wearable devices
[73].
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Abstract

Thermoelectric (TE) materials can convert heat into electricity. Good TE materials
should have high power factors (PFs) and low thermal conductivities. The PF=S% is
governed by the Seebeck coefficient S and the electrical conductivity o. Most recent
improvements in TE materials performance have been achieved by the reduction of the
thermal conductivity, and strategies to improve the PF have been minor. Recently, an
innovative concept to significantly increase the PF, based on the combination of a porous
TE solid with an electrolyte, has been reported. Here, we make use of this new approach
but using an electroactive salt (redox molecule) solution as electrolyte, rather than the
non-electroactive electrolytes and ionic liquids previously employed. A system formed
by a nanostructured and porous Sh:SnO: film in contact with Cr (l11) acetylacetonate
dissolved in 3-methoxypropionitrile was prepared. Using this electrolyte, an average PF
enhancement of 3.4 times was achieved, due to an average decrease of 23.2% and 82.8%
in the absolute value of the Seebeck coefficient and the electrical resistivity of the solid,
respectively. An impedance spectroscopy analysis, after checking that no changes take
place in the Sh:SnO; film due to the presence of electrolytes by scanning electron
microscopy and energy-dispersive X-ray spectroscopy, revealed that the improvements
come from the donation of electrons from the electrolyte to the solid, which increases its
electrical conductivity and the usual drop in the Seebeck coefficient. The remarkable PF
improvement obtained is among the highest reported and opens a new way of significantly

enhance this parameter.
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3.1. Introduction

More than 60% of the global power is lost as waste heat. In addition to the waste heat,
ubiquitous heat sources such as the sun or even our own bodies are widely available.
Thermoelectric (TE) devices can directly convert heat into electricity under safe, clean,
and environmentally friendly operation [1,2]. Due to this, TEs can be used in radioisotope
TE generators for spacecrafts, as solar TE generators, in automobiles and industries
utilizing heat from hot exhausts as heat source, and to power wearable devices and
sensors, among other applications [3,4]. A good TE material should have a high power
factor (PF) and a low thermal conductivity. The PF=S?%¢ is determined by the Seebeck
coefficient (S) and the electrical conductivity (). Some of the most significant recent
improvements in TE materials performance have been mainly achieved by the reduction
of the thermal conductivity, but strategies to improve the PF have been less successful
[5,6], since they require decoupling the Seebeck coefficient from the electrical
conductivity [7,8].

Recently, an innovative approach to increase the PF has shown above 3 times
improvements of this parameter, which are among the highest reported [9]. This new
concept is based on the combination of a nanostructured and porous TE solid that is
permeated with an electrolyte, with the intention of improving the TE properties of the
solid by means of different interactions that can occur with the electrolyte. In that work,
using an Sb-doped SnO: film as a solid, and 1 M LiBFs dissolved in 3-
methoxipropionitrile (3-MPN) as the electrolyte, the PF was increased 3.4 times. The
enhancement was due to a more than 60% decrease in the electrical resistivity of the solid
without a significant variation of the Seebeck coefficient. In addition, the ionic liquid 1-
butyl-3-methylimidazolium iodide was also employed as electrolyte, and showed an
enhancement of 2.4 times in the PF, due to a more than 82% decrease in the electrical
resistivity and a 35% reduction in the absolute value of the Seebeck coefficient.

Here, we explore the use of a different kind of electrolyte in this promising solid-
electrolyte system. Unlike the previously employed non-electroactive salts, such as
LiBF4, and the ionic liquids, we have used a solution of an electroactive molecule as
electrolyte. Electroactive species, also known as redox molecules, are able to exchange
electrons with the nanostructured solid, which could lead to new mechanisms of PF
improvements in the hybrid system. Inorganic complexes are common electroactive

species. For our study, we have chosen a Cr (I11) acetylacetonate [Cr(acac)s] complex
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dissolved in the 3-MPN organic solvent. As TE solid we used the same Sh-doped SnO-
film. In this different system, we show that significant PF improvements are also found.
Moreover, using impedance spectroscopy, we analyze the mechanisms that lie behind

these identified improvements.

3.2. Experimental section

Nanostructured and porous Sh:SnO: films were fabricated using microscope slide
glasses of 25 mm x 15 mm size and 1 mm thickness as substrates. They were cleaned
before film deposition by means of three sonication steps of 15 min in different media. In
the first step, sonication was performed using a soap (Labkem, SOAP-0685K0)/water
solution (1:10 v/v). Then, distilled water to remove soap excess was used as second step.
Finally, isopropanol (Labkem, PROL-POP-5K0) media was employed for sonication.
After this, substrates were dried under compressed air flow and treated in a UV ozone
cleaner (Ossila, L2002A2-UK) for 20 min. Subsequently, an Sb:SnO- colloidal aqueous
dispersion (Keeling & Walker, A20W) was deposited by spin coating (Laurell, WS-
650MZ-23NPPB) at 2500 rpm for 15 s, covering a centred area of the substrate of 10 mm
x 5 mm. A total of four layers were deposited. After each deposition, a drying process
was carried out on a hot plate at 100 °C for 10 min. Finally, the films were annealed at
550 °C for 45 min in a furnace (Nabertherm, 400-1) with a 3 °C/min heating rate.
Scanning electron microscopy (SEM) images of the films and their composition were
obtained using a JEOL 7001F instrument (Oxford Instruments) with energy-dispersive
X-ray spectroscopy (EDX). The films structure before and after annealing was tested by
X-ray diffraction (XRD) using a Bruker D4-Endeavor instrument.

The films were contacted at their ends by Pt contacts, which were deposited by
sputtering (Quorum, Q300T D Plus) during 60 s after growing an initial Cr seeding layer
during 15 s (see Fig. 3.2a). A 0.1 M solution of chromium (111) acetylacetonate [Cr(acac)s]
(Sigma Aldrich, ref. 202031-5G) dissolved in the high boiling point organic solvent 3-
methoxypropionitrile (3-MPN) (Sigma Aldrich, ref. 65290-250MK-F) was employed as
electrolyte. All the compounds were used as received and handled in a glove box
(MBRAUN, Labstar 4516) under inert atmosphere conditions to avoid the presence of
moisture. The stock electrolyte solution was prepared in a sealed vial with septum, and
stored under vacuum (pressure of -1 bar) before use. Nuclear magnetic resonance (NMR)

spectra were recorded on Bruker spectrometers operating at 300 MHz (*H NMR) and
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referenced to SiMes (5 in ppm and J in Hertz). *H NMR experiments were recorded at
room temperature in CD3CN (Sigma Aldrich, ref.151807-25G) to both the 3-MPN
solvent and the 0.1 M [Cr(acac)s3] solution prepared.

The Seebeck coefficient and the electrical resistance were measured in a homemade
setup (see Fig. 3.2b to d) inside a glove box (Sicco, WV 1992-08-55) under N flow. In
order to establish a temperature difference in the setup, two copper blocks were used. One
of them, with 3 cartridge heaters inserted (Watlow, ref CLE13-L12) and 30 mm x 30 mm
x 10 mm dimensions, acted as the heat source. A second larger copper block (50 mm x
50 mm x 30 mm) was used as the heat sink (see Fig. 3.2b). The glass substrate with the
film deposited was placed on top of the copper blocks, which are separated by a
polytetrafluoroethylene (PTFE) bridge (see Fig. 3.2b). The latter helps to avoid breaking
the sample during the time a pressure is applied by an O-ring. Thermal grease (RS, ref.

2173835) was used at the substrate/copper interfaces to improve the thermal contacts.

(@) Sh:Sn0, film Glass substrate ()

AN

Holes for screws

Cavity for
electrolyte

Holes for thermocouples
Pt contacts Location for the (bottom part of superior PTFE part)
O-ring

(b) (d)
Clamping
screws

Electrical prohes

PTFE bridge Thermal grease
Cavity with
electrolyte
Clamping
screws
Large Cu block
(heat sink) Superior PTFE
part

Heater Glass substrate with deposited sample
Glass substrate Thermocouples

Fig. 3.2. Photographs of (a) the contacted film prepared, (b) the characterization setup with the top PTFE
block not assembled, (c) the bottom part of the top PTFE block, and (d) the complete setup assembled.

A holed PTFE block with a rectangular O-ring at the bottom side was placed on top of
the glass substrate to allow the location of the electrolyte (see Fig. 3.2c). The location of
the O-ring pressing the film can be seen in Fig. 3.2a. It should be noted that the pressure
is held on the Pt contacts, not on the Sb-doped SnO- film. The PTFE block also has holes
for positioning two thermocouples and several screws to provide a gentle pressure for
sealing and avoiding liquid electrolyte leakage. Two K-type thermocouples (RS, ref.

8140134) were placed on top of the glass substrate aligned at the ends of the Pt contacts
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through the PTFE holes with a bit of thermal grease at their tips for thermalization (see
Fig. 3.2d). The electric contacts to the external circuit were made with two spring probes
(RS, ref. 2615092) contacting at the edges of the Pt contacts, as shown in Fig. 3.2d.

Seebeck coefficient values were obtained from the slope of the open-circuit potential
Voc Versus temperature difference AT plot. The Voc was measured with a Keithley 2182A
nanovoltmeter, and the temperature difference was varied in steps of =1 K from 0 up to
~5 K by powering the cartridge heaters by means of a Watlow EZ-Zone PM temperature
controller. The film electrical resistance (R) was obtained from the slope of the current-
voltage I-V curve under no temperature difference. The I-V curves were measured using
a Keithley 2450 source meter in 4-probe mode, scanning the current with a delay time of
2 s. Two spring probes contacted on the Pt contacts at each side. In this way, the parasitic
resistance of the cables could be removed, and only the electrical resistance of the film
and the Pt/film contact is taken into account. Since the resistance of the film is expected
in the order of kQ (as it will be shown below), the electrical contact resistance can be
neglected. All the electrical measurements were recorded using coaxial cables, to avoid
electrical interferences from the surroundings. The relative errors of the slopes from the
fittings to the corresponding plots for S and R were lower than 2% and 1%, respectively,

for both parameters.

Impedance spectroscopy measurements using the same 4-probe configuration as
described above were performed under a AT=5 K. Measurements were conducted in
galvanostatic mode in the 1-0.01 Hz frequency range, using a dc current value of 0 A and
10 nA amplitude. A Metrohm-Autolab PGSTAT204 instrument, equipped with a
FRA32M frequency response analyzer was employed for these measurements.

3.3. Results and discussion

Fig. 3.3 shows the SEM images of different Sb:SnO> films prepared. Fig. 3.3a and b
correspond to a film before being in contact with an electrolyte. It can be seen that the
film is formed by interconnected nanoparticles of sizes from 6 to 10 nm. It can also be
observed the presence of pores in the 2-50 nm range. From Fig. 3.3b, the film thickness
was estimated to be around 0.9 um. Fig. 3.4 shows the XRD patterns of a Sb:SnO> film
before and after the annealing. In both cases, a single phase was identified (cassiterity
SnO2, R040017, RRUFF Database), which is not modified after the annealing process. In

addition, no additional peaks were found due to Sh, indicating that it acts as a dopant in
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the structure. It should be noticed that the broad background peak that appears at the lower

20 values is due to the glass substrate, which lies underneath the film.

