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ABSTRACT

Developing cost effective technologies that convert low-grade heat into electricity is
essential to meet the increasing demand for renewable energy systems. Thermoelectric and
recently emergent electrochemical heat conversion devices are promising candidates for this
purpose. However, current performance and cost of these devices limit their widespread
application. In this thesis, we investigate design guidelines for heterostructured thermoelectric
systems and electrochemical heat energy harvesters to address these challenges.

Material cost and scarcity of elements in state-of-the-art thermoelectric materials are
current limitations. Conductive polymers has become an attractive alternative to those materials,
however they suffer from low Seebeck coefficient. Nanoscale composites of inorganic
semiconductors with conductive polymers could improve low Seebeck coefficients and power
factors of conductive polymers, however quantitative understandings on the mechanisms lying
behind the enhancements were often missing. In our research, thin film heterostructures of a
conductive polymer, PEDOT:PSS / undoped Si or undoped Ge were selected as templates for
mechanistic investigations on thermoelectric performance enhancements. With the combination of
experiments and simulation, it was determined that p-type PEDOT:PSS transferred holes to the
interfaces of adjacent Si and Ge, and these holes could take advantage of higher hole mobility of
Si and Ge. This phenomenon called modulation doping, was responsible for thermoelectric power
factor enhancements in Si / PEDOT:PSS and Ge / PEDOT:PSS heterostructures.

Another technology to transform low-grade heat into electricity is electrochemical heat
conversion. Traditionally, the electrochemical heat conversion into electricity suffered from low
conversion efficiency originating from low ionic conductivity of electrolytes, even though high
thermopowers often reaching several mV/K has been an alluring advantage. Recently developed
breakthrough on operating such devices under thermodynamic cycles bypassed low ionic
conductivity issue, thereby improving the conversion efficiency by multiple orders of magnitude.
In this study, we focused on improving efficiency by increasing thermopowers and suppressing
heat capacity of the system, while maintaining the autonomy of thermodynamic cycles without
need for recharging by external sources of electricity. These detailed interpretations on nanoscale
composite thermoelectric systems and electrochemical heat harvester provide insights for the
design of next-generation thermoelectric and electrochemical heat energy harnessing solutions.
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1. Introduction

1.1.  Motivation for Thermoelectrics and Electrochemical Heat Harvesting

As energy demand around the world increases and the amount of non-renewable fossil
fuels decreases, the need for sustainable renewable energy sources is evident. In addition to the
growing demand for energy, there is also a push for reducing the amount of emitted pollution, in
the form of greenhouse gasses, by using clean energy sources. A solution to both of these energy
problems can be realized by reducing the amount of wasted energy. The United States wastes about
57.5 % of the energy it produces, the majority of which takes the form of waste heat (Figure 1.1).
Thermoelectric materials and electrochemical heat conversion devices which directly convert heat
to electricity have the ability to recycle the wasted heat into a useful energy, electricity. Therefore,
both technologies have the potential to increase the efficiency of energy production and reduce the

amount of emitted pollution.
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Figure 1.1. The energy flow of the United States in 2014, based on the energy flow diagram
produced by Lawrence Livermore National Laboratory for 2014. Sources of energy are on the left
and uses of the energy on the right. About 58% of the energy goes unused. The majority of this
unused energy is in the form of waste heat'. The data are from the Energy Information
Administration of the U.S. Department of Energy (DOE/EIA-0035(2015-03)).
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However, high material cost prohibits thermoelectric technology to be adopted broadly.
The state-of-the-art thermoelectric materials are typically compounds of Bismuth or Antimony
chalcogenides (Bi2Tes, Bi>Ses, ShoTes, Sh2Ses), or their alloys. Thus, the technology becomes
expensive due to the limited supply of the those constituent elements?. For this reason, research
about conductive polymers of which constituent elements are earth-abundant carbon, hydrogen,
oxygen and sulfur has been spurred. Other advantages of conductive polymers as thermoelectric
materials include their lower prices?, flexibility*°, and easiness to process using techniques such
as inkjet printing®’, spin-coating®, and drop casting®. However, conductive polymers in general
could not match the thermoelectric performance of the state-of-the-art thermoelectric materials so
far. For instance, even the best conductive polymer for thermoelectric application, PEDOT:PSS
has a much lower thermoelectric performance® that should be improved in order to become
competitive. Thus, an alternative approach of forming nanoscale composites with conductive
polymers was explored to enhance thermoelectric performance of the conductive polymers in this
research.

Another most serious challenge for thermoelectric technology is low heat to electricity
conversion efficiency!. Even though recent progress during the last decade achieved significant
increase in conversion efficiency'?1°, the conversion efficiency still could not reach that of the
traditional heat engines (Figure 1.2). For certain circumstances where large volume and heavy
weight of traditional heat engine are not favorable, thermoelectrics can be preferably applied.
Otherwise, it is projected that current thermoelectric technology cannot deliver sufficient

efficiency to be competitive in the market!!, combined with cost issues?.
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Figure 1.2. The conversion efficiency via thermoelectric technology still remains limited,
compared to those of other forms of heat conversion technologies. Plot from An inconvenient truth

about thermoelectrics and used with permission from the Nature Publishing Group®*.

This projection stimulated research for alternative heat to electricity conversion
technologies. One of the most prominent alternative technologies is electrochemical heat
harvesting, because it can usually produce much higher thermopower (often above 1 mV/K) than
those of conventional thermoelectric materials (Figure 1.4). Electrochemical heat harvesting itself
is not a new concept, and has been actively investigated since a few decades ago?°-2¢. However,
the electrochemical heat harvesting technology had always suffered a lot from the bottleneck
limitation in low ionic conductivity, which is usually 4 to 6 orders of magnitude smaller than
electronic conductivity of state-of-the-art thermoelectric materials®®. Novel thermodynamic
cycles®®#0 for electrochemical heat harvesting were developed recently to dodge the critical low
ionic conductivity issue. This innovation is proven to enable much higher conversion efficiency

than that of conventional thermoelectrics (Figure 1.4). This new technology can possibly lead to
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more widespread application of waste heat recovery devices, eventually contributing to reduce the

greenhouse gas emission.
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Figure 1.3. Thermopowers of redox active species are generally 10 — 100 fold larger than Seebeck
coefficients of conventional semiconductors and metals. From the left, the listed materials
correspond to Al*t, Rh*?, Cu®, Ag®, Au®®, Fe**, Chromel*3, Nichrome**, Bi** in ‘Metals’ category,
and Bi2ShyTes«*, BiTes*, Si nanowires*’*8, PhSe1.«Tex/PbTe*, Bi»Tes/Sh,Tes* in “State-of-the-
art Thermoelectric Materials’ category, and Co(bpy)s?*3* in [EMIM][NTf2]%, Fe(CN)&>"* a2,
Cu(bpy)2'*?* in gamma-butyrolactone (GBL)?, TBAN* in dodecanol®?, NaOH in PEO¥ in

‘Electrochemical’ category, respectively.
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Figure 1.4. Recently reemerging electrochemical heat conversion can be an attractive alternative

or a supplemental technology to the conventional thermoelectric technology, because of

potentially much improved heat conversion efficiency. Figure from Thermally Regenerative

Electrochemical Cycle for Low-Grade Heat Harvesting and used with permission from the

American Chemical Society®®.
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1.2. Fundamentals of Thermoelectrics

1.2.1. Seebeck Coefficient (S)

The thermoelectric materials are usually narrow band gap semiconductors with a certain
concentration of charge carriers (holes or electrons, h™ or €°) in it. When thermoelectric materials
are subject to thermal gradient, the carriers tend to migrate to the cold side of the materials (Figure
1.5). This disparity in carrier concentration under the thermal gradient stems from the larger
diffusivity of hot carriers than that of cold carriers (Figure 1.6). The “build-up” of carriers on the
cold side creates a voltage difference across the material. Seebeck coefficient of a material (S)
quantifies the amount of voltage generated (AV) by a given temperature gradient (AT), as can be
seen in Equation 1.1. Then the material is connected across an external load, and a current will
flow creating electrical power output. The harvested voltage should be consumed simultaneously
with presence of thermal gradient, due to lack of electrical energy storage ability in thermoelectric
materials. It is also worth noting that the Seebeck coefficient has negative correlation with the

carrier concentration (n) for materials with parabolic bands, as shown in Equation 1.1%4,

Heat
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° Potential
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Figure 1.5. Description of Seebeck coefficient in a conductive material (semiconductors or metals).
In the presence of a temperature gradient, these carriers will be polarized on the cold side of the
material creating a voltage potential across the material. Completing the circuit across an external

load will induce a current and create power.
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Figure 1.6. Origin of Seebeck effect in a metal. The electrons at the hot side (Tw) have a larger
thermal velocity than those on the cold end (Tc). Therefore, the distribution of electrons at the
steady-state will be polarized at colder side, due to the changed diffusivities at different

temperatures.
AV -2
S = XN (1.2)

1.2.2. Electrical Conductivity (o)

The electrical conductivity (o) of a material quantifies how well it conducts electrons.
Materials that conduct electrons well, such as copper, have a high electrical conductivity; whereas
materials that conduct electrons poorly, such as SiO2 quartz, have a low electrical conductivity.
The electrical conductivity (o) of a material is a product of its carrier concentration (n), mobility
(n), and the elementary charge constant (€). The carrier concentration (n) is the concentration of

electrons in the conduction band or holes in the valence band of a material. The mobility (p)
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describes how easily the carriers can move through the material. The elementary charge constant
(e) is defined as the electric charge carried by a single electron (1.6 x 10" C).