Fig. 3.3. () Top and (b) cross-section SEM images of an Sh-doped SnO; film before being in contact with
an electrolyte. Top SEM images of an Sh:SnO; film after being in contact with (c) the 0.1 M Cr(acac)s

solution in 3-MPN and (d) with only 3-MPN.
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Fig. 3.4. XRD patterns of an Sh:SnO; film deposited on a glass substrate before and after annealing. The
reference bars correspond to the indexation of the diffraction peaks for SnO; cassiterite (R040017, RRUFF

Database).

The TE properties of the different systems evaluated can be seen in Table 3.1. These

properties are obtained from the measurements shown in Fig. S3.1 and Fig. S3.2. First,

three Sh:SnO; films without and with the Cr(acac)s electrolyte were tested (films 1-Cr to

3-Cr). Then, a configuration without the presence of the oxide film, just the Pt contacts

and the Cr(acac)s electrolyte, was analysed (No film). Finally, three Sh:SnO. films

without and with only the 3-MPN solvent as electrolyte [without Cr(acac)s] were
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measured (films 1-3MPN to 3-3MPN). Fig. S3.1 shows the Voc-AT and I-V plots for the
films 1-Cr to 3-Cr, with and without the presence of the Cr(acac)s electrolyte, and Fig.
S3.2 the same plots for the films 1-3MPN to 3-3MPN.

Table 3.1. Seebeck coefficient and resistance of the different systems evaluated, indicating the variations
of these parameters and the power factor (PF) improvements produced. Temperatures at which the
measurements were performed are also indicated between brackets. For the electrical resistance
measurements, the values correspond to the temperature when AT=0 K.

Seebeck coefficient (uV/K) Electrical resistance (kQ) PE /
with
Without With Variation Without With Variation PFWithout
electrolyte  electrolyte (%) electrolyte  electrolyte (%)
-57.5 -44.4 11.1 1.87
1-Cr -23.5 -83.2 3.49
(18.4°C) (21.0°C) (20.2°C) (22.6 °C)
-57.9 -43.8 11.8 1.95
2-Cr -24.3 -83.5 3.48
(18.8°C) (21.6°C) (20.7°C) (22.1°C)
-57.6 -45.0 11.4 2.07
3-Cr -21.9 -81.8 3.34
(19.3°C) (20.1°C) (20.4 °C) (22.3°C)
890
No film - - - - - -
(17.9°C)
-53.4 -40.4 7.44 4.33
1-SMPN -24.2 -41.8 0.99
(12.2°C) (17.9°C) (15.0°C) (19.9°C)
-51.3 -39.2 10.0 6.25
2-3MPN -23.4 -37.6 0.94
(14.2°C) (19.8°C) (17.1°C) (20.8°C)
-52.1 -39.3 8.20 4.61
3-3MPN -24.5 -43.7 1.01
(13.2°C) (18.4°C) (16.2°C) (20.4°C)

Films 1-Cr to 3-Cr were measured first without the presence of the electrolyte. Then,
they were tested after the Cr(acac)s electrolyte was injected and a steady state value of
the Voc was observed, which in some cases took several hours. As it can be seen in Table
3.1, the absolute value of the Seebeck coefficient decreased by an average value of 23.2%
due to the presence of the electrolyte. On the other hand, a significant average drop of
82.8% in the electrical resistance was found, therefore, an average 3.4 times improvement
in the PF was obtained (see Table 3.1). This remarkable PF improvement is the same
than the highest reported in our previous study [9], which was obtained using a 0.1 M
LiBF4 solution in 3-MPN as electrolyte. In order to discard that the reduction in the
resistance could be due to electrical conduction through the electrolyte, a configuration

with only the electrolyte and the Pt contacts (No film) was measured. A high electrical
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resistance of 890 kQ was found, which indicates that the electronic transport is only
taking place through the oxide film. Due to this large resistance value, the Seebeck
coefficient could not be determined for the No film configuration, since the instrument

could not properly measure the Voc.

To investigate further the role of the Cr(acac)s complex, three identical systems
consisting of Sb:SnO and only the 3-MPN solvent in the electrolyte [no Cr(acac)s
complex] were tested (1-3MPN to 3-3MPN in Table 3.1). In this case, the absolute value
of the Seebeck coefficient drops an average value of 24.0%, similar to the case of the
system with the Cr complex in the electrolyte. On the other hand, the resistance
experiences an average drop of 41.0%, which is lower than the 82.8% drop achieved in
the Cr complex system. The observed variations led to basically no average variation of
the PF. This clearly indicates that the Cr complex is necessary in the electrolyte to
produce the PF improvements and to achieve lower resistance values. It should be noticed
that the temperatures at which the different experiments from Table 3.1 were performed
differ in many cases, since it is very difficult to control the ambient temperature of the
laboratory. Although significant changes in temperature could produce variations of the
properties determined, the variations observed between the systems without and with
electrolyte are below 3 °C for the Cr complex electrolyte, and below 6 °C for only 3-MPN
cases. These not very large temperature differences cannot produce the variations
observed in the TE parameters (S and R). In order to verify this, we measured the variation
with temperature of S and R for one of the films (without the presence of electrolyte).
Results can be seen in Fig. S3.4, which shows very small changes in both properties with

temperature.

In order to investigate if the variations of the TE properties observed in Table 3.1 come
from possible changes in the morphology and composition of the films, both parameters
were analysed by SEM and EDX, respectively. Top view SEM images of films before
being in contact with electrolytes and after exposure to the 0.1 M solution of the Cr(acac)s
complex and to only 3-MPN are shown in Fig. 3.3. It can be seen that all the films show
a similar morphology, no significant differences are found. On the other hand, the
chemical compositions of the films shown in the SEM images are presented in Table 3.2.
It can be seen that no significant changes occur again. Thus, the variation of the TE
properties identified in Table 3.1 are not due to changes produced in the morphology or

chemical composition of the films.
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Table 3.2. Chemical compositions obtained by EDX for three different Sb:SnO; films: (i) before being in
contact with an electrolyte, (ii) after being in contact with a 0.1 M Cr(acac)s solution in 3-MPN and (iii)
after exposure to only 3-MPN.

Element Film Atomic%
Before contact with electrolyte 30.2
Sn After contact with the Cr complex solution 30.5
After contact with only 3-MPN 30.4
Before contact with electrolyte 3.72
Sh After contact with the Cr complex solution 3.37
After contact with only 3-MPN 3.57
Before contact with electrolyte 66.1
0] After contact with the Cr complex solution 66.1
After contact with only 3-MPN 66.1

In order to further understand the reasons behind the variations of the TE properties
observed, impedance spectroscopy measurements were performed under 5 K temperature
difference, which is a possible temperature gradient for the system under operation using
body heat. Fig. S3.5 shows the impedance spectra for the systems in contact with the Cr
complex solution and only the 3MPN. It can be observed that all the impedance spectra
show points lying around a specific value of the Z' axis, which indicates the presence of
only an ohmic resistance in the system [10], attributed to the ohmic electronic conduction
through the Sb:SnO: film. The presence of semicircles or other features is not found in
any of the spectra after adding the electrolyte, which corroborates that no charge transfer
to the electrolyte occurs under operation (no electrical conduction through the liquid), and
the only existing process is the ohmic electrical conduction through the film. The
impedance spectra were fitted to the equivalent circuit shown at the inset of Fig. S3.5a (a
resistor) and the fitted parameters with their relative error are included in Table 3.3. It can
be observed that the obtained resistances match with the resistances of Table 3.1

measured by the I-V curves, as expected.

The variation of the electrical conductivity of the oxide film by the presence of both
electrolytes can be explained by the injection of electrons from the electrolyte to the film,
since the mobility of the electrons is not expected to change as the films morphology and
composition do not significantly vary as mentioned before. For the case of the systems
with only 3-MPN, which is a solvent and is not expected to exchange electrons with the

film, a possible mechanism leading to an increase in the number of free electrons can
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come from the accumulation of electrons at the film/solvent interface after equilibration,
which can produce a 'donor effect’, since the 3-MPN is a polar molecule. This possible
mechanism can be seen in Fig. 10 of ref. [11], and it is observed in SnO2 when is used as

humidity sensor.

Table 3.3. Resistance values without and with electrolytes extracted from the impedance spectra of Fig.
S3.5. Relative errors from the fitting are indicated between brackets.

Resistance (kQ)

Without electrolyte  With electrolyte

1-Cr 10.9 (0.68%) 2.02 (0.42%)
2-Cr 11.6 (1.00%) 2.16 (0.42%)
3-Cr 11.2 (0.41%) 2.46 (0.39%)
1-3MPN 7.25 (0.82%) 4.28 (0.51%)
2-3MPN 9.77 (0.85%) 6.16 (0.50%)
3-3MPN 8.22 (0.76%) 5.02 (0.79%)

In the systems with Cr(acac)s, the injection of electrons can be produced by the
presence of both the 3-MPN solvent and the Cr(acac)s complex, which is an electroactive
(redox) molecule, employed due to this property in redox flow batteries [12,13]. A higher
injection of electrons is expected in the system with the complex, thus, leading to a higher
reduction of the resistance. It is well known that a reduction in the electrical resistivity of
a semiconductor typically produces a decrease in the absolute value of the Seebeck
coefficient [6], as observed in Table 3.1. In this case, it is not clearly observed a more
drastic reduction in the systems with the Cr complex, as it could be expected for their
higher resistance variation. In any case, it should be noted that the differences in the

variations produced are not extremely different.

3.4. Conclusions

We have studied the possibility of obtaining power factor improvements in a hybrid
solid-liquid thermoelectric system. Unlike the electrolytes previously employed, we have
used an electrolyte containing an electroactive molecule (chromium acetylacetonate)
dissolved in 3-methoxypropionitrile solvent. The electrolyte permeated a nanostructured
and porous Sh-doped SnO> film. An average power factor improvement of 3.4 times was
achieved due to the presence of the electrolyte. The enhancement originated from an
average decrease of 23.2% and 82.8% in the absolute value of the Seebeck coefficient

and the electrical resistivity of the solid, respectively. Morphological changes and
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variations in the chemical composition of the films were not observed by SEM and EDX
analysis. An impedance spectroscopy study concluded that the power factor
improvements are related to the donation of electrons from the electrolyte to the solid,
which increases its electrical conductivity and the consequent drop in the Seebeck
coefficient. These results show that the hybrid solid-liquid system concept could be also
extended to electrolytes with electroactive species, able to exchange electrons with the
solid, opening the possibility to study a huge number of possible redox molecules. In
addition, it also offers the opportunity to test this new system using nanostructured and
porous solids with better thermoelectric performance than Sb:SnO2, such as Bi;Tes,
which could lead to extraordinarily high power factors and also overall performance,
since the thermal conductivity of the system is not expected to significantly increase due
to the porosity of the solid and the low thermal conductivity of liquids (similar to that of

polymers). This possibility will be investigated as future work.
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Fig. S3.1. (a-c) Open-circuit voltage vs temperature difference and (d-f) current-voltage plots for the
systems 1-Cr to 3-Cr. Results with and without the presence of the 0.1 M Cr(acac)s in 3-MPN electrolyte
are shown.
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70



Chapter 3 : Power Factor Improvement in a Solid-Liguid Thermoelectric System
Formed by Sbh:Sn0O> in Contact with a Chromium Complex Solution

@

4 2.0

T T T T T T T T T T T T T T T T T T T T
3.8 3.7 3.6 .5 3.4 33 3.2 3.1 3.0 2.9 2.8 2.7 2.6 25 2.4 23 2.2 2.1 2.0 19 1.8

(b)

CDs;CN
e N

‘ CD;CN
LY |~._

- __J\JLL ) l U

Fig. $3.3. ™H NMR spectra in CDsCN of the 3-methoxypropionitrile (3-MPN) (blue) and the 0.1M solution
of Cr(acac)s in 3-MPN (red). (a) Overlapped spectra and (b) comparison with magnification. 3-
Methoxypropionitrile (3-MPN): *H NMR (300 MHz, CDsCN) § 3.54 (t, J=6.0 Hz, 1H), 3.34 (s, 3H), 2.61
(t, J=6.0 Hz, 2H).

71



Chapter 3 : Power Factor Improvement in a Solid-Liguid Thermoelectric System
Formed by Sbh:Sn0O> in Contact with a Chromium Complex Solution

T T -20

~ -30
= 16 A 4
S l\-\. =
e =N
o] =
5 08
@ e
8 "] g
= o
8 50 x
= L 2 L 3 D
15} '__‘—‘—_____. Q
L) [7]
w12 (fr';

- -60

® Electrical resistance
B Seebeck coefficient
10 T T T T -70
20 30 40 50 60 70

Temperature (°C)

Fig. S3.4. Seebeck coefficient and electrical resistance as a function of temperature for an Sh:SnO, film.

72



Chapter 3 : Power Factor Improvement in a Solid-Liguid Thermoelectric System
Formed by Sbh:Sn0O> in Contact with a Chromium Complex Solution

4 - 4
(@) 1-Cr (d) 1-3MPN
W
24 2
g g
2 - o’ L9 oty
N N
2 e Without electrolyte (19.7 °C) ALl *  Without electrolyte (14.7 °C)
= With electrolyte (22.4 °C) = With electrolyte (19.4 °C)
4 -4
0 4 8 12 16 0 4 8 12 16
Z' (kQ) Z' (kQY)
4 4
(b) 2-Cr (e) 2-3MPN
24 2
. - —
N N
2 e Without electrolyte (22.3 °C) i 2 4 ®  Without electrolyte (16.2 °C)
s With electrolyte (23.5 °C) = With electrolyte (20.8 °C)
4 -4
0 4 12 16 0 4 8 12 16
Z' (kQ) Z' (k)
4 4
(c) 3-Cr () 3-3MPN
24 2
= - > 20 Il—ﬁ
N N
24 e Without electrolyte (20.0 °C) 1 2 e Without electrolyte (15.2 °C)
= With electrolyte (21.3 °C) = With electrolyte (19.6 °C)
-4 : . ; -4 . : :
0 4 8 12 16 0 4 8 12 16
Z' (k€2) Z' (k)

Fig. S3.5. Impedance spectroscopy spectra under AT=5 K of the Sh:SnO; films from Table 3.1. (a-c) Films
1-Cr to 3-Cr, without and with the presence of the 0.1 M Cr(acac)s solution in 3-MPN. (d-f) Films 1-3MPN
to 3-3MPN, without and with the presence of only 3-MPN. The temperatures indicated in each case are the
cold side temperatures. The inset in (a) is the equivalent circuit used.

73


https://www.wisc-online.com/assetrepository/viewasset?id=4678
https://www.wisc-online.com/assetrepository/viewasset?id=4678
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/

Chapter 4 : Impedance spectroscopy analysis of a thermo-electrochemical cell under
operating conditions

4. Impedance spectroscopy analysis of a thermo-

electrochemical cell under operating conditions

74



Chapter 4 : Impedance spectroscopy analysis of a thermo-electrochemical cell under
operating conditions

Impedance spectroscopy analysis of a thermo-electrochemical cell under

operating conditions
S. Castro-Ruiz and J. Garcia-Cafiadas*
Department of Industrial Systems Engineering and Design, Universitat Jaume I, Av.

Vicent Sos Baynat s/n, 12006 Castellé de la Plana, Spain.

* e-mail: garciaj@uji.es

2022 International Workshop on Impedance Spectroscopy (IW1S), 25-27 (2022).
DOI: 10.1109/IW1S57888.2022.9975126.

75


mailto:garciaj@uji.es

Chapter 4 : Impedance spectroscopy analysis of a thermo-electrochemical cell under
operating conditions

Graphical abstract

55
R,
441 :
33 A
) R Rmt Rdc

55 66 77 88 99 110
Z (Q)
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Abstract

Low-grade (<200 °C) heat is an abundant and available energy not generally exploited.
In this regard, the so-called thermo-electrochemical cells have become a valid opportunity
to harvest this ubiquitous source of heat. They are capable to convert heat into electricity
by means of the temperature-redox potential dependency of a redox couple. In fact, they
present temperature coefficient values in order of mV/K, much higher than solid-state
thermoelectrics. In this work, a system formed by two Pt electrodes in contact with a 0.4
M ferro/ferricyanide aqueous solution has been studied by means of impedance
spectroscopy under operating conditions (AT=40 K). The main processes which govern
the performance of the system have been identified, which lead to different resistances:
(i) electrolyte ionic resistance, (ii) charge-transfer resistance and (iii) mass-transport
resistance. It was also demonstrated that the current-voltage characteristics of the device
can be obtained knowing the open-circuit potential and performing a single impedance
spectroscopy measurement, which determines the device dc resistance. This method can

save a significant amount of time in many cases

KEYWORDS: Thermocells, thermogalvanic cells, liquid thermoelectrics, redox species.
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4.1. Introduction

More than 60% of the total world energy is lost as waste heat. To take advantage of
this ubiquitous source of energy, thermoelectric (TE) devices can directly convert heat
into electricity under safe, clean, and environmentally friendly operation [1]. A good TE
material should have a high Seebeck coefficient (S) and electrical conductivity (o), but a
low thermal conductivity (). To date, most of TE materials are inorganic solids, typically
exhibiting low S values (200-250 pV/K), so low-temperature heat harvesting is still
challenging [2]. In the last decades, thermo-electrochemical cells (or thermocells TECs
or thermogalvanic cells) have gained attention as a suitable option for heat-to-electricity
conversion at low temperatures (<200 °C). They can provide temperature (or Seebeck)
coefficients (a) values in order of mV/K, almost two orders of magnitude higher than
usual solid-state TEs. The origin of this higher « is the redox potential (E)-temperature
(T) dependence of the redox species in the electrolyte. Despite this advantage, device
resistance values are much higher than in solid-state TEs, and consequently efficiencies
are quite low. This is the main limitation of TECs, since thermal conductivities of
electrolytes are typically low (<1 Wm?K™?). Among all the TEC systems currently
present, the one formed by two Pt electrodes separated by an aqueous solution of 0.4 M
KsFe(CN)e/KsFe(CN)s is the benchmark system in the literature. This device shows a
high a (=1.40 mV/K) and high kinetics parameters that lead to relatively large power

outputs (Pouts) when the system is connected to an external load [3].

In order to obtain the total device resistance (Ri.v) and the power output, a current-
voltage I-V curve is typically performed under steady state conditions. Waiting for these
conditions at each point of the I-V curve can many times take a significant amount of time
due to the slow diffusion rate of the redox species present in the electrolyte solution [4].
We present here a way to more easily obtain the 1-V curve of a TEC, which requires the
knowledge of the open-circuit potential and an impedance spectroscopy (IS)
measurement at this voltage. The article shows first the experimental part. Then, explains
the typical equivalent circuit of a TEC, and finally analyses the method to obtain the I-V

curve.

4.2. Experimental section

A custom setup was built to characterise a fabricated TEC under operating conditions

(see Fig. 4.2). The TEC consisted of two Pt electrodes (0.1 mm thickness and 1 cm x 1cm
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area from Glentham, ref. GX2917) (see Fig. 4.2a). These pieces were cleaned before
using them by means of two sonication steps of 15 min in different media. In the first
step, sonication was carried out in distilled water to remove possible impurities. Finally,
isopropanol (Labkem, ref. PROL-POP-5K0) was employed for sonication. A solution of
0.4 M potassium ferrocyanide (Sigma Aldrich, ref. P3289-100G) and 0.4 M potassium
ferricyanide (Fluka, ref. BCBT1564) in milli-Q water was employed as the electrolyte.
All the chemicals were used as received.

In order to establish a temperature difference in the setup, two copper blocks were
employed. One of them, with 30 mm x 30 mm x 10 mm dimensions and 2 cartridge
heaters inserted (Watlow, ref. C1A-9604), acted as the heat source. A second larger
copper block (40 mm x 40 mm x 10 mm) with a water circulation channel was used as
the heat sink (see Fig. 4.2b). A water circulator (PolySicence, ref. SDO7R-20-A12E) was

employed to circulate the water and control the temperature of the Cu block.

(a) (b)
Pt piece
E ) O-ring
E i = PTFE cell
(©) (d) Full setup

Thermocouple

Wy

Small Cu block

Water circulation Large Cu block

Fig. 4.2. Photographs of (a) a Pt electrode on top of the PTFE cell, (b) the PTFE cell with the O-ring, (c)
the setup mounted but not clamped, and (d) the setup clamped.

The Pt electrodes were placed centred on top of the copper blocks, which are separated
by a polytetrafluoroethylene (PTFE) cell which contains the electrolyte in a circular
channel. The separation of the electrodes d was 14 mm. The channel is connected to a top

hole for the injection of the electrolyte (see Fig. 4.2c).

To avoid leaks during the experiments, two O-rings were used pressing each of the
electrodes (see Fig. 4.2c). The area of the O-ring, which determines the area of the
electrodes in contact with the electrolyte was A=0.5 cm?. A very little amount of thermal
grease (RS, ref. 2173835) was put covering only part of the Pt/Cu interfaces to improve
the thermal contacts. To contact the device, two screws were screwed in the Cu blocks,

which served as metal contacts (see Fig. 4.2b). The screws were connected to the
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apparatuses by crocodile connectors. Once all the elements were mounted, the setup was

clamped using pieces of foam at the clamping points to reduce heat losses (see Fig. 4.2d).

The temperature coefficient, which indicates the variation of the open-circuit potential
(Voc) with the temperature difference (AT) was obtained from the slope of a Voc Vs AT
plot. For all the points the cold side temperature (Tc) was kept constant at 21.5 + 0.2 °C.
The Vo was measured with a Keithley 2100 nanovoltmeter, and the temperature
difference was varied in steps of =10 K, from 0 up to =40 K, by powering the two cartridge
heaters inserted in the small Cu block by means of a Keithley 2601 sourcemeter. Two K-
type thermocouples (RS, ref. 8140134) and a dual thermometer (RS, ref. 1316) were used
to monitor the hot and cold side temperatures. Both thermocouples were inserted in holes
performed at the Cu blocks. An I-V curve measurement was performed at AT=40 K (T¢
=21.5°C) by fixing different voltage values and recording the corresponding current after
steady state is reached. An IS measurement was carried out at the open-circuit potential
when the cell was at AT=40 K (Tc =21.5 °C). An amplitude of 15 mV and the 100 kHz-3
mHz frequency range was employed. The I-V and IS measurements were performed using

a Vionic potentiostat from Metrohm Autolab, controlled by Intello 1.3.2 software.