0 = nep (1.2)

1.2.3. Thermal Conductivity (k)

The total thermal conductivity (k) of a material quantifies how well it conducts heat.
Materials that conduct heat well, such as copper, have a high thermal conductivity. Materials that
conduct heat poorly, such as polymers, have a low thermal conductivity. The total thermal
conductivity is composed of two parts: the lattice thermal conductivity (k1) and the electronic
thermal conductivity (ke). The lattice component (k) comes from lattice vibrations that are
transmitted through the material. These lattice vibrations are also known as phonons. The
electronic component of thermal conductivity comes from collision between the transported charge
carriers and the atoms in the materrials, as they move through the material. The electronic thermal
conductivity is proportional to multiplication of Lorentz number (L) and electrical conductivity
(o).

K = K¢ + K, (1.3)
Ke = OLT (1.4)

1.2.4. Thermoelectric Figure of Merit and Conversion Efficiency

The thermoelectric device efficiency () is a product of two different constituents: Carnot
efficiency and material efficiency (Equation 1.5). The Carnot efficiency is a thermal efficiency
that is limited by the second law of thermodynamics using the hot side (T+) and the cold side (Tc¢)
temperatures. The material efficiency is governed by the properties of the thermoelectric material
used in the device.

_ Ty—Tc VZT+1-1
- T
Ty VZT+1+Tﬁ

(1.5)

The material efficiency contains a metric of performance known as the dimensionless
figure of merit (ZT). This variable is derived from maximizing the Peltier refrigeration efficiency

for a given thermoelectric material. One can determine the dimensionless figure of merit using the
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electrical conductivity (o), Seebeck coefficient (S), thermal conductivity (x), and mean

temperature (T) of the material (Equation. 1.6).

zT =21 (1.6)
To maximize the efficiency of a thermoelectric device, one needs to maximize the

dimensionless figure of merit (ZT). Therefore, when investigating thermoelectric materials, the

primary goal, and indeed the focus of this thesis, is to increase the thermoelectric figure of merit

(ZT) of the material.
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Figure 1.7. The conversion efficiency of thermoelectrics has monotonically positive correlation
with thermoelectric figure of merit, ZT. For the estimation of the efficiency, the temperature at
cold side is held constant at 300 K, while the hot side temperature is set as a control variable to
create thermal gradient. Figure from An overview of cooling of thermoelectric devices and used

with permission from Elsevier®.

1.2.5. Interdependency of the Thermoelectric Parameters in Single-material

Thermoelectric Systems
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As indicated at Equation 1.6, increase in electrical conductivity (o), and Seebeck
coefficient (S) and decrease in thermal conductivity is desirable to achieve high ZT. However,
accomplishing high ZT is not straightforward, as all these thermoelectric parameters are correlated
to each other.

Figure 1.8 (a) shows that Seebeck coefficient, electrical and thermal conductivities as
functions of charge carrier concentration inside a thermoelectric material. The electrical
conductivity increases with increasing carrier density, whereas Seebeck coefficient decreases with
increasing carrier concentration. It is noteworthy that the relationship between the Seebeck
coefficient and major carrier density in a material system is called Pisarenko relation. These two
contrary trends of Seebeck coefficient and electrical conductivity result in the existence of peak of
the power factor (S%) at a particular carrier density. The thermal conductivity stays almost
constant in the low carrier concentration region as lattice thermal conductivity is the major
contributor to the overall thermal conductivity. However, with increasing carrier density, the
thermal conductivity increases as well. The electronic contribution to the thermal conductivity
becomes larger, which is proportional to electrical conductivity. From this, ZT is also expected to
have a global maximum at a specific location.

In order to maximize ZT, researchers investigated different thermoelectric materials.
Figure 1.8 (b) shows various thermoelectric materials at optimized dopant concentration.
Regardless of doping condition and operational temperature, the maximum ZT almost always is
ceiled around 1. For further amelioration of ZT, alternative classes of materials have been

intensively sought for the thermoelectric application.
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Figure 1.8. (a) Optimizing ZT through carrier concentration tuning. Maximizing the efficiency
(ZT) of a thermoelectric involves a compromise of thermal conductivity (k) and Seebeck
coefficient (S) with electrical conductivity (o). All thermoelectric parameters are based on Bi2Tes
properties®. (b) p-type and n-type ZT of state-of-the-art commercial materials and those used or
being developed by NASA for thermoelectric power generation®®. Figure from Complex

thermoelectric materials and used with permission from the Nature Publishing Group®’.

1.2.6. Thermoelectric Performance Enhancing Mechanisms in Nanoscale Composite
Systems
Modulation Doping
Modulation doping enables increased population of charge carriers in a semiconductor not
by incorporation of foreign species, but by relying on diffusion of charge carriers (hole or electrons,
h* or e") from a chemically doped semiconductor to the adjacent undoped semiconductor (Figure
1.9 (a)). Modulation doping is composed of two processes: (i) generation of charge carriers at the
doped semiconductor layer and (ii) migration of part of the charge carriers to the contacting
undoped layer with higher mobility. Therefore, in some sense, it can be alternatively referred to
‘spillover’ of charge carriers. The reason for the higher charge carrier mobility in the undoped

layer is less scattering by dopant atoms, which function as ionized impurity scattering centers.
22



Under this mechanism, the overall population of charge carriers remains the same, because this
mechanism does not additionally create the charge carriers. However, electrical conductivity
increases, because some of charge carriers in the undoped layer now have higher mobility. This
principle was firstly demonstrated in GaAs-AlxGai-xAs superlattice, where many alternate thin
layers of n-type AlxGaixAs and undoped GaAs were deposited®®. The first application of this
concept was high electron mobility transistor (HEMT), where high mobility of charge carriers is
directly linked to the performance®®.

In order for the modulation doping phenomenon to be realized, suitable band offset is the
primary requisite, as it determines whether the migration of the charge carriers is
thermodynamically uphill or downhill. Band offset is the amount of discontinuity in conduction
or valence band edges at the interfaces of two dissimilar materials. If the band offset is
thermodynamically uphill, diffusion from the originating material to the adjacent undoped
semiconductor will be inhibited significantly. In the contrast, when the redistribution of the charge
carriers is thermodynamically favorable (downhill), the majority of charge carriers would prefer
to migrate. Figure 1.9 (b) exemplifies when the modulation doping is a thermodynamic downhill
reaction. In this occasion, conduction band edge of the modulation dopant material (highly doped
n-type SixGe1x) locates higher than that of the undoped counterpart Si, so that modulation doping
can occur. In other words, the redistribution of electrons is promoted due to the thermodynamically
favorable energy band alignment.

(a) (b)
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Figure 1.9. Schematic illustration of modulation doping mechanism in nanoscale thermoelectric
composite systems. (a) Modulation doping can be an operating principle for composites and
heterostructures, of which transport direction is in-plane. Heterostructure is a heterojunction
between two co-planar layers or regions of dissimilar semiconductors. Grey slabs, black slabs,
black dots, and white dots represent planar doped semiconductor, planar undoped semiconductor,
nanostructures of undoped semiconductor, and charge carriers, respectively. The interface is
magnified at the right hand side. (b) Modulation doping is a deluge of charge carriers from a
chemically doped material to another adjacent material with a higher mobility. Band offset is the
key requirement to promote modulation doping, as it determines how large portion of the carriers
can migrate. For this case, electrons generated in heavily doped SixGe:1-x nanoparticles diffuse into
the neighboring undoped Si matrix, driven by both concentration and energy gradient. Figure (a)
from Quantitative analyses of enhanced thermoelectric properties of modulation-doped
PEDOT:PSS/undoped Si (001) nanoscale heterostructures®. Reproduced by permission of the
Royal Society of Chemistry. Figure (b) from Enhancement of thermoelectric properties by
modulation-doping in silicon germanium alloy nanocomposites and used with permission from the

American Chemical Society®?.