4.3. Results and discussion

Fig. 4.3 shows the Voc-AT plot of the fabricated TEC. It can be observed that the
experimental points perfectly fit to a straight line of 1.35 + 0.01 mV/K slope value, which
is the temperature coefficient of the device. This value is very similar to the one typically
reported in the literature (1.40 mV/K) [3].

60

40 B =135 mVIK

30 A

Open-circuit voltage (mV)

15

0 10 20 30 40
Temperatue diference (K)

Fig. 4.3. Open-circuit vs temperature difference plot. The line represents the fitting to a straight line. The
slope provides the temperature coefficient («).
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IS measurements were performed to the TEC. Before their analysis, we would like to
remark that IS is a method that allows to identify and separate the different processes that
occur in a device. Impedance results are typically analysed by means of equivalent
circuits. Each element of the equivalent circuit describes one of the processes. One of the
most well-known equivalent circuits is the Randles circuit [5], which can serve as the
basis to analyse the impedance response in a TEC. Fig. 4.4 shows the Randles circuit
(inset) and its typical Nyquist plot with absorbed boundary conditions.

100 . . . .

80

60 -

2" (Q)

40 -

20 A

0 T T T
40 60 80 100 120 140

Z'(Q)
Fig. 4.4. Nyquist plot of a (shorted Warburg) Randles circuit (in the inset) obtained using R=50 Q, R=10
Q, W=60 Q, W=25 s, W,=0.5 and Cy=1 uF.

The intercept with the Z’ axis at the left part (50 Q) is the resistance of the electrolyte
solution (Rs). The semicircle at the left is the parallel combination of the charge transfer
resistance (Rct) and the capacitance of the electrical double layer (Cai). It should be noted
that these two elements might not be observed when Pt electrodes are used, due to the
catalytic effect of this metal, which highly reduces Re. The 45° line overlapped with a
semicircle after the previous semicircle relates to the diffusion of redox species from the
Pt/electrolyte interfaces towards the bulk of the solution. This process is represented by
the Warburg shorted element (Ws). This element contains the mass-transport resistance
(Rmt) associated with the transport of redox species from the Pt/electrolyte interfaces to
the bulk of the solution.

The IS results of the TEC can be seen in Fig. 4.5. It can be observed that the spectrum
can be fitted with a Randles circuit where the charge transfer process occurs very quickly

(Ret and Cqi do not appear, see inset of Fig. 4.5), as expected by the use of Pt as electrodes.
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55 T T T T

55 66 77 88 99 110
Z (@)

Fig. 4.5. Impedance spectrum of the thermocell under a temperature difference of 40 K (T¢=21.5 °C). The
line is the fitting to the equivalent circuit of the inset. The graphical determination of the series, mass
transport and total resistances are also shown.

From the fitting, the values of Rs, Rmt and Rqc can be obtained (see Table 4.1), being
Rdc the impedance value when frequency tends to zero (steady state). In this TEC, Rgc =
Rst Rmtand is the total resistance of the system. The values of these resistances can also
be estimated graphically, as indicated in Fig. 4.5. It should be noted that the Warburg
element of the equivalent circuit might not be exactly the Warburg element of a Randles
circuit, since the diffusion coefficients of the redox species might be affected by the
temperature gradient in the device and other processes such as convection in the

electrolyte could take place.

Table 4.1. Different parameters obtained and calculated from the impedance and I-V curve measurements.
Values between brackets indicate relative errors from the fitting.

Rs (Q) Rmt (Q) Rac (Q) Riv(Q) & (%) ntec (%0) nr (%)

56.8 (0.13) 45.8 (0.75%) 102.6 106.7 3.84 0.0096 0.08

In addition to the IS measurement, the I-V curve of the TEC at the same condition
(AT=40 K) was obtained (see Fig. 4.6). A linear correlation was observed for the current
and the voltage. The slope of this correlation, Ri.v=106.7 Q, represents the total device
resistance. It can be observed that Ri.v matches well with the Rqc value obtained from the
IS results. The deviation between them &r is just 3.84% (see Table 4.1). This fact allows
the determination of the I-V curve just by knowing the Vo at the given temperature

difference and by extracting Rqc from an IS measurement at this voltage, which can
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significantly simplify the experimental determination of the I-V curve, usually carried out
fixing different load resistances (or voltages) and waiting for steady state to be reached,
which ends up being a lengthy process in many cases.
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Fig. 4.6. Current-voltage and power output density curves at AT=40 K (T¢=21.5°C). The red line represents
the fitting to a straight line, whose slope value is Ry.y.

In addition, the IS measurement makes possible to determine the contributions to the
total device resistance, which in this case come from Rs and Rmt, contributing both nearly

equal (see Table 4.1).

Finally, we would like to remark that the maximum power output density (Pmax)
obtained from the TEC was Pmax=138 mW/m?, in the same order of magnitude than the
values reported in the literature [3]. The efficiency ntec and the Carnot efficiency #r,
calculated by means of the equations ntec=Voclse/(4xAAT/d) and #n=ntec/(AT/TH),
respectively, being Is=1(V=0), x the thermal conductivity of the electrolyte
(0.5 WmK1) for our electrolyte [6], d=0.014 m the inter-electrode distance and T the

hot side temperature, were also calculated and in agreement with the literature [3].

4.4. Conclusions

We have analysed the impedance spectroscopy results under operating conditions of a
standard thermo-electrochemical cell (TEC) fabricated with Pt electrodes and 0.4 M
ferro/ferricyanide aqueous electrolyte. A simplified Randles equivalent circuit was used
to fit the impedance response at the open-circuit voltage value of the TEC under a

temperature difference of 40 K. From the fitting, the resistance at steady state Rdc was
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calculated as the addition of the series Rsand mass-transport Rt resistances (Rsc=Rs+Rmt).
It was found that the device resistance, obtained from the current-voltage curve, matches
well with Rq.. Hence, knowing Rq4c and the open-circuit voltage Vo at the given
temperature difference, the current-voltage curve can be determined, as well as the power

output, which can reduce a significant amount of time in many cases.
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Fig. 5.1. Graphical abstract of the work: nanostructured and porous antimony-doped tin oxide as electrode
material for the heat-to-electricity energy conversion in thermo-electrochemical cells
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Abstract

Thermo-electrochemical cells (or thermogalvanic cells or thermocells, TECs) have
gained attention as devices able to convert low temperature heat into electricity. Within
TECs, Pt is one of the most employed electrodes, since it exhibits a fast transfer of
electrons with the redox couple in the electrolyte. However, its high price represents a
serious drawback. Here, we analyze the use of nanostructured and porous antimony-
doped tin oxide (Sh:Sn0O») as electrode material. Electrodes of different thickness (320,
550 and 1550 nm) were fabricated by spin coating to study the effect of the electrode area
in contact with the electrolyte. F:SnO, (FTO) glass was used as a substrate and the typical
0.4 M potassium ferro/ferricyanide aqueous solution served as electrolyte. An impedance
spectroscopy analysis under operating conditions (10 K temperature difference) showed
that the Sh:SnO. electrodes exhibit the same excellent kinetics as Pt for all the different
thickness. On the other hand, the power output density was thickness independent, since
the temperature coefficients and the series and mass-transport resistances were similar,
leading to no performance improvements when the electrode area in contact with the
electrolyte was significantly increased. Finally, the Carnot-related efficiencies estimated
for the Sh:SnO> cells were in the same order of magnitude as for Pt electrodes. These
results open the possibility to use Sh:SnO: as a suitable electrode in TECs at low cost.

KEYWORDS: Thermocell, thermogalvanic cell, metal oxide, ATO, porous electrode.
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5.1. Introduction

Our planet is currently facing a very critical situation related to the high energy demand
imposed by our society. This demand is still mostly covered by the use of fossil fuels,
which produce large amounts of greenhouse gases that are causing the global warming.
Under this scenario, it is imperative to develop more sustainable and environmentally
friendly energy routes [1]. More than 60% of the total energy used is lost as waste heat,
being more than 80% at low temperature (<100 °C) [2]. Therefore, it would be highly
convenient to use this vast amount of energy cleanly, sustainably and cheaply in order to
obtain useful energy (e.g. electricity) [3,4].

Thermo-electrochemical cells (or thermocells, or thermogalvanic cells, TECs) have
gained attention in the last decade due to their capability to produce electricity by using
low-temperature heat [5,6]. Liquid TECs are formed by two electrodes (usually Pt) in
contact with a solution that contains a redox couple (electrolyte). The benchmark TEC
consists of two Pt electrodes in contact with an aqueous solution of 0.4 M potassium
ferro/ferricyanide [7]. When a temperature difference AT is present, these devices
generate an open-circuit voltage Voc due to the temperature dependency of the redox
couple potential. One of the main advantages of TECs is that their temperature coefficient
a (also called Seebeck coefficient) is in the order of mV/K, which is one/two orders of
magnitude higher than in solid-state thermoelectric materials. However, their efficiency
ntec and Carnot-related efficiency [7r=ntec/(AT/Th), being TH the hot side temperature]
values are still low (below 0.1% and 1.0%, respectively) in most of the cases, mainly due
to their high electric resistance [8]. In addition, the commonly used electrode, Pt, is very

expensive, which is another serious drawback for their widespread application.

Suitable electrodes for TECs should have high electrical conductivity to effectively
transport the electrons to/from the external circuit and small charge-transfer resistance
(fast exchange of electrons between the redox species and the electrodes) at low cost.
Several alternative electrodes to Pt have been reported, many of them exhibiting porosity
to achieve a large surface area to minimize the charge-transfer resistance. Some examples
are single- and multi-walled carbon nanotubes [9,10] or aerogel-printed carbon nanotubes
[11]. In addition, increasing the electrolyte concentration has been reported to be an
effective method to obtain large Pout in TECs [12]. In this sense, concentrations up to 2.4

m were obtained for the ferro/ferricyanide electrolyte producing the so-called water-in-
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salt electrolyte. Furthermore, a 0.9 M concentration was achieved by replacing K* by NH4

cations in the same electrolyte increasing Pout [13].

Here, we explore the use of nanostructured and porous antimony-doped tin oxide
Sh:SnO> (ATO) as electrode in TECs. Porous metal oxides, like ATO, are used as
electrodes in different energy-related systems, such as batteries [14], solar cells [15] and
supercapacitors [16], where they show high chemical stability and large surface area.
Nevertheless, these metal oxides have been hardly employed in TECs, although they have
been reported to display good electrochemical behaviour [17]. To our knowledge, there
are only two cases in the literature. On one hand, it was reported the use of nanostructured
Ni/NiO micro-sphered electrodes in a TEC that achieved a power density value of 1.72
W/m? [18]. On the other hand, a record of #,=14.8% was recently achieved using
asymmetric CoO electrodes in contact with a guanidium-boosted Fe(CN)s electrolyte
[19]. In this article, we have prepared ATO films deposited on fluorine-doped tin oxide
(FTO) coated glass substrates which also act as current collectors. The standard 0.4 M
potassium ferro/ferricyanide aqueous electrolyte was used as electrolyte. We studied the
effect of the ATO thickness and compared the performance with the standard Pt

electrodes, obtaining similar behaviours.