Figure 1.10 (a) illustrates the modulation doping process with graphically represented
mobilities in the undoped Si matrix embedding highly n-type SixGeix nanoparticles. The
modulation dopant in this particular occasion, nanoparticles are usually considered as scattering
centers for electrons®282, If this is true, then the modulation doping principle may not lead to
enhancement in electrical conductivity. Fortunately for this case, the mobility of the undoped Si

matrix is largely preserved because the nanoparticles have a large volumetric fraction, and the

diameters of the SixGei1x nanoparticles (~20 nm) are much larger than the electron mean free paths

(1 — 2 nm)®*® In other words, electrons are scattered anyway in the undoped Si matrix, before
nanoparticles scatter them. This lesson should be carefully followed when sizes of the nano-
inclusions (modulation dopant) are comparable to the mean free path of charge carriers. As a result
of the modulation doping, electrical conductivity is improved without sacrificing Seebeck

coefficient. Therefore, compared to uniformly doped system where scattering of electrons by
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ionized impurity are present, power factor is boosted due to this enhanced electrical conductivity
(Figure 1.10 (b)). An additional advantage in this system is the suppression of thermal
conductivity®®, because of active scattering of phonons by the SixGeix nanoparticles. As
wavelengths and mean free path of phonons are much longer than those of electrons, they are more

readily scattered by interfaces with nanoparticles>¢:°7,
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Improvement on the thermoelectric power factor in the undoped Si matrix embedding highly n-
type SixGe1x nanocrystals, compared to that of uniformly doped Si material. This enhancement is
largely attributed to the increased electrical conductivity without tradeoff in Seebeck coefficient.
Figure (b) from Power factor enhancement by modulation doping in bulk nanocomposites and

used with permission from the American Chemical Society®®.

Energy-dependent Charge Carrier Scattering

This mechanism relies on the energy-selective scattering of charge carrier transport via
energy barrier at the abrupt interfaces between two dissimilar materials. Band offset is also
important for this mechanism as well, because it determines the barrier height. Superlattice®® or
matrix embedding nanoparticles’®* are preferred sample configurations, so that transport across
the interfaces where the charge carrier scattering mechanism happens can become more
pronounced (Figure 1.11 (a)).

Figure 1.11 (b) shows that the imposed thermal gradient across these nanoscale composite
systems causes shift in kinetic energies of all respective electrons at each position. Because the
thermal gradient is applied perpendicular to the interfaces (marked as z-direction here), the energy
profile along the z-direction shows a linear slope. Quantum wells are assumed in this theoretical
explanation because the assumed thin dimension of each layer of the superlattice often induces the
quantum well effect’>". Periodic arrangement of quantum wells is presumed (superlattice), as
shown in top side of Figure 1.11 (a). If electrons are transported along the z-direction, the majority
of electrons confined below the Fermi level (i.e. the energy which has a 50 % probability of being
occupied by an electron at a temperature) cannot further proceed along z-direction due to the
energy hurdle (Eb); only the small portion of electrons with higher kinetic energy than barrier
height (E > Ep) can move to the neighboring quantum well. Sufficiently thick periodic barriers are
assumed in this case, in order to disregard transport of the electrons by tunneling effect’.

Portion of electrons capable of transmission across the interfaces out of the total electron
population is expressed as V1 and V2 at Figure 1.11 (c), depending on the conservation of the
momenta. The energy of entire population of electrons is displayed in a momenta space (k-space).

The spherical distribution of kinetic energies of electrons in the momenta space appear, because
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isotropic free electron is assumed, reflecting typical characteristic of metal (Fermi gas). The kinetic
energy, the criterion for filtration of the electrons, is related to the momenta by this formula:

E = K (1.7)

*
2mg

where E, A, k, mg represent kinetic energy of an electron, reduced Planck constant, momentum of

the electron, and effective mass of the electron respectively. Hence, according to Equation 1.7, the

21,2
barrier height (E},), can be alternatively expressed as kj, in this momenta space, such that E;, = Zr:b

e

Then momenta of electrons eligible for the transport across the barriers are k, > ky, if momenta is
not conserved, and k > ky, if momenta is conserved, where k, corresponds to the momenta of
electrons along z-direction. Population of electrons meet these two different criteria is expressed
as V1 and V2, respectively.

As a result of the selective propagation of electrons, the overall electrical conductivity
decreases, as the number of electrons capable of conduction has reduced. The contribution from
electrons to the electrical conductivity over the kinetic energy is shown in Figure 1.11 (d). This
electrical conductivity at the particular kinetic energy is called differential electrical conductivity
(o(E)). The differential electrical conductivity at that specific energy can be defined as
multiplication of electron population at that kinetic energy and mobility. The integration of the
differential conductivity over the entire energy range is the experimentally observed electrical
conductivity of a material. When the charge carrier scattering mechanism is in effect, the electrons
with low Kinetic energy are localized. Thus, their contribution to the total electrical conductivity
becomes zero, meaning that the differential conductivity below E, becomes zero. It in turn creates
an asymmetric profile, as shown in the right hand side of Figure 1.11 (d). It is noteworthy that the
zero differential conductivity below Ep originates from the zero mobility, not the disappearance of
electron population lower than Ep. Therefore, Fermi level stands invariant in both cases of Figure
1.11 (d). The unchanged Fermi level and transformed differential conductivity influence Seebeck

coefficient of the system, by following a formula (Mott formula) below:

21,2
g kgT d1n o(E) (1.8)
3e OE E=Ep

The Seebeck coefficient of a thermoelectric system is proportional to derivative of the

differential conductivity with respect to the energy at Fermi level, where kg, T, and e represent
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Boltzmann constant, temperature, and elementary charge. The slope of the differential electrical
conductivity against the energy becomes much sharper at ‘metal-based superlattice’ case. This
indicates that the Seebeck coefficient is enhanced due to the energy-dependent charge carrier
scattering mechanism, at the expense of electrical conductivity. Also, another lesson can be
obtained that the barrier height determines the differential conductivity profile. Hence, selection
of materials to adjust the barrier height would be decisive to govern ZT.

Figure 1.11 (e) demonstrates that the increased Seebeck coefficient can eventually lead to
the enhancement in ZT, despite the decreased electrical conductivity. This tradeoff is only possible
toward higher Seebeck coefficient with less electrical conductivity, not the opposite way; therefore
this mechanism is only suitable for materials innate in high electrical conductivity and low Seebeck
coefficient. This specification matches well with properties of metal, and this explains why metal-
based superlattice in particular was discussed here. In comparison, modulation doping mechanism
augments the electrical conductivity without discounting Seebeck coefficient.

In the projection of ZT, additional assumptions on phonon transport across the interfaces
are set. The mean free paths of phonons are typically larger than those of charge carriers by several
orders of magnitude. In this study, superlattice with 5 nm — 20 nm periods was assumed, which in
turn would lead to hugely suppressed thermal conductivity. The introduced work here estimated
the thermal conductivity around 1 W/m-K, as a result of repressed phonon propagation by more
frequent scatterings at more frequently encountered interfaces. In comparison, thermal
conductivity of common metals and several semiconductors in the bulk form are typically 1 — 2

orders of magnitude higher.
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Figure 1.11. (a) A schematic diagram of energy-dependent charge carrier scattering mechanism
in nanoscale thermoelectric composite systems and superlattices. The energy-dependent charge
carrier scattering mechanism can be a Seebeck coefficient enhancing principle for nanoscale
composites of nanoparticles / enveloping matrix, and heterostructures. For the charge carrier
scattering mechanism, electronic and thermal transports should mainly occur across interfaces
between the dissimilar materials. The interfaces function as an effective tool to facilitate the charge
carrier scattering mechanism. Grey slabs, black slab, black dots, and white dots represent a
conductive material A, another conductive material B, the nanostructured material A, and, charge
carriers, respectively. The interface is magnified at the right hand side. (b) Conduction band and
energy levels within two neighboring quantum wells generated by the quantum confinement effect,
separated by another material. The barrier height of each well and Fermi level are represented as
Ep and Er respectively. The shift in temperatures (Tw and Ti) also moved all energy levels of
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electrons in the quantum well by the same magnitude. (c) Distribution of kinetic energy of all
electrons in the material is represented in a momenta-space (k-space). Only electrons with kinetic
energies larger than the barrier height E, can be propagated (corresponding to V1); otherwise, they
are scattered. (d) Modified differential electrical conductivity as a consequence of introduction of
the energy barrier. (e) Projected improvement in ZT by the energy-dependent charge scattering
mechanism. Figure (a) from Quantitative analyses of enhanced thermoelectric properties of
modulation-doped PEDOT:PSS/undoped Si (001) nanoscale heterostructures®. Reproduced by
permission of the Royal Society of Chemistry. Figure (b) — (e) from Improved thermoelectric
power factor in metal-based superlattices and used with permission from the American Physical
Society®®.

Even though experimental investigation on energy-dependent charge carrier scattering had
been hampered by technical difficulties®®, it could be realized experimentally at SbyTes
thermoelectric matrix embedding Ag nanoparticles (Figure 1.12). It is noteworthy that p-type
Sh>Tez matrix is already a state-of-the-art thermoelectric material, which readily conducts holes.
The key idea for this study lies on the materials choice, so that appropriate band offset is actualized
and it in turn permits the energy-dependent charge carrier scattering mechanism.

With this design consideration, Te and Ag nanoparticles were incorporated in this
thermoelectric system. When the samples were fabricated, excessive Te elemental crystal was put
in addition to the stoichiometric Sh,Tes compound. As a result, there were remnant Te inclusions
in the matrix, and they are free from the chemical bonding with Sb. Heat treatment on the samples
allowed the excessive Te to diffuse and eventually surround Ag nanoparticles, because Te has
particularly high chemical affinity to Ag. The choice of Ag was also very intentional, in order to
prepare the suitable band offset (or barrier height) for the pronounced charge carrier scattering
mechanism at the interfaces between Te and Ag. Because they have similar ionization potentials
(i.e. distance between the vacuum level and the valence band edges), the valence band offset
(barrier height) was expected to be adequate, so that only minority portion of the hole transport
can be selectively filtered. At a glance, it may be strange that the barrier layer is surprisingly
metallic Ag nanoparticles, because Ag is a well-known electronic conductor. However, these

metallic nanoparticles create Schottky barrier, functioning as a suitable energy filter for the charge
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carrier scattering mechanism. Moreover, Ag nanoparticles are largely segregated from each other
and exhibit as Schottky contact; meaning that charge carrier conduction solely thought them is not
possible due to both thermodynamic and geometric reasons.

As a consequence of the energy barrier placed by the Ag nanoparticles, the differential
conductivity profile becomes asymmetric, with differential conductivity at the low kinetic energy
region disappearing (Figure 1.11 (c)). Then the Seebeck coefficient obtained from the Mott
formula (Equation 1.8) becomes enlarged, improving the power factor as well (the right hand side
graph in Figure 1.12).

Despite not represented in Figure 1.12, another bonus enhancement in ZT is achieved by
suppression of the thermal conductivity. As explained earlier in this section, scattering centers for
hole transport (Ag nanoparticles) definitely can act as phonon scattering center, because of their

orders of magnitude different mean free paths3-:32,
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Figure 1.12. The band alignment at the interfaces of p-type SboTes matrix embedding the Ag
nanoparticles show the energy-dependent charge carrier filtering effect. Excessive Te atoms
encapsulate Ag nanoparticles spontaneously, and these neighboring materials form a suitable band
offset to induce the charge carrier scattering mechanism. This in turn increases thermoelectric
power factor. Figure from Silver-based intermetallic heterostructures in Sb,Tes thick films with
enhanced thermoelectric power factors and used with permission from the American Chemical

Society’?.
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1.3. Fundamentals of Thermogalvanics

1.3.1. Origins of Electrochemical Thermopowers and Their Trends

There are 3 different physical origins of electrochemical thermopowers: thermogalvanic
effect by redox-active species, thermal-electrical double layer (EDL) effect by the adsorbed ions
on the electrode surfaces, and thermodiffusion effect by the ions in the electrolyte (Figure 1.13 (a)
— (c)). All these 3 mechanisms can be exploited to harness heat into electricity. It is remarkable
that voltage change per unit temperature difference is no longer called Seebeck coefficient,
because the thermally generated voltage does not stem from the Seebeck effect. Instead, this metric

is indicated as thermopower, because it implies no information about the physical origin.

Thermogalvanic Effect
Thermogalvanic effect represents shift of electrochemical equilibrium of redox reactions
by temperature change. As a consequence, the electrochemical potential is also altered (Figure

1.13 (a)). As each redox reaction has corresponding Gibbs free energy, following formulae hold:

AG(T) = AH — TAS = —zFE(T) (1.9
dAG(T) _ o _ - OE(T)
== —AS = —zZF = (1.10)
_ 9E(T) _ AS
T 9T  zF (1.11)

where AG(T) is Gibbs free energy change accompanied by the redox reaction as a function of
temperature, AH is enthalpy change accompanied by the redox reaction, AS is entropy change
accompanied by the redox reaction, E(T) is electrochemical potential of the redox species as a
function of temperature, z is the exchanged moles of electrons during the one mole of redox
reaction, and F is Faraday constant. As can be noticed, the redox entropy is directly proportional
to the thermopower by thermogalvanic effect (Equation 1.10 and Equation 1.11). Also, the Gibbs
free energy is proportional to the electrochemical potential (Equation 1.9). As redox reactions for
each redox couple involve different Gibbs free energy change and entropy change, the
electrochemical potentials and thermopowers of individual redox couples can be regarded unique
as will be explained later. For instance, Cu metal and copper hexacyanoferrate, Prussian blue
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(KFe2(CN)ss)), and Fe(CN)e*™* @ all have distinct electrochemical thermopowers and
potentials39-32,

It is also experimentally demonstrated that more entropy exchange can be incorporated in
addition to the redox entropy (AS,eqox), in order to further raise the thermopower’’. Then the
thermopower is modified to reflect the additional contribution (Equation 1.12). In this occasion,
the entropy exchanged via evaporation (ASe,,p) Was added to the total contribution, reaching up
to -9.9 mV/K'. It is interesting because non-electrochemical phenomenon of evaporation can
contribute to the overall thermally harnessed voltage. When multiple physical phenomena with
high entropy exchange are coupled with electrochemical redox reactions, the total thermopower

can be further improved.

_ OE(T) _ ASredox"’Asevap
aT zF

(1.12)

Thermal Voltage Induction at Electrical Double Layer Capacitor (EDLC)

The electrochemical potentials of EDLC electrodes can be also altered in a response to the
varied temperatures. Basically the voltage at EDLC electrode is a function of surface charge
density, and this weakly bound surface charge density is prone to be affected by temperature®
(Figure 1.13 (b)). Depending on the electrolyte composition and electrode materials, the
electrochemical thermopower can range from 0.6 mV/K to 6.5 mV/K'™, However, further
detailed studies are required to fully reveal the nature behind this high electrochemical

thermopowers.

Thermodiffusion (Soret effect)

This effect utilizes the diffusivity difference of ions in electrolytes, as a result of different
temperatures (Figure 1.13 (c)). The thermal velocity of the ions in the electrolyte is increased
when the temperature becomes higher, resulting in larger diffusivity. As a consequence,
polarization of the concentrations of ions is induced in the electrolyte. It produces the potential
difference across the electrolyte under thermal gradient. This can be regarded as an
electrochemical analogy to the Seebeck effect. The concepts are identical, except ions replace the
charge carriers (holes or electrons), and the system is substituted from a solid-state electronic
conductors to an ionic conductor. Whereas single type of charge carriers can only be present in
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thermoelectric systems, electrolytes typically include both cations and anions. As both oppositely
charged species are transported toward the same cold side of the electrolytes, the thermopower
contributions from the cations and the anions subtract each other, often resulting in low
thermopower. In order to resolve this issue, high molecular mass of either cation or anion is
deliberately selected, so that transport of the high mass ions can be significantly minimal. As a
result of this approach, entropy transport from the lighter ionic species is solely reflected to the
thermopower, thereby increasing the thermopower. Such idea was successfully demonstrated in
Na* — polystyrene sulfonate” (PSS) electrolyte®®4°, and Na® — poly(ethylene oxide) (PEO)
electrolyte®”. The thermally-induced unequal distributions of ions in those electrolytes were
converted to electrochemical energy at redox-inert electrodes (EDLC electrodes). Further
expansion of this concept into charged colloids was also carried out. The key idea was that the
enlargement in the mass can enhance the transported entropy as well, resulting in very high
theoretical thermopower around 85 mV/K®°.

In this thesis, 2 principles out of 3 phenomena will be applied for electrochemical heat

harvesting; thermogalvanic effect in Chapter 3; both thermogalvanic effect and thermal-EDL
effect in Chapter 4.
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Figure 1.13. The 3 major physical origins of electrochemical thermopowers. (a) Thermogalvanic
effect based on redox phenomenon. (b) Thermal-EDL effect based on change in surface charge

densities on EDL under different temperatures. (c) Thermodiffusion effect (Soret effect) driven by
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diffusivity difference at unequal temperatures. The thermodiffusion effect is an electrochemical
analogy to Seebeck effect in solid-state electronic conductors. Reproduced from Thermal charging

of supercapacitors: a perspective®! with permission from the Royal Society of Chemistry.