5.2. Experimental section

Nanostructured and porous Sb:SnO> films were fabricated following a previously
described procedure [20] using FTO-coated glasses of 25 mm x 25 mm size and 2.2 mm
thickness as substrates (Sigma Aldrich, 735167-EA). These substrates were cleaned
before the ATO film deposition by means of three sonication steps of 15 min in different
media. In the first step, sonication was performed using a soap (Labkem, SOAP-
0685K0)/water solution (1:10 v/v). Then, distilled water to remove soap excess was used
as second step. Finally, isopropanol (Labkem, PROL-POP-5K0) media was employed for
sonication. After this, substrates were dried under compressed air flow and treated in a
UV-ozone cleaner (Ossila, L2002A2-UK) for 20 min. Subsequently, an Sbh:SnO;
colloidal aqueous dispersion (Keeling & Walker, A20W) was deposited by spin coating
(Laurell, WS-650MZ-23NPPB) at 2500 rpm for 15 s, covering a centred area of the
substrate of 15 mm x 15 mm. Several layers (2, 5 and 10) were deposited. After each
deposition, a drying process was carried out on a hot plate at 100 °C for 10 min. Finally,

the films were annealed at 550 °C for 45 min in a furnace (Nabertherm, 400-1) with a 3
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°C/min heating rate. Scanning electron microscopy (SEM) images of the films were
obtained using a JEOL 7001F instrument (Oxford Instruments).

Five different symmetrical TECs were prepared. Three of them using the FTO/ATO
electrodes with the different number of ATO layers (2, 5 and 10). Another cell was
fabricated using Pt electrodes, which were prepared by depositing Pt by sputtering
(Quorum, Q300T D Plus) on FTO glass during 6 min. The last TEC employed only FTO
glass as electrodes. All these electrodes can be seen in Fig. 5.2a. To improve the electrical
contact, certain area of the electrodes was painted with Ag paint (RS, 186-3600), as also
shown in Fig. 5.2a. A solution of 0.4 M potassium ferrocyanide (Sigma Aldrich, P3289-
100G) and 0.4 M potassium ferricyanide (Fluka, BCBT1564) in milli-Q water was
employed as electrolyte in all the cells. All the chemicals were used as received.

(a) T—————
' 2 layers { 5 layers
(b)

FTO layer ATO film

Voltage — Voltage probe
probe S NA
Screw 1 4 | EE—e SCrew .
(metal contact) 5‘ ‘ | (metal contact) | e S‘ ;
| -7 Crew
i = Small Cu block ,
[ (heater) : lLt' , _¢metalicontact)
Large Cu T y
block
(heat sink) t‘
=

Glass substrate = Ag
paint Thermocouples

Fig. 5.2. (a) Different electrodes fabricated. (b) Scheme and (c) picture of the setup employed.

A custom setup was built up to characterize the fabricated TECs (see Fig. 5.2b, c). In
order to establish a temperature difference in the setup, two copper blocks were employed.
One of them, with 30 mm x 30 mm x 10 mm dimensions and 2 cartridge heaters inserted
(Watlow, C1A-9604), acted as the heat source. The heaters were powered using a
Keithley 2601 source meter. A second larger copper block (40 mm x 40 mm x 10 mm,
Tangxi X00170031Z) with a water circulation channel was used as the heat sink. A water
circulator (PolySicence, SD07R-20-A12E) was employed to circulate the water at a

certain temperature along the Cu block.
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The electrodes for each cell were centred on top of the copper blocks. Thermal grease
(RS, 1938247) was used at all the glass/Cu interfaces to improve the thermal contacts.
The electrodes were separated by a polytetrafluoroethylene (PTFE) cell which contained
the electrolyte in a cylindrical channel of 10 mm length and 4 mm diameter. The channel
connected to two top holes for the injection of the electrolyte. These holes were covered

with tape after inserting the electrolyte to avoid evaporation (see Fig. 5.2b, c).

To avoid electrolyte leakage, two O-rings were located at the sides of the PTFE cell
and were pressed against the electrodes by a system formed by stainless steel plates and
screws. The area delimited by the O-rings, which determines the geometrical area A of
the electrodes in contact with the electrolyte, was 0.5 cm?. Two stainless steel screws
inserted in the Cu blocks were used as electrical contacts for the current flow. In addition,
two spring probes were contacted on top of the Cu blocks and were employed to sense
the voltage (see Fig. 5.2b, c). The Cu blocks were electrically connected to the electrodes

by extending the Ag paint (see Fig. 5.2b, c).

The temperature coefficient o, which indicates the variation of the open-circuit
potential Voc with the temperature difference, was obtained from the slope of a Voc vs AT
plot. The Vo was measured with a Keithley 2100 nanovoltmeter, and the temperature
difference was increased in steps of 2.5 K, from 0 up to =10 K, keeping the cold side
temperature fixed at 25.0 °C. Two K-type thermocouples (RS, 8140134) and a dual
thermometer (RS, 123-2214) were used to monitor the hot (Tw) and cold-side (Tc¢)
temperatures. The thermocouples were placed on top of the electrodes, close to the PTFE

cell, with a bit of thermal grease at their tips for thermalisation (see Fig. 5.2, c).

To evaluate the performance of the TECs, impedance spectroscopy (IS) was used. 1S
measurements were carried out at the Vo value when the cells were under a AT=10 K
(Tc=25.0 °C) using an amplitude of 15 mV in a frequency range from 1 MHz to 1 mHz.
A Metrohm-Autolab PGSTAT204 potentiostat equipped with a FRA32M frequency
response analyzer controlled by Nova 1.11 software was used. ZView 3.5h was employed

to fit the experimental impedance results to different equivalent circuits.

5.3. Results and discussion

Fig. 5.3 shows the SEM images of the different Sb:SnO. films prepared. It can be seen
that the films are formed by interconnected nanoparticles of sizes below 10 nm. Also,

pores are present with sizes not larger than c.a. 30 nm (see inset of Fig. 5.3a). The
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thickness of the films can be estimated from the cross-sectional views (see Fig. 5.3b-d).
For the films with 2, 5 and 10 layers, thickness values of 320, 550 and 1550 nm were
found. It should be noted that the expected phase (cassiterite SnO,) was previously
identified by XRD experiments in our previous article [20]. Also, it can be seen in that
reference that no changes in the XRD patterns were observed after the annealing process.
Similarly, an EDX analysis from the same article showed no changes in the chemical
composition of the film after the thermal treatment.

Fig. 5.3. SEM images of the different Sb:SnO, films prepared. (a) Top view of the sample with 5 layers.
(b-d) Cross-sectional views of the 2, 5 and 10-layer films, respectively. All scale bars shown are 100 nm
width.

To evaluate the performance of the different TECs prepared, IS measurements at the
open-circuit voltage (under AT=10 K) were performed. Fig. 5.4 shows the results obtained
for each cell with their corresponding fittings, performed using the equivalent circuits in
the insets. The fitted parameters with their corresponding errors are shown in Table 5.1.
For the TECs with the ATO and Pt electrodes, an equivalent circuit formed by a series
resistance Rs (accounting for the cables, contacts and electrolyte resistances) and the
finite-length Warburg impedance with a transmissive boundary (short circuit terminus
Ws), both connected in series, was used (see Fig. 5.4a). The impedance of the Ws element
is defined as Zws=Rmt (jwd?/D)™ tanh[(jod?/D)P], being Rmt the mass-transport resistance,

related to the diffusion of the redox species to/from the electrodes, j=(-1)%®, w the angular
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frequency, d the diffusion length (distance between electrodes), D the diffusion
coefficient of the redox species (assumed equal for both molecules) and p an exponent,

which accounts for deviations from the ideal value (p=0.5) [21,22].
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Fig. 5.4. Impedance results (Nyquist plots) for (a) the cells with the Sb:SnO, films and the Pt electrodes
and (b) the FTO-only cell. The lines are the fittings performed using the equivalent circuits in the insets.

Table 5.1. Temperature coefficient (a), series (Rs) and charge-transfer (Rc) resistances, double-layer
capacitance (Ca), mass-transfer resistance (Rmi), exponent (p) and Rgc of the different thermo-
electrochemical cells when AT=10 K. Relative errors are shown between brackets. The maximum power

output density (Pmax) and the Carnot-related efficiencies (7) are also indicated.

o Rs Ret Cul Rmt Rec Prmax n

(MVIK) (@) @) (uF) @ P @ mwim) (%)

Iayzers (0_13'22/0) (oé.llsz'i/o) ) ) (16_3;53@ (3 :é&) 110 655 0040
Ia;ers (o.lé%%m) (0.5106::%) ] ] (06.3543'&)) ((()).f:‘;)) 114 642 0.040
Ia;ll(e)rs (o.li?);) (ol.lfé%m) ] ] (fgé% (é)gézt;)) 109 68 0042
Fl?/ (o.ligg/o) (0%187';) ’ ) (oigzég/o) (3 fg;,) 111 9.60 0.059
o (o.liéi)/o) (0?312%/0) (1.170:%8@ (ngci) (0?927'3@ (O(.)Ség/o) 124 b7 004

For the TEC with only FTO electrodes, two additional elements were added to the

equivalent circuit, a charge-transfer resistance R, related to the kinetics of the transfer of

electrons between the redox species and the electrodes, and a double-layer capacitor,

accounting for the accumulation of charge at the electrode/electrolyte interface (see Fig.

5.4b). These two elements (R¢t and Cai) produce the semicircle observed in Fig. 5.4b,

95



Chapter 5 : Nanostructured and porous antimony-doped tin oxide as electrode material
for the heat-to-electricity energy conversion in thermo-electrochemical cells

which has also been observed before [23]. This semicircle is not present in the TECs with
the ATO and Pt electrodes (Fig. 5.4a), which indicates a fast charge-transfer kinetics for
the ATO TECs, similar to the Pt electrodes, which is a remarkable result, since this is not
always the case for many electrode materials [19,24-27]. It should be noticed that the
kinetics is not influenced by the electrode surface area, which increases with the ATO
film thickness (number of layers), since a lack of a charge-transfer resistance is already
observed in Fig. 5.4a for the thinnest film (2 layers, 320 nm). Related to the good Kinetics,
we found that Sb:SnO> has already been reported to display high faradaic currents on
cyclic voltammograms when it was brought into contact with the ferro/ferricyanide

electrolyte (same redox reaction) [28].

Fig. 5.4 and Table 5.1 also show similar values of Rs in all cases. This is expected,
since the main contributions to Rs, the resistance of the substrate (FTO) and the electrolyte
resistance, are both the same in all the systems [29]. Concerning the mass transport of the
redox species (Rmt), all the values are again similar, which is expected since all the cells
are formed by the same electrolyte and have the same interelectrode distance.

In order to compare the performance (power output at AT=10 K) of all the systems,
the value of the temperature coefficient and the dc resistance Rqc was considered. This dc
resistance governs the slope of the current-voltage (I-V) curve, and comprises the addition
of all the resistances extracted from the impedance analysis (Rac=Rs+Rct+Rmt) [30]. In
other words, the impedance spectroscopy analysis can extract all the different
contributions behind the value of the slope of the I-V curve. Hence, if the values of the
open-circuit voltage (Voc=aAT) and Rqgc are known, the maximum power density can be
obtained as [Pmax=Voc/(4ARdc)] (see Fig. S5.2 and the values in Table 5.1) [30]. As shown
in Table 5.1, the values obtained for o were very close to 1.24 mV/K in all cases, except
for FTO/Pt that showed a somewhat larger value (1.46 mV/K). All the values agree with

the literature for this electrolyte, which show variations from 1.2 to 1.6 mV/K [6,31].