Electrochemical thermopowers more than 1 mV/K are easily achieved from all 3
mechanisms. Even among these mechanisms, difference in magnitudes of thermopowers exists.
Figure 1.14 compares thermopowers from the two different driving forces: thermogalvanic effect
and EDLC. The left side of the graph depicts thermopowers of several Li-ion battery electrode
materials, which clearly show that thermopowers of the Li-intercalation materials do not exceed
2.1 mV/K®, On the contrary the thermopowers based on EDLC range between 3 mV/K and 8
mV/K. This difference will be utilized in the Chapter 4, where a combination of EDLC and a
rechargeable battery works as a single electrochemical heat harvester. Besides the utility of this
difference, it can further raise fundamental questions about physical origins. The trend may be
understood from a viewpoint that the orders of magnitude of entropy exchanged may be
completely different for Li-ion battery electrodes and EDL electrodes, because EDL typically store
charge as ions in the electrolyte on the electrode surface, where the stored charges are likely to be
disordered. In comparison, as the battery materials form much stronger chemical bonding with the
stored ionic charges. Allowed modes of movement (or degree of freedom) for the stored ions in

the crystal is limited, hardly permitting disorder.
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Figure 1.14. Consolidated electrochemical thermopowers at several different rechargeable battery
and supercapacitor electrodes. There is a trend that thermopowers of supercapacitor electrodes are
generally larger than those of secondary battery electrodes. From the left hand side, identities of
the listed materials are as follows. Li®3, LCO: LixC00,?°82848% | j-Al: Lithium-Aluminum alloy®®,
LVO: LixV20s%28788 | MO: LixMn2042%%, NMC 622: LixNio.sMno2C0020,%2, NMC 811:
LixNiosMno1C00102%2, LFP: LixFePO.® in ‘Battery Electrodes’ category. PANI / Graphene
Supercapacitor: polyaniline / graphene electrode in supercapacitor®®, CNT EDLC: carbon
nanotube electrode in EDLC®?, Ni-coated MWCNT: Nickel-coated multi-walled carbon nanotube
in EDLC®?, Nanoporous Ni-alloy: nanoporous Nickel-Copper alloy electrode in EDLC® in ‘EDLC

Electrodes’ category, respectively.

1.3.2. Possible Modes of Operations in the Electrochemical Heat Harvesting and

Conversion Efficiencies
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Figure 1.15 and Figure 1.16 illustrate two possible modes of operations in the
electrochemical heat harvesting. All 3 different origins of electrochemical thermopowers

explained in Section 1.3.1 can serve under both modes of operations.

Continuous Mode of Operation under Thermal Gradient

Figure 1.15 (a) — (b) portrays the ‘continuous mode of operation under thermal gradient’.
This mode is identical to the mode of operation for thermoelectric materials. Even though
electrochemical systems have the capability to store charge, this capability is not used at this mode
of operation. As a result, the conversion of thermal energy into electrical energy and the
consumption of the harvested electricity happen simultaneously. However, the charge storage
capacity at the electrodes permits an alternative mode of operation, namely thermodynamic cycling,
as will be explained later.

Under this setting, the electrodes are identical at both sides (Figure 1.15 (a)). The roles of
electrodes are current collector and places for the thermogalvanic effect or EDL effect to occur.
Electrolyte keeps the thermal gradient and acts as a medium where charged species (ions) carry
entropy and electrical current. Assuming that the thermal gradient is steadily maintained, the
voltage output should be constant. When the external electrical load is connected to harness the
potential difference, Ohmic drop occurs accordingly. The voltage profile under this mode of

operation is represented at Figure 1.15 (b).
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Figure 1.15. (a) Continuous electrochemical heat harvesting under a thermal gradient. This mode
is identical to the mode of operation for thermoelectric systems (Figure 1.5). (b) When external
electrical load is connected, the thermally generated voltage drops. The decreased voltage in turn
is utilized to produce work through the external electrical load.

As this mode of operation is exactly the same as thermoelectric operation, the efficiency
can be estimated by Equation 1.5. As electrolyte governs the heat and electrical conduction through
the electrochemical system, the thermal conductivity and the electrical conductivity terms almost
solely rely on the electrolyte properties. For conventional liquid-based electrolytes, the thermal
conductivity is low, which is beneficial to ZT. However, its low ionic conductivity range has
limited the practicality of this mode of operation. The ionic conductivities of such electolytes are
usually lower by 4 — 6 orders of magnitudes than those of state-of-the-art thermoelectric materials.
Therefore the resultant ZTs from those different systems can be quickly estimated, by combining
1 or 2 orders of magnitude higher thermopowers. Electrochemical systems under this operation
can at best keep the similar ZT with the state-of-the-art thermoelectric materials. More realistically,
the ZTs from electrochemical systems are likely less by 1 — 2 orders of magnitude than the state-

of-the-art thermoelectric materials.
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Thermodynamic Cycles between Two Different Temperatures

In order to address the low projected ZT, an alternative strategy has been developed. This
tactics fully exploits the charge storage capability of the electrochemical energy storage systems,
by running them under thermodynamic cycles between a hot temperature (TH) and a cold
temperature (Tc). Just like conventional heat engines can store part of the externally supplied heat
as internal energy in the system during thermodynamic cycles; this operation enables the
collection of part of the heat inflow as the shifted voltage in the electrochemical heat harvester.

In order for the thermodynamic cycles to operate, periodic change of temperature is
necessary, rather than temperature gradient within an electrochemical energy storage system
(Figure 1.16 (a)). As a result, the entire electrochemical energy storage system should be
transferred from one temperature to another, just like traditional heat engines under
thermodynamic cycles. The electrochemical thermodynamic cycle is more clarified in a
temperature — entropy change diagram (Figure 1.16 (b)). The enclosed thermodynamic cycle
consists of combination of 4 distinct steps. Step (i): Isothermal discharge to zero voltage at Tc.
Step (ii): Thermal recharging at open circuit condition. The entire cell is transferred from Tc to Tw
at this step. Step (iii): Isothermal discharge to zero voltage at Tw. This time the polarity of the cell
is reversed from that of the step (i). Step (iv): Thermal recharging at open circuit condition. The
entire cell is transferred from Tw to Tc at this step. Heat energy is converted into internal electrical
energy of the system at step (ii) and step (iv), and the changes in internal energy are expressed as
the form of thermally harvested voltage. Figure 1.16 (c) exemplifies how the thermodynamic

cycles can be translated into a real time graph versus voltage.
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Figure 1.16. (a) Electrochemical heat harvesting via thermodynamic cycling. The entire
electrochemical cell undergoes periodic change in the surrounding temperatures, depending on the
state of the cell during the thermodynamic cycle. (b) A temperature (T) — entropy (S) diagram
represents the concept of electrochemical heat harvesting via thermodynamic cycling. Under this
mode of operation, the cell functions as a heat engine. (c) The thermodynamic cycle in (b) is
translated into an exemplar voltage — time graph for interpretation.

Efficiency is a ratio between the input and output of energy flow during a single
thermodynamic cycle. The energy inflows toward the system as the form of heat at step (ii) and

step (iii) (Figure 1.16 (b)). The inflow of energy at step (ii) is C,AT (energy required to raise the
temperature of the entire system), and the input energy at step (iii) corresponds to |a|qTy (the heat
absorbed into the system at Tw), where |a| is the absolute value of the electrochemical
thermopower of the full cell, g is the charge capacity of the system, and Cj, is the heat capacity of
the system. The work output of the cell per a single thermodynamic cycle corresponds to the area
enclosed by the thermodynamic loop in the T — S plane (Figure 1.16 (b)), and is expressed as
|a|gAT — E;,ss. Knowledge about all energy inflow and outflow enables determination of the

efficiency, as follows:

_ |algAT—E}oss
lalqTH+CpAT

(1.13)
where n is the conversion efficiency under thermodynamic cycling mode of operation, and Ejess iS
the wasted energy mainly by internal resistance of the electrochemical heat harvester system.
From Equation 1.13, it becomes obvious that heat capacity and charge capacity of the heat
harvesting system are importantly considered as well. For the better efficiency, the heat capacity
should be suppressed, whereas the charge capacity should be escalated. Following this logic,
electrode materials with charge capacity or high loading of the charge-storing electrode materials
should be encouraged. However, the gravimetric charge capacity of the material is an innate
characteristic of each electrode material, therefore it is difficult to be decoupled from the
thermopower term (a). The specific charge capacity (q) is also inherent to the electrode materials.
Higher loading of the charge-storing electrode materials may not lead to improved efficiency,

because it can also increase the heat capacity term. Hence, the ideal electrode materials for the
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electrochemical heat conversion under thermodynamic cycles should have high absolute
thermopower, low heat capacity, and high charge capacity at once. Other efforts on design can
also be attempted to suppress the heat capacity of the system by minimizing contributions from
unnecessary components, such as cases and excessive electrolytes.

The comparison between the expected conversion efficiencies from the two different
modes of operations with the identical electrochemical heat harvesting system is shown in Figure
1.17. Again, the low ionic conductivity brings about lower conversion efficiency for ‘continuous
mode of operation under thermal gradient’ at all thermopower range. However, as one mode
operates under thermal gradient and another one serves under periodic temperature changes, they
are not completely exchangeable to each other; Thus, this new mode of operation is not expected

to completely replace thermoelectric technology.
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Figure 1.17. An exemplar comparison between the projected efficiencies by the two different
modes of operations. lonic conductivity, thermal conductivity, heat capacity, charge capacity, and
operating temperature range used for this estimation were 7.50 x 10 S/cm, 0.64 W/m-K, 4.19
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JIg-K, 2.84 C/mL, 20 °C — 60 °C, individually. These values are actual physical characteristics of
the electrochemical heat harvester investigated in the Chapter 3 of this thesis. Thermodynamic

cycling shows monotonically higher efficiency at all thermopowers.

1.3.3. Requirements to Construct Autonomous Heat Harvester Operating under
Thermodynamic Cycles

Figure 1.18 (a) graphically explains the requirements to construct autonomous heat
harvester operating under thermodynamic cycles. The meaning of autonomy in this case is the
electrochemical heat harvesting systems do not involve any recharging step by external electricity
supplies during the thermodynamic cycles. The 1% requirement is that the half-cell potentials of
redox couple 1 and redox couple 2 composing an electrochemical heat harvester should meet once
at a temperature (Tm). This can be a tricky requirement to fulfill, as the half-cell potentials reflect
Gibbs free energy changes by redox reactions, and the slopes of half-cell potentials against
temperature are proportional to the entropy changes caused by the redox reactions, innate values
for each redox couples. It is also difficult to predict electrochemical thermopowers and half-cell
potentials of redox coucples before the actual experiments, often due to lack of previous surveys.

Provided that the 1% requirement is conformed, the 2" requirement is to match the midpoint
of the operating temperature range at the intersecting temperature (Tm) of the half-cell potentials
of the two redox couples. For example, if the half-cell potentials of redox couple 1 and redox
couple 2 cross at 40 °C, the operating temperature range should be tuned accordingly, for example
either 20 °C — 60 °C or 10 °C — 70 °C.

The 3" requirement is that the operating temperature range should not involve malicious
side effects on the thermodynamic cycles. For example, if the intersecting temperature is located
where self-discharge is severe (reversible self-decomposition of redox couples), or around phase
transition of the electrolyte or electrode materials occur, or irreversible thermal decomposition of
redox active species becomes active, such designed electrochemical heat harvester would be
difficult to be practical.

An optional requirement is large difference between individual half-cell thermopowers of
the two constituent redox couples, because the total cell thermopower is defined by the difference

between the half-cell thermopowers (Equation 1.14). For instance, when half-cell thermopower of
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redox couple 1 is -1 mV/K and half-cell thermopower of redox couple 2 is +3 mV/K, the full cell
(total) thermopower equals to -4 mV/K. As demonstrated in Equation 1.13, higher total
thermopower can lead to larger conversion efficiency.

Ofull cell = Oltotal = 01 — Oz (1.14)

Other optional requisites are high ionic conductivity of electrolyte, high electronic
conductivity of the electrode, and fast kinetics of redox reactions. All of them can contribute to
suppress the internal resistance of the electrochemical heat harvester. These in turn assist to
minimize E;,ss term in the efficiency formula, Equation 1.13. Fulfillment of these optional
requirements can especially improve device characteristics at high power operation, where loss of
the thermally harnessed electricity by the internal resistance is pronounced.

Figure 1.18 (b) schematically displays shift of half-cell potentials of each species at each
step in a thermodynamic cycle. Firstly, at step (i), the full cell is discharged until zero voltage is
reached at Tc. It means that the half-cell potentials of the two redox couples become equal as a
result of the discharge. After this step, the cell is transferred to a different temperature, Tn in this
case under open circuit condition (step (ii)). This variation in temperature shifts the half-cell
potentials by o, (Ty — Tc) and a,(Ty — T¢), respectively. The shifts in the half-cell potentials
originate from the reestablishment of electrochemical equilibria of both redox couples. As a result,
the full cell potential shifts by (a; — o) (Ty — T¢), in accordance with Equation 1.14. Then, at
step (iii), the cell is discharged until zero voltage is accomplished at Tw. Compared to the step (i),
the relative location of redox couple 1 and redox couple 2 becomes inverted, meaning that the full
cell voltage sign is flipped at the step (iii). After the half-cell potentials become the same at T,
the cell is transferred back to Tc under open circuit condition (step (iv)). The half-cell potentials
shift again to return back to the original half-cell potential profiles at step (i). Therefore, after the
completion of step (iv), the electrochemical heat harvester is ready to repeat the thermodynamic
cycle from the start. This dissected explanation offers a more detailed mechanistic description to

the thermodynamic process exemplified in Figure 1.16 (b) — (c).
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Figure 1.18. (a) The half-cell potentials of the two individual redox couples should meet once at
atemperature (Tm), in order to build an autonomous electrochemical heat harvester operating under
thermodynamic cycles. The operating temperature range (Tc and Tn) should be set to make Tm the
midpoint. (b) Variation of the half-cell potentials under the heat harvesting thermodynamic cycle
over time. The full cell potential over time is more clearly shown in Figure 1.16 (b) — (c).

Accordingly, step (i) — step (iv) here are identical to those in Figure 1.16 (b) — (c).

An exemplar autonomous electrochemical heat harvester was demonstrated in Figure 1.19
(@) — (b). Figure 1.19 (a) shows that the 1 requirement to construct autonomous heat harvester
operating under thermodynamic cycles was satisfied. Again, the 1% requirement is the half-cell
potentials of Prussian blue (KFe2(CN)g(s) and Fe(CN)e>"* (aq) composing the electrochemical heat
harvester intersecting only once at a specific temperature (Tcross). Here, they intersect around 40
°C. The 2" requirement on matching the midpoint of the operating temperature range at the
intersecting temperature (Tm) of the half-cell potentials of the two redox couples was also fulfilled
by setting the operating temperature range from 20 °C to 60 °C. In this temperature range the 3
requirement is naturally abided, because this operating temperature range does neither cause phase
transition of water or redox-active materials nor decomposition of any element in the cell.

Figure 1.19 (b) illustrates time-dependent voltage profiles during the autonomous
thermodynamic cycles of the electrochemical heat harvester. The thermodynamic cycles are
composed of combination of 4 distinct steps again. Step (i): Isothermal discharge to zero voltage
at Tc. Step (ii): Thermal recharging at open circuit condition. The entire cell is transferred from

Tc to Tw at this step. Step (iii): Isothermal discharge to zero voltage at Tw. This time the polarity
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of the cell is reversed from that of the step (i). Step (iv): Thermal recharging at open circuit
condition. The entire cell is transferred from T to Tc at this step. Heat energy is converted into
internal electrical energy of the system at step (ii) and step (iv), and the changes in the internal

energy are expressed as form of thermally harvested voltage.
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Figure 1.19. (a) Half-cell potentials of Prussian blue (KFe2(CN)s(s)) and Fe(CN)s>"* intersected at
40 °C, fulfilling the requirement for an autonomous electrochemical heat harvester. The

temperature range was selected as 20 °C — 60 °C, in order to keep the intersection temperature 40
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°C as the midpoint of the operating temperature range. (b) The time-dependent variation of full
cell potential of the electrochemical heat harvester. This profile corresponded well with the
schematic Figure 1.16 (c). Figure from Charging-free electrochemical system for harvesting low-

grade thermal energy and used with permission from the National Academy of Sciences®.
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1.4.  Scope of Thesis

Chapter 1 has focused on introducing basic concepts of thermoelectrics, conductive
polymers as a category of promising thermoelectric materials, and mechanisms behind
thermoelectric power factor improvement in conductive polymer-based nanocomposites.
Additionally, electrochemical heat conversion as a novel alternative means to transform heat into
electricity was introduced. Thermopowers arising from electrochemical redox reactions usually
reach several mV/K, which are one or two orders of magnitude higher than usual solid-state
thermoelectric Seebeck coefficients. How to build electrochemical thermodynamic cycles to
harness heat without external electrical charging was informed. With these backgrounds, the
efforts taken in the following chapters will be clearer to the reader.

Chapter 2 explains the efforts made to design and quantitatively analyze thermoelectric
heterostructures based on an earth abundant carbon-based conductive polymer, PEDOT:PSS. We
adopted readily available Si and Ge thin films, and increased power factors compared to that of
bulk PEDOT:PSS alone. Having thin film heterostructures enabled rigorous understanding on the
hole transfer at the interface called modulation doping, which was responsible for the
thermoelectric power factor improvement. This chapter is based on Quantitative Analyses of
Enhanced Thermoelectric Properties of Modulation-Doped PEDOT:PSS / Undoped Si (001)
Nanoscale Heterostructures that was published in Nanoscale®® and Prediction of Enhanced
Thermoelectric Properties via Kraut’s Method and 1D Poisson's Equation at PEDOT:PSS /
Undoped Ge Thin Film Bilayered Heterostructures that is ready to be submitted.