Analysing the Rqc values, it can be seen from Table 5.1 that for all the systems, the
value is very similar (=110 Q), except for the cell with only FTO, which shows a higher
value due to the presence of the charge-transfer resistance. It is interesting to note that Rqc
is basically the same for all the TECs with the ATO layers, and thus the maximum power
density. Hence, no increase in Pmax Was obtained due to the increase of the electrode area

in contact with the electrolyte, which significantly increases (from 2 to 5 and 10 layers).
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This occurs since Ret is negligible in all cases and R is not affected by the surface area
of the electrode, but by the electrolyte channel area. We would like to remark that it is
expected that the electrolyte fully permeates the whole ATO electrode, due to its
nanostructured and porous nature. In order to support this, we show in Fig. S5.1 how a
solid electrolyte, with even higher viscosity than the ferro/ferricyanide aqueous

electrolyte, can permeate an ATO film prepared by us under the same conditions.

The Carnot-related efficiencies of the TECs nr=#ntec[AT/TH], being #1ec=Pmax/(xAT/d),
were also estimated, assuming the thermal conductivity of the electrolyte x=0.5 W/(m K).
It should be noted that this way of estimating the efficiency, although commonly used,
can lead to values somewhat far from reality, since it neglects several heat-transfer
processes that actually occur (e.g. conduction through the PTFE cell, convection and
radiation, etc.) [32]. The #r value obtained for the FTO/Pt TEC agrees well with the
literature [30,31], and it is remarkable that with only 2 layers of ATO, a value in the same

order of magnitude can be reached (see Table 5.1), at a much smaller cost.

5.4. Conclusions

We have fabricated thermo-electrochemical cells with nanostructured and porous Sbh-
doped tin oxide films deposited on F:SnO (FTO) glasses as electrodes. Three different
thickness of the films were evaluated (320, 550 and 1550 nm). The standard 0.4 M
ferro/ferricyanide aqueous electrolyte was used. An impedance spectroscopy analysis
under operating conditions revealed that the charge-transfer resistance was negligible for
all the different thickness, indicating excellent kinetics, as it is the case for the typically
employed expensive Pt electrodes. On the other hand, the temperature coefficients and
the series and mass-transport resistances were similar, which led to similar power outputs.
Hence, no performance improvements were obtained when the electrode area in contact
with the electrolyte was significantly increased. The Carnot-related efficiencies estimated
for the Sh:SnO> cells were in the same order of magnitude as for Pt electrodes. These
results show Sbh:SnO: as an excellent electrode material for thermo-electrochemical cells,

providing similar performance than Pt at a much lower cost.
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Supplementary information

Fig. S5.1. SEM images of Sh:SnO. films (a) without and (b) with the addition of the solid
electrolyte poly-diallyl dimethylammonium chloride (PDADMAC), which was added by drop
casting a 20% wt. aqueous solution. After addition, it was left to dry overnight at room conditions,
reaching a gel-like aspect. Image from ref. [1].
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Fig. S5.2. Current-voltage (solid lines) and power output density-current (dashed lines) curves
under a 10 K temperature difference (cold side temperature kept fixed at 25 °C) for the cells with
the Sh:Sn0O; films, the Pt electrodes, and the FTO-only cell.

References

[1] M. Solis-de la Fuente, S. Castro-Ruiz, L. Marquez-Garcia, P. Rulliére, S. Fantini,
R. del Olmo, N. Casado, J. Garcia-Cafiadas. Large improvement in the power
factor of a nanostructured and porous thermoelectric oxide using a solid
electrolyte. Abstracts of the International Conference on Thermoelectrics 2023,
Seattle (USA), 2023, 212. https://thermoelectric-
conference.eu/admin/scripts/source/Book%200f%20Abstracts ECT2023 final%
20version.pdf.

103



Chapter 6 : Evaluation of in-plane architecture in a thermo-electrochemical cell with
nanostructured and porous Sh:SnO. electrodes

6. Evaluation of in-plane architecture in a thermo-
electrochemical cell with nanostructured and

porous Sb:SnO:; electrodes

104



Chapter 6 : Evaluation of in-plane architecture in a thermo-electrochemical cell with
nanostructured and porous Sh:SnO. electrodes

Evaluation of in-plane architecture in a thermo-electrochemical cell with

nanostructured and porous Sb:SnQ; electrodes
S. Castro-Ruiz and J. Garcia-Cafadas*

Department of Industrial Systems Engineering and Design, Universitat Jaume I, Av.

Vicent Sos Baynat s/n, 12006 Castellé de la Plana, Spain.

* e-mail: garciaj@uji.es

Electrochemistry Communications. Under review.

105


mailto:garciaj@uji.es

Chapter 6 : Evaluation of in-plane architecture in a thermo-electrochemical cell with
nanostructured and porous Sh:SnO. electrodes

Graphical abstract

e —» LOAD e —»

Porous
Sb:Sn0O,

Porous
Sb:Sn0O,

Fig. 6.1. Graphical abstract of the work: In-plane study of a thermo-electrochemical cell formed by
nanostructured and porous Sh:SnO;
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Abstract

Thermo-electrochemical cells (TECs) are able to convert heat into electricity. They are
formed by two electrodes (typically Pt) separated by a redox electrolyte (usually 0.4M
aqueous ferro/ferricyanide). The widely adopted architecture of TECs consists of the two
electrodes separated by an electrolyte channel. To our knowledge, no studies have been
reported exploring a different architecture. Here, we evaluate an alternative configuration,
which comprises a substrate with the two electrodes at its ends and with the electrolyte
added on the top contacting both electrodes, forming a planar configuration. We explore
first the use of the standard Pt electrodes deposited on top of a conductive glass substrate.
Then, we replace the Pt by nanostructured and porous Sb-doped SnO,. The planar
configurations are compared with their corresponding typical architectures using the
common ferro/ferricyanide electrolyte. It was found that the planar TEC with Sh:SnO;
reached a temperature coefficient of 1.76 mV/K, higher than the value obtained in the
standard configuration with Sb:SnO, (1.21 mV/K), and also higher than the planar
architecture with Pt electrodes, which showed the typical value for the ferro/ferricyanide
electrolyte (1.45 mV/K). As a consequence of this significantly larger value, a 29.7%
higher maximum power output than the planar TEC with Pt was observed. Our study
identifies for the first time interesting new features when a planar architecture is
employed, opening the door to explore in more detail this alternative configuration in
TECs.
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6.1. Introduction

More than 60% of the global energy consumed is lost as waste heat, being more than
80% at low temperature (<100 °C) [1]. Only a 10% recovery of this waste heat would
exceed the summation of the current renewable energies [2]. On the other hand, different
heat sources such as the sun or even our own bodies are widely spread and could provide
enough amount of energy to power low-consumption sensors and wearable devices [3].
Hence, it would be highly beneficial to have a technology able to convert this vast amount

of energy into electricity.

Thermo-electrochemical cells (TECs, or thermogalvanic cells or thermocells) are able
to perform this by means of electrochemical processes [4]. They are formed by two
electrodes separated by a redox electrolyte, which is typically a liquid or a gel. For this
reason, they are intended for low temperature (<100 °C) applications [5,6]. Unlike
conventional thermoelectrics, they show larger open-circuit potential vs temperature
difference ratios, typically in the order of mV/K. The open-circuit potential in these cells
rises due to the temperature dependency of the redox potential of the electrolyte
(thermogalvanic effect) [7]. The benchmark TEC is formed by two Pt electrodes at
different temperatures contacted by a 0.4 M ferro/ferricyanide aqueous redox electrolyte.
This redox couple exhibits a temperature coefficient « of 1.40 mV/K [8].

The widely adopted architecture of TECs consists of the two electrodes separated by
an electrolyte channel. To our knowledge, no studies have been reported where a different
architecture has been explored. Here, we evaluate an alternative configuration, which
comprises a substrate with the two electrodes at its ends and the electrolyte is added on
the top contacting both electrodes, forming a planar configuration. In our study, we
explore first the use of the standard Pt electrodes deposited on top of a conductive glass
substrate. Then, we replace the Pt by nanostructured and porous Sh-doped SnO. (ATO),
which has been recently reported to be a suitable electrode material in TECs [9]. The
planar configurations are compared with their corresponding typical architectures using
the common ferro/ferricyanide electrolyte. Interesting new features were found that

encourage the further exploration of this architecture in TECs.

6.2. Experimental section

Electrodes fabrication: Nanostructured and porous Sh:SnO: films were deposited on
top of F-doped SnO- (FTO) glass substrates (Sigma Aldrich, 735167-EA) of 25 mm x 25
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mm X 2.2 mm size, for the standard configuration, and 25 mm x 15 mm x 2.2 mm size for
the in-plane case (see Fig. 6.2a). A previously described procedure was followed [10].
The substrates were cleaned before the ATO film deposition by means of three sonication
steps of 15 min in different media. In the first step, sonication was performed using a soap
(Labkem, SOAP-0685K0)/water solution (1:10 v/v). Then, distilled water to remove soap
excess was used as second step. Finally, isopropanol (Labkem, PROL-POP-5K0) media
was employed for sonication. After this, substrates were dried under compressed air flow
and treated in a UV-ozone cleaner (Ossila, L2002A2-UK) for 20 min. To avoid creating
a short circuit in the planar configuration systems, two scratches were made on the FTO
layer prior to the ATO deposition. These scratches were separated 3 mm, which is the
separation distance between electrodes (see Fig. 6.2a). Subsequently, an Sbh:SnO:
colloidal aqueous dispersion (Keeling & Walker, A20W) was deposited by spin coating
(Laurell, WS-650MZ-23NPPB) at 2500 rpm for 15 s, covering a centred area of the
substrate of 15 mm x 15 mm, for the standard configurations, and the whole substrate,
except the area that separates the electrodes, for the planar systems (see Fig. 6.2a). Five
Sh:SnO; layers were deposited in all cases. After each layer deposition, a drying process
was carried out on a hot plate at 100 °C for 10 min. Finally, the films were annealed at
550 °C for 45 min in a furnace (Nabertherm, 400-1) with a 3 °C/min heating rate. The
morphology of the films was analysed by scanning electron microscopy (SEM) using a
JEOL 7001F instrument (Oxford Instruments).

On the other hand, Pt electrodes were prepared by depositing Pt (target from Aname,
SC502-314C) by sputtering (Quorum, Q300T D Plus) on the abovementioned cleaned
FTO glasses during 6 min. The dimensions and location of the films were identical to the
case of the ATO samples above, and the scratches to separate 3 mm the electrodes in the

planar configuration samples were also performed (see Fig. 6.2a).

Apart from the ATO and Pt electrodes, a bare FTO glass was also tested for
comparison, which was also scratched as discussed. All the electrodes employed can be

seen in Fig. 6.2a.

Cells preparation: Three different symmetrical cells were prepared in the standard
configuration. One of them using the FTO/ATO electrodes, another one with the Pt films
deposited onto FTO glass, and the final one using only FTO glass. To improve the
electrical contact in this configuration, a certain top area of the samples was painted with
Ag paint (RS, 186-3600), as shown in Fig. 6.2a. In addition to the standard configuration
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cells, their corresponding planar versions were also prepared. In these cases, Ag paint was
added at the ends of the electrodes and the 3 mm gap between electrodes was covered
with tape to avoid contact with the electrolyte Fig. 6.2a). A solution of 0.4 M potassium
ferrocyanide (Sigma Aldrich, P3289-100G) and 0.4 M potassium ferricyanide (Fluka,
BCBT1564) in milli-Q water was employed as electrolyte in all the cells. All the

chemicals were used as received.