Chapter 3 highlights our efforts to develop a flow-battery type electrochemical heat
harvester with extended operational lifetime. We first identified two aqueous redox couples which
could undergo autonomous thermodynamic cycles to convert heat into electricity, without the need
for electrical recharging by external energy. However, this prototype suffered from short
operational lifetime less than 4 hours, largely because of Nafion degradation over time. This
degradation was attributed to blockage of cation conducting channels in Nafion by large and
multivalent Co(bpy)s?*** redox species. We developed a method to resolve this issue, by coating
Nafion surface with polyelectrolyte films via layer-by-layer (LbL) deposition. This technique can
be further adopted to other fields of practical applications, where selective permeation of ions is

desirable.
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Chapter 4 describes the development of a more improved version of electrochemical heat
harvester using a solid-state redox couple (P2-NaxCoO:) and electrical double-layer capacitor
(ball-milled NaxCoOz2). Continuous electrochemical potentials, low heat capacity, and potentially
larger electrochemical thermopowers are particular features of solid-state electrode materials,
which can realize enable easier design of the electrochemical heat harvester with better conversion
efficiency. Electrochemical thermopower could be enhanced by more than an order of magnitude
by deliberately disrupting the crystal structure of P2-NaxCoO.. It resulted in enhanced heat to
electricity conversion efficiency. This correlation between structural disorder and electrochemical
thermopowers provided in this chapter may be potentially expanded to offer insights to design
more efficient electrochemical heat harvesters in general.

Chapter 5 summarizes the findings from previous chapters and then provides an outlook

for the future work in these fields.
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2. Thermoelectrics Performance Enhancements at Si / PEDOT:PSS and Ge /

PEDOT:PSS Heterostructures and Their Computational Interpretations

2.1.  Introduction

Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) has high
electrical conductivity (~ 10° S/cm) when treated with DMSO, but exhibits low Seebeck
coefficient (< 15 uV/K), resulting in low power factor. Mixing PEDOT:PSS with nanostructured
semiconductors could enhance Seebeck coefficient and achieve improved thermoelectric power
factor>!4. However, underlying mechanisms for the composite thermoelectric systems are scarcely
understood so far. In this study, quantitative analyses on electrical conductivity and Seebeck
coefficient for the heterostructures of nanometer-thick PEDOT:PSS on undoped single-crystal Si
(001) on sapphire (SOS) and nanoscale PEDOT:PSS thin films on undoped polycrystalline Ge are
reported. The Si / PEDOT:PSS heterostructures have larger Seebeck coefficients up to 7.3 fold
and power factors up to 17.5 fold relative to PEDOT:PSS. The maximum power factor and
Seebeck coefficient of the Ge / PEDOT:PSS heterostructures are 154 pW/m-K? and 398 pV/K
respectively, corresponding to 47 fold and 41 fold increases compared to those of bulk
PEDOT:PSS and 64 fold increase compared to power factor of the undoped Ge. For both Si /
PEDOT:PSS and Ge / PEDOT:PSS heterostructures, electrical conductivity increased with
decreasing combined thicknesses of PEDOT:PSS, and Seebeck coefficient increased with
decreasing PEDOT:PSS thickness, which can be attributed to modulation doping caused by
diffusion of holes from PEDOT:PSS into undoped Si or undoped Ge. This hypothesis is examined
by band alignment simulation based on electronic band and transport measurements of individual
Si, Ge, and PEDOT:PSS. The valence band offset (i.e. amount of discontinuity of valence band
edges at the interfaces) between Si / PEDOT:PSS and Ge / PEDOT:PSS dominantly governs
electrical conductivity and Seebeck coefficient of the heterostructures. The agreements between
the simulation and experiments for both systems suggest predictability of thermoelectric
performances of nanoscale heterostructures with our method. This methodology can further be
extended to predict performance of other nanoscale combinations of thermoelectric and other

electronic materials in general. This study not only offers mechanistic insights to increase the
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power factors of PEDOT:PSS-based composites but also opens a door for strategies to enhance
the thermoelectric efficiencies of heterostructured nanocomposite materials in general.
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2.2, Experimental and Simulation Methods

2.2.1. Si/PEDOT:PSS Sample Preparation

The sample fabrication starts by preparing the substrates which are 1.8 x 1.8 cm? SiO; glass
coverslips or 1.0 x 1.0 cm? silicon on sapphire (SOS). The SOS substrates (Precision Micro-
Optics) originally have (001) Si layer on top of (1102) single crystalline bulk sapphire layer. In
order to generate different thicknesses of Si from the initial 200 nm SOS, thermal oxidation at
1100 °C under dry oxygen flow with different time duration'® and subsequent oxide strip by
hydrofluoric acid (HF) was conducted. The thermally grown SiOx layer was completely etched by
4.8 wt% HF aqueous solution. X-ray reflectivity (XRR, Cu K-a source) measurements examined
thicknesses of the remnant Si layer, using interference pattern of the reflected X-ray.

All glasses and SOS substrates were cleaned with acetone, isopropanol, and distilled water
(DI water) in an ultrasonication bath and then piranha-treated in a cleanroom for 10 minutes to
completely remove the organic contaminants on the surface. The piranha was mixture of sulfuric
acid and hydrogen peroxide with 3:1 volumetric ratio.

Only for SOS wafers, additional steps were applied to control the surface oxidation. After
the piranha treatment, the SOS wafers were submerged in 4.8 wt% HF for 3 minutes, then rinsed
in DI water to remove the native oxide layer formed by the previous piranha treatment. Since
deposition of PEDOT:PSS requires hydrophilic substrate surfaces, HF-etched SOS pieces were
treated with 10 vol% aqueous piranha solution (98 wt% H2SO4 : 30 wt% H20. : HoO=3:1: 36
v/v) for 5 minutes in order to form sufficiently hydrophilic surfaces with minimal thickness of
SiOx that can accommodate PEDOT:PSS thin film.

Water-dispersed form of conductive polymer PEDOT:PSS (Clevios PH1000) was mixed
with solvent dimethyl sulfoxide (DMSO, Sigma-Aldrich, D8418) of 5 wt% mass ratio by
ultrasonication for 15 minutes, in order to enhance the electrical conductivity of PEDOT:PSS from
5 S/cm to ~ 10 S/cm*. Ethanol (200 Proof, Koptec) was added to the polymer mixture with 1:5
volumetric ratio and homogenized with horn-ultrasonicator for another 5 minutes. The purpose of

ethanol addition is to improve the wettability and surface uniformity of spin-coated PEDOT:PSS.
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PEDOT:PSS thin films with various thicknesses were deposited on substrates using spin-
coating. To create different PEDOT:PSS layer thickness, spin-coating was repeated without

additional time for drying after each round of spin-coating.

2.2.2. Ge/PEDOT:PSS Sample Preparation

Undoped germanium-on-insulator (GeOl) was first cut into 1.0 x 1.0 cm? geometry by a
dicing saw, and SiO2 layer was deposited by plasma-enhanced chemical vapor deposition
(PECVD) on the back and edges of the resultant square wafer pieces. This PECVD process is
introduced to prevent short-circuit by electrical connection between Ge device layer and Si handle
layer through spin-coated PEDOT:PSS. Then it was serially washed by acetone (Sigma-Aldrich,
270725, > 99.9 %), ethanol (200 Proof, Koptec), isopropanol (Sigma-Aldrich, 19030, > 99.0%) in
ultrasonication bath. The GeOl is briefly rinsed with distilled water (18.2 MQ-cm) and immersed
in 16.7 vol% aqueous hydrochloric acid (Sigma-Aldrich, 258148, 37 %) solution for 10 minutes
to remove native oxide. Controlled re-oxidation of the etched Ge surface was carried out by
immersing the GeOl in deionized water (18.2 MQ-cm) for 4 minutes in order to modify the surface
more hydrophilic to accommodate the hydrophilic PEDOT:PSS dispersion, while avoiding
unnecessarily excessive Ge surface oxidation.

0.5 mL of PEDOT:PSS water-based dispersion (Clevios PH1000) was mixed to 24.0 uL
of dimethyl sulfoxide (DMSO, Sigma-Aldrich, D8418) to comply 20 to 1 mass ratio, and 0.50 mL
of ethanol (200 Proof, Koptec) was added. They were homogenized by horn-ultrasonicator in ice
bath for 30 minutes, to minimize evaporation of liquid contents in the dispersion. 50 uL of the
resultant PEDOT:PSS dispersion was spin-coated on GeOl at 6000 RPM with 180 seconds of
dwell time. When thicker PEDOT:PSS was needed, the same condition of spin-casting process

was repeated for multiple times.

2.2.3. Seebeck Coefficient Measurements
The Seebeck coefficient (S) of all samples was measured with a lab-made setup. In order
to determine the Seebeck coefficient, it was necessary to induce the temperature gradient across
the sample and measure the voltage change (AV) and the temperature difference (AT). To
accomplish this, a Seebeck measurement device was built (Figure 2.1). The device used two
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commercially available Peltier modules (TE Technology, Inc.) to heat up one side of the sample
and cool down the opposite side. Current was applied through the Peltier heaters in opposite
directions using a current source (Keithley 2400 Sourcemeter), which made one Peltier plate a
heater and the other a cooler. Under each Peltier heater/cooler was a small heat sink to help conduct
heat and create the largest possible temperature difference across the heater or cooler. The sample
and alumina support bridged the gap between the heater and cooler.

Data Acquisition

AV = Vhot B Vcold

Pr r
T-type Thermocouple (T..q 1 essure T-type Thermocouple (T,)

Alumina Sample Stage S0, e [Pl Alumina Sample Stage
Cooling Peltier Element Heating Peltier Element

Figure 2.1. Schematic diagram of Seebeck coefficient measurement setup. The Peltier plates

provide a temperature gradient across the sample. The temperature and voltage are measured at
the same position, by two T-type thermocouples. Mechanical pressure is provided on the

thermocouples to maintain firm electrical and thermal contacts with the sample.
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Figure 2.2. An exemplar Seebeck coefficient measurement of a nickel foil. Current through Peltier
elements were increased by 0.1 A, every 70 seconds. 70 seconds is enough to allow establish
steady-states for both temperature gradient and voltage. As a result, as can be seen at (a), step-wise
profile of voltage and temperature difference are observed every 70 seconds, until 350 seconds are
reached. (b) The plateaus of voltage and thermal gradient are averaged and plotted against each
other. The slope of those dots is Seebeck coefficient. In this case, -19.9 uV/K was measured for

the nickel foil, which closely matches with literature value®®.

2.2.4. Electrical Conductivity Measurements by 4-point Probe and Hall Techniques

Electrical conductivity was measured by 4-point probe method (LucasLabs Pro4) for Si /
PEDOT:PSS heterostructures. To obtain a more accurate electrical conductivity measurement, 9
individual measurements were taken for each sample. These 9 measurements were averaged to
produce experimental electrical conductivity of the samples reported in this thesis.

Hall measurements (LakeShore 7500 Series Hall System) were also carried out to measure
electrical conductivity of Ge / PEDOT:PSS samples and to assess thickness-dependent mobility of
PEDOT:PSS films on SiO,. This technique requires Ohmic contacts on each corner of square
samples, and detailed schemes are illustrated in Figure 2.3 and Figure 2.4. Those measurements
yielded similar results to each other: for instance, electrical conductivity of 2.0 um thick
PEDOT:PSS on SiO2 was 537.12 S/cm by 4-point probe measurement, and 501.88 S/cm by Hall
measurement. The difference between the two measurements is less than 7 %.
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Figure 2.3. (a) Configuration for 1-V characteristics measurements and (b) Linear dependence of

current on applied voltage indicates In contacts on PEDOT:PSS surface always form Ohmic
contacts regardless PEDOT:PSS in on Ge or SiO». For both cases, the thicknesses of PEDOT:PSS
are 9.4 nm. This Ohmic In contacts were used consistently for Hall measurements of PEDOT:PSS
on SiO; samples and Ge / PEDOT:PSS heterostructures.

(a)

In Contacts In Contacts

PEDOT:PSS PEDOT:PSS

SiO, Glass

Figure 2.4. (a) — (b) PEDOT:PSS on Ge or SiO2 glass slides are square-shaped to measure
electrical conductivity with van der Pauw method. In contacts are placed on PEDOT:PSS surfaces
in order to form Ohmic contacts, and this configuration was constantly employed for all Hall
measurements reported in this dissertation.
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2.2.5. AFM for PEDOT:PSS Thickness Determination and Thin Film Morphology
Observations

The thickness of each sample was measured with AFM using a Veeco NanoScope IV. To

obtain an estimate of the thickness, 2 lines were scratched onto the sample using a razor blade,

thereby exposing the substrate underneath. The step heights were measured at each of these

scratches (Figure 2.5), and averaged values were employed as PEDOT:PSS thickness of each

sample.

./

Scratch 2 Lines
Through Sample

m/

Measure Step Height of
Each Scratch

Figure 2.5. Procedure for PEDOT:PSS thickness measurements using the AFM. Figure
from Quantitative analyses of enhanced thermoelectric properties of modulation-doped
PEDOT:PSS/undoped Si (001) nanoscale heterostructures!’. Reproduced by permission of the
Royal Society of Chemistry.

2.2.6. Si, SiOx, and Ge Thin Film Thickness Measurements by X-ray Reflectivity
(XRR)
Thicknesses of SiOx layers on Si after oxide strip, thermal oxidation, and piranha-based

oxidation, were examined by XRR measurements. Thickness of Si layer at SOS after thermal
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oxidation and following HF etching was also determined by XRR measurements. Also, undoped
Ge layer in the GeOl was characterized. This technique utilizes that the length of interference path
depends on incident angle of the electromagnetic wave (X-ray). Therefore, the intensity of the
reflected beam will have periodic rise and fall, imposed by boundary conditions, such as
wavelength of the incident beam, densities and thicknesses of the films. Since the wavelength of
the beam is fixed at that of Cu K o (0.15418 nm), analysis of the periodic interference pattern
measured by XRR can inform thickness of the thin film. Beam size was consistently 5 x 5 mm?
for all XRR measurements. Figure 2.6 represents an exemplar XRR pattern of thermally oxidized

and then HF etched SOS.

Measurements
+ Simulation

Reflectivity

1 2 3 4 5

26 (°)
Figure 2.6. An exemplar interference pattern of 14 nm thick Si on sapphire (SOS) measured by
XRR. Figure from Quantitative analyses of enhanced thermoelectric properties of modulation-
doped PEDOT:PSS/undoped Si (001) nanoscale heterostructurest’. Reproduced by permission of

the Royal Society of Chemistry.

2.2.7. Spectroscopic Determination of Valence Band Offsets at Interfaces of Ge /
PEDOT:PSS Heterojunctions by Kraut’s Method

Kraut’s method is a concerted spectroscopic technique to probe band offset by subtracting

deconvoluted core level spectra peaks of individual constituent materials from valence band edge

locations versus Fermi level*®1®, This method was validated because energy differences between
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the valence band edges and core levels of individual materials are preserved as the same, even
after heterojunction between both is formed!®1°. Therefore, knowing (i) core levels and valence
band edges of individual materials without heterojunction and (ii) core levels of individual
materials at the heterojunction could lead to band offset of the two materials at the heterojunction.

This could be converted to a mathematical formalism:

_ A,alone A,alone B,alone B,alone Ahetero B,hetero
VBO = (Ecore - E:VB ) - (Ecore - EVB ) - (Ecore - Ecore ) (2-1)
Where EZalone ghalone ‘pBalone 'pBalone pAhetero "5,y gBhetero rapresented core level of

material A alone, valence band edge location versus Fermi level of material A alone, core level of
material B alone, valence band edge location versus Fermi level of material B alone, core level of
material A at the heterojunction, core level of material B at the heterojunction, respectively.
However, when X-ray Photoemission Spectroscopy (XPS) was measured for the core level
detection, multiple peaks were superimposed, mainly due to co-existing multiple oxidation states
in materials, as shown in Figure 2.7 (a) — (b). Thus, selection of appropriate core level peaks
among superimposed peaks was required for precise interpretation and implementation of Kraut’s
method.

In order to execute Kraut’s method for precise determination of band offset, three criteria
should be met: (i) primary XPS peaks of unique elements of each material should be chosen, (ii)
the number of deconvoluted peaks should be able to reflect oxidation state of the material, (iii)
deconvoluted peaks should correspond to oxidation states of materials that are actually
electronically active at the heterojunction. Ge / PEDOT:PSS heterojunction satisfies those

requirements, thus this method was selected to measure valence band offset of that heterojunction.
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Figure 2.7. Schematic explanation on Kraut’s method. (a) Before the heterojunction formation,
energy levels of individual materials are shown. (b) Flat band diagram after the heterojunction
formation. Because core levels, valence band and conduction band of each material shift the same
amount of energy as a result of a heterojunction formation (shown as black wide arrows), AE; =
AE; and AE, = AE, can be justified'®. Thus, if AEZStere AE,, and AE, are measured, then it is
possible to know the valence band offset (VBO), because VBO can now be expressed as AE; —

AE, — AERetero agjllustrated at (b).
2.2.8. Purpose of Thermoelectric Properties Simulations and Simulation Tools
By comparing experimental data and simulated data, modulation doping as the working
principle can be verified or denied. Also, the simulation can examine if the accuracy is sufficient

to predict characteristics of nanoscale heterostructured electronics in general.
Simulation tools for band diagram construction for Si / PEDOT:PSS and Ge / PEDOT:PSS

heterojunctions were COMSOL Multiphysics® Modeling Software and Adept 2.1 at Nanohub?.
The COMSOL Multiphysics® Modeling Software was designed to produce both band diagram

and thermoelectric properties of the heterostructures, while Adept 2.1 could only compute band

alignments.

2.2.9. 1 Dimensional (1D) Poisson’s Equation Solver
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The key quantity in evaluating the electrical transport properties was the carrier