(a) Standard (b)
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Fig. 6.2. (a) Different electrodes employed. (b,c) Schemes and (d,e) pictures of the setups employed.

Characterization setups: To characterize the TECs in standard configuration, a
custom setup was employed (see Fig. 6.2b and d). In order to establish a temperature
difference across the cell, two copper blocks were employed. One of them, with 30 mm
x 30 mm x 10 mm dimensions and 2 cartridge heaters inserted (Watlow, C1A-9604),
acted as the heat source. The heaters were powered using a Keithley 2601 source meter.
A second larger copper block (Tangxi X00170031Z) of 40 mm x 40 mm x 10 mm
dimensions with a water circulation channel was used as the heat sink. A water circulator
(PolySicence, SDO7R-20-A12E) served to circulate the water at a certain temperature

along the Cu block.

The electrodes for each cell were centred on top of the copper blocks. Thermal grease
(RS, 1938247) was used at all the glass/Cu interfaces to improve the thermal contacts.
The electrodes were separated by a polytetrafluoroethylene (PTFE) piece which
contained the electrolyte in a cylindrical channel of 10 mm length and 4 mm diameter.
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The channel connected to two top holes for the injection of the electrolyte (see Fig. 6.2d).

These holes were covered with tape after inserting the electrolyte to avoid evaporation.

To avoid electrolyte leakage, two O-rings of 8 mm internal diameter were located at
the sides of the PTFE piece and were pressed against the electrodes by a system formed
by stainless steel plates and screws. Two stainless steel screws inserted in the Cu blocks
were used as electrical contacts for the current flow and two spring probes were contacted
on top of the Cu blocks to sense the voltage (see Fig. 6.2b and d). The Cu blocks were
electrically connected to the electrodes by Ag paint (see Fig. 6.2b and d).

On the other hand, a different setup was fabricated for the planar TECs. In order to
establish the temperature difference in this setup, two metal blocks were employed. One
of them made by Cu, with 30 mm x 30 mm x 10 mm dimensions and 3 cartridge heaters
inserted (Watlow, C1A-9604), acted as the heat source. The heaters were also powered
using a Keithley 2601 source meter. A second block made of Al of 30 mm x 30 mm x 12
mm dimensions (Flyphant 30B3334A) with a water circulation channel was used as the
heat sink. The same water circulator (PolySicence, SDO7R-20-A12E) was employed to
circulate the water at a certain temperature along this block. The FTO substrates with the
electrodes were placed on top of the metal blocks, which were separated 3 mm by a PTFE
bridge (see Fig. 6.2c). The latter helps to avoid breaking the sample during the time a
pressure is applied by an O-ring to allocate the liquid electrolyte. Thermal grease (RS,
2173835) was used at the substrate/metal block interfaces to improve the thermal
contacts. It should be noted that the bridge length is the same as the gap between the

electrodes.

A holed polyetheretherketone (PEEK) block with a rectangular O-ring at the bottom
side was placed on top of the glass substrate to allow the location of the electrolyte (see
Fig. 6.2c and e). The location of the O-ring pressing the film can be seen in Fig. 6.2c.
Once the electrolyte was added, a PTFE lid was placed to avoid evaporation. The PEEK
block also has holes for positioning two thermocouples and several screws to provide a
gentle pressure to avoid electrolyte leakage. The electric contacts to the external circuit
were made with four spring probes (RS, 261-5092) contacting on the Ag contacts, as
shown in Fig. 6.2c. The area of each electrode in contact with the electrolyte for this setup

was 8.5 mm x 4.5 mm.

Measurements: The temperature coefficient «, was obtained from the slope of an
open-circuit voltage Voc vs the temperature difference AT plot. The Voc was measured
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with a Keithley 2100 nanovoltmeter. The temperature difference was increased in steps
of =2.5 K, from 0 up to =10 K, keeping the cold side temperature Tc fixed at 25.0 °C. To
monitor the temperature, two K-type thermocouples (RS, 814-0134) and a dual
thermometer (RS,123-2214) were employed. The thermocouples were positioned on top
of the electrodes in the standard setup (see Fig. 6.2b) and on top of the substrate, aligned
with the ends of the metal blocks (see Fig. 6.2c), in the planar system. In both cases, a bit
of thermal grease was applied at their tips for thermalization.

To evaluate the performance of the TECs, impedance spectroscopy was used.
Impedance measurements were carried out oscillating around the Vo value when the cells
were under a AT=10 K (T¢=25.0 °C) using an amplitude of 15 mV in a frequency range
from 1 MHz to 1 mHz. A Metrohm-Autolab PGSTAT302N potentiostat equipped with a
FRA32M frequency response analyser controlled by Nova 1.11 software was used.
ZView 3.5h was employed to fit the experimental impedance results to different

equivalent circuits.

6.3. Results and discussion

Fig. 6.3 shows SEM images of the ATO film employed. It can be seen that the film is
formed by interconnected nanoparticles of sizes below 10 nm. Moreover, pores are
present with sizes not larger than around 30 nm (see inset of Fig. 6.3a). A thickness value
of 550 nm was estimated from the cross-sectional image (Fig. 6.3b). It should be noted
that the expected phase (cassiterite SnO2) was previously identified by XRD experiments
in our previous article [10]. Also, it can be seen in that reference that no changes in the
XRD patterns were observed after the annealing process. Similarly, an EDX analysis from
the same article showed no changes in the chemical composition of the film after the

thermal treatment.

Fig. 6.3. (2) Top and (b) cross-sectional SEM images of an Sh:SnO- film prepared.
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Fig. 6.4 shows the impedance results obtained for each cell with their corresponding
fittings, performed using the equivalent circuits shown in the inset [9,11]. The fitted
parameters with their corresponding errors are shown in Table 6.1. On the one hand, for
the TECs with the ATO and Pt electrodes, either in standard or planar configuration, an
equivalent circuit formed by a series resistance Rs (accounting for the cables, contacts and
electrolyte resistances) and the finite-length Warburg impedance with a transmissive
boundary (short-circuit terminus Ws), both connected in series, was used (see inset of Fig.
6.4a). The impedance of the Ws element is defined as Zws=Rmt(jcwd?/D)™® tanh[(jewd?/D)],
being Rmt the mass-transport resistance, related to the diffusion of the redox species
to/from the electrodes, j=(-1)°°, w the angular frequency, d the diffusion length, D the
diffusion coefficient of the redox species (assumed equal for both molecules), and p an

exponent, which accounts for deviations from the ideal value (p=0.5) [12,13].

On the other hand, when bare FTO glasses were used as electrodes two new elements
in the equivalent circuit, a charge-transfer resistance R, related to the kinetics of the
transfer of electrons between the redox species and the electrodes, and a double-layer
capacitor, accounting for the accumulation of charge at the electrode/electrolyte interface,
were added to the previous equivalent circuit (see inset of Fig. 6.4b). These two elements
(Ret and Cqi) produce the semicircle observed at the left part in the Nyquist plots (see Fig.
6.4) [14]. In the case of the ATO and Pt electrodes, this semicircle does not appear,

indicating good redox Kinetics, as previously reported by our group [9].
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Fig. 6.4. Impedance spectra (Nyquist plots) for the cells in (a) standard and (b) in-plane configurations with
Sbh:SnO; (blue), Pt (green) and bare FTO (pink) electrodes. The lines correspond to the fittings performed.
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Table 6.1. Temperature coefficient (@), series (Rs) and charge-transfer (Re) resistances, double-layer
capacitance (Cq), mass-transfer resistance (Rmi), exponent (p) and Rq. of the different thermo-
electrochemical cells in both horizontal and in-plane configurations when AT=10 K. Relative errors are
shown between brackets. The maximum power output (Pmax) is also indicated.

a Rs Ret Cai Rmt Rdc Pmax
Electrodes p
(MmVIK) (@) (O] (HF) (O] @ (W)
1.21 50.3 64.0 0.459
FTO/ATO - - 114 0.321
(0.89%) (0.10%) (0.53%) (0.48%)
B 1.46 48.4 62.5 0.408
= FTO/Pt - - 111  0.480
= (0.19%) (0.17%) (0.98%) (0.49%)
w
1.29 51.2 10.0 0.603 62.5 0.455
FTO 124 0.335
(0.13%) (0.32%) (1.73%) (4.59%) (0.97%) (0.83%)
1.76 25.9 48.3 0.430
FTO/ATO - - 74 1.05
(0.41%) (0.14%) (0.85%) (0.59%)
o 1.45 23.4 41.8 0.428
ks FTO/Pt - - 65 0.809
=3 (0.29%) (0.11%) (0.44%) (0.42%)
=

1.42 27.3 11.0 0493 411  0.442
FTO 79 0.638
(0.22%) (0.28%) (0.88%) (2.52%) (0.90%) (0.94%)

From the impedance analysis (Table 6.1), the different processes that govern the
performance of the cells can be identified. First, it can be seen that the Rs values are
similar within each configuration, which is expected since the electrolyte and dimensions
of the different cell elements are similar. When comparing both configurations, a higher
Rs value is found for the standard case, which we attribute to a larger electrolyte resistance
due to the higher separation between electrodes (10 mm in the standard case vs 3 mm in

the planar configuration).

Regarding the mass transport, Rmt values are again similar within the cells of each
configuration, as expected, since the same electrolyte is used. However, this is not the
case for the system with ATO electrodes in in-plane configuration, which shows a Rmt
value around 7 Q higher than the other two planar cells. This could be due to the
somewhat more difficult diffusion of the redox species within the nanostructured and
porous morphology of the electrodes in the direction parallel to the substrate. In the
standard configuration, the diffusion basically takes place in the direction perpendicular

to the electrode. When comparing both configurations, again higher Rmt values are
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observed for the standard case (see Table 6.1), which we also attribute to the larger inter-

electrode distance.

If we analyse now the different temperature coefficient values shown in Table 6.1, a
significantly higher value of 1.76 mV/K was measured for the ATO system in planar
configuration, which is 21.4% higher than the value found for the cell with Pt electrodes
in the same configuration (1.45 mV/K), which is in agreement with the standard value
reported for this electrolyte (1.40 mV/K). Although we cannot find a clear explanation
for this significant increase at this stage, we think that it might be related to the restrictions
that the redox species can find when located within the intricated porous structure of the
ATO film. In the standard configuration, where the temperature coefficient was 1.21
mV/K, the length of the diffusion path of the species within the ATO electrode is very
short, since the film thickness is 550 nm. However, due to the change in orientation, in
the planar configuration the diffusion paths can reach a few mm (electrodes length is 4.5
mm) when moving in the direction parallel to the substrate, which is a much higher value.
This suggestion is in agreement with the higher Rm¢ value found discussed above. In any
case, further studies will be conducted to try to explain in more detail this new effect

observed.

In order to analyse the performance of the different cells, the current-voltage 1-V curves
and the power output were obtained at AT=10 K (see Fig. 6.5). For the determination of
the 1-V curves the values of the Voc and the dc resistance Rqc were considered. This dc
resistance, which comprises the addition of all the resistances extracted from the
impedance analysis (Rac=Rs+RcttRmt), governs the slope of the I-V curve (see values in
Table 6.1) [9,11]. Hence, if the open-circuit voltage (Voc=aAT) and Rqc are known, the I-
V curves and the maximum power [Pmax=Voc?/(4Rdc)] can be obtained (Fig. 6.5 and Table
6.1). When comparing the cells in planar configuration, it can be observed that a 29.7%
higher Pmax can be reached in the ATO cell than in the Pt case. This is due to the larger
temperature coefficient, despite having a somewhat higher Rp.
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Fig. 6.5. Current-voltage (solid lines) and power output-current (dashed lines) curves under a 10 K
temperature difference (cold side temperature kept fixed at 25 °C) for the cells with the Sb:SnO films, the
Pt electrodes, and the FTO-only cell in both configurations.

It should be noticed that larger Pmax values were obtained in all the in-plane systems
when compared to their corresponding standard cells. However, this is not a fair
comparison since the dimensions of both systems differ and the transport of the redox
species is not exclusively one-dimensional in the in-plane architecture, as it is in the

standard case.
6.4. Conclusions

An analysis of a new architecture for a thermo-electrochemical cell has been
performed. Unlike the standard configuration where a redox electrolyte is sandwiched by
two similar electrodes (typically Pt), the new architecture comprises a substrate (FTO
glass) with the two electrodes deposited at its ends and the 0.4M aqueous
ferro/ferricyanide electrolyte added on the top contacting both electrodes, forming a
planar configuration. Different cells were prepared using Pt films and nanostructured and
porous Sb-doped SnO: electrodes in both architectures (standard and in-plane).
Interestingly, a significantly higher temperature coefficient was found for the in-plane
configuration when Sh:SnO, was used as electrode (1.76 mV/K), higher than the value
obtained in the standard configuration with Sh:SnO> (1.21 mV/K), and also higher than
the planar architecture with Pt electrodes, which showed the typical value for the
ferro/ferricyanide electrolyte (1.45 mV/K). An analysis of these systems by impedance
spectroscopy revealed that the main difference between the cells with planar

configuration relies on a somewhat higher mass-transport resistance found for the
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Sh:SnO; system. In any case, the temperature coefficient improvement was more relevant
and the maximum power output for the in-plane Sh:SnO; cell was 29.7% higher than
when using the typical Pt electrodes. Our study identifies for the first time interesting new
features when a planar architecture is employed, opening the door to explore in more

detail this alternative configuration.
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General conclusions

The main objective of this thesis has been to implement different electrochemical
strategies in porous materials to improve the conversion of heat into electricity. This

objective has been achieved, and the principal conclusions are as follows:

1. An extension of our previously published solid-liquid thermoelectric (TE)
system was carried out. Unlike the electrolytes previously employed, we have used
an electrolyte containing an electroactive molecule (chromium acetylacetonate)
dissolved in 3-methoxypropionitrile solvent. The electrolyte permeated a
nanostructured and porous Sb-doped SnO: film. An average power factor (PF)
improvement of 3.4 times was achieved due to the presence of the electrolyte. The
enhancement originated from an average decrease of 23.2% and 82.8% in the
absolute value of the Seebeck coefficient (S) and the electrical resistivity (R) of the
solid, respectively. Morphological changes and variations in the chemical
composition of the films were not observed by SEM and EDX analysis. An
impedance spectroscopy (IS) study concluded that the PF improvements are related
to the donation of electrons from the electrolyte to the solid, which increases its
electrical conductivity (o) and the consequent drop in the S coefficient (see Chapter
3).

2. It is demonstrated that IS technique is capable to characterize the main
mechanisms behind the performance of a standard thermo-electrochemical cell
(TEC), fabricated with Pt electrodes and 0.4 M ferro/ferricyanide aqueous electrolyte
under operating conditions. A simplified Randles equivalent circuit was used to fit
the impedance response at the open-circuit voltage value of the TEC under a
temperature difference (AT) of 40 K. From the fitting, the resistance at steady state
(Rac) was calculated as the addition of the series (Rs) and mass transport (Rmt)
resistances (Rac=Rs+Rmt). It was found that the steady-state resistance (Ri.v) obtained
from the current-voltage (I-V) curve, matches well with Rq.. Hence, knowing Rqc and
the open-circuit voltage (Voc) at the given AT, the I-V curve can be determined, as
well as the power output (Pout), Which can reduce a significant amount of time in
many cases (see Chapter 4).

3. It has been proved that nanostructured and porous Sbh-doped SnO: is an
excellent electrode material for TECs, providing similar performance than Pt at a

much lower cost when both are in contact with the standard 0.4 M potassium
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ferro/ferricyanide aqueous electrolyte. An IS analysis under operating conditions
revealed that the Rct was negligible for all the different thickness, indicating excellent
kinetics, as it is the case for the typically employed expensive Pt electrodes. On the
other hand, the temperature coefficients, Rsand Rmt were similar, which led to similar
Pouts. Hence, no performance improvements were obtained when the electrode area
in contact with the electrolyte was significantly increased. The Carnot-related
efficiencies (7r) estimated for the Sb:SnO- cells were in the same order of magnitude
as for Pt electrodes (see Chapter 5).

4. A new architecture including a substrate (FTO glass) with the two electrodes
deposited at its ends and the usual 0.4 M aqueous ferro/ferricyanide electrolyte added
on the top contacting both electrodes, forming a planar configuration has been
studied. This new configuration differs from the standard configuration where a
redox electrolyte is sandwiched by two similar electrodes (typically Pt). Different
TECs well prepared using either Pt or nanostructured and porous Sh-doped SnO-
electrodes in both standard and planar configurations. Remarkably, a significantly
higher temperature coefficient was found for the in-plane configuration when
Sh:SnO2 was used as electrode (1.76 mV/K). This value is higher than the one
observed in the standard configuration with the same material (1.21 mV/K), and also
29.7% larger than the planar architecture with Pt electrodes, which showed the
typical value for the ferro/ferricyanide electrolyte (1.45 mV/K). An impedance
spectroscopy study revealed that the main difference found rely on a somewhat
higher mass-transport resistance found for the Sb:SnO. system in planar
configuration. In conclusions, our study identifies for the first time interesting new
features when a planar architecture is employed, opening the door to explore in more

detail alternative configurations in TECs (see Chapter 6).
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General conclusions (Spanish version)

El principal objetivo de esta tesis ha sido implementar diversas estrategias
electroquimicas en materiales porosos para mejorar la conversion de calor en electricidad.
Este objetivo se ha conseguido, dando como resultado las principales conclusiones que

se exponen a continuacion:

1. Se ha realizado una extension de nuestro sistema termoeléctrico (TE) solido-
liquido previamente publicado. A diferencia de los electrolitos anteriormente
empleados, se han utilizado una molécula electroactiva (acetilacetonato de cromo)
disuelta en 3-metoxipropionitrilo. El electrolito impregné una pelicula de SnO:
dopado con antimonio. Como resultado, se obtuvieron mejoras de 3.4 veces de media
en el factor de potencia (PF) debido a la presencia del liquido. Esta mejora fue
alcanzada debido a la reduccion media del 23.2% que sufrio el valor absoluto del
coeficiente de Seebeck (S) y al decrecimiento medio de la resistencia eléctrica (R)
del sélido, respectivamente. Tras el andlisis con técnicas microscopicas como SEM
y EDX, no se encontraron cambios morfoldgicos ni variaciones en la composicion
quimica. Sin embargo, un estudio por espectroscopia de impedancia (IS) revelé que
las mejoras del PF encontradas se debian a un efecto de donacion electronica desde
el electrolito hacia el sélido, que da como resultado un incremento en la
conductividad eléctrica (o) junto con la consecuente disminucion del S (ver capitulo
3).

2. Se ha demostrado que la técnica IS es capaz de caracterizar los principales
mecanismos detrds del funcionamiento de una celda termo-electroquimica (TEC)
estandar, fabricada con electrodos de Pty en contacto con una disolucién acuosa 0.4
M de ferro/ferricianuro potasico. Se utilizd un circuito equivalente de Randles
simplificado para ajustar la respuesta de impedancia en el valor de voltaje de circuito
abierto del TEC bajo una diferencia de temperatura (AT) de 40 K. A partir del ajuste,
la resistencia total del sistema (Rqc) se calculé como la suma de la resistencia en serie.
(Rs) y las resistencias de transporte de masa (Rmt) (Rac =Rs+Rmt). Ademas, se encontrd
que laresistencia bajo estado estacionario (Ri.v) obtenida de la curva corriente-voltaje
(1-V), coincide bien con Rqc. Por lo tanto, conociendo Rgc y el voltaje de circuito
abierto (Voc) a cada AT, se puede determinar la curva I-V, asi como la potencia (Pout),
de laTEC, lo que puede reducir una cantidad significativa de tiempo en muchos casos

(ver Capitulo 4).
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3. Se ha probado que el material SnO, dopado con Sb nanoestructurado y poroso
es un excelente material electrodico para una TEC, que proporciona un rendimiento
similar al del Pt a un costo mucho menor cuando ambos estan en contacto con una
disolucion acuosa 0.4 M de ferro/ferricianuro potésico. Un andlisis de IS en
condiciones operativas revelo que el Ret era insignificante para todos los diferentes
espesores, lo que indica una cinética rédox excelente, como en el caso de 10s costosos
electrodos de Pt tipicamente empleados. Por otro lado, los coeficientes de
temperatura, Rs y Rmt, fueron similares, lo que condujo a Pouts Similares. Por lo tanto,
no se obtuvieron mejoras de rendimiento cuando se aumenté significativamente el
area del electrodo en contacto con el electrolito. Las eficiencias relacionadas con el
principio de Carnot (5r) estimadas para los sistemas con Sb:SnO- fueron del mismo
orden de magnitud que para los electrodos de Pt (ver Capitulo 5).

4. Se ha estudiado por primera vez, una nueva arquitectura planar en una celda
termo-electroquimica, que incluye un substrato conductor (cristal recubierto con
Oxido de titanio dopado con fluor, FTO) con dos electrodos depositados en sus
extremos, sobre los cuales se ha contactado una disolucion acuosa 0.4 M de
ferro/ferricianuro potéasico. Este sistema difiere del empleado tipicamente en este
campo que consta de un electrolito insertado entre dos electrodos similares
(normalmente Pt). Se han preparado diferentes celdas tanto con Pt como con SnO;
dopado con antimonio nanoestructurado y poroso en ambas configuraciones
(estandar y planar). Como resultado, se observd un valor de coeficiente de
temperatura notablemente alto (1.76 mV/K) para la arquitectura planar con Sb:SnO-
como electrodo. Este valor es mayor que el observado para la configuracién estandar
con el mismo material electrédico (1.21 mV/K), y es hasta un 29.7 % mas alto que
el valor encontrado para la configuracion planar con electrodos de Pt (1.45 mV/K).
Tras un estudio por espectroscopia de impedancia, se observd que la principal
diferencia era un valor inusualmente alto de la resistencia al transporte de masa en el
sistema planar con Sbh:SnO,. En conclusion, nuestro estudio ha identificado
interesantes nuevas caracteristicas cuando una arquitectura planar ha sido empleado,
abriendo la puerta al estudio de nuevas configuraciones en el campo de las celdas

termo-electroquimicas (ver Capitulo 6).
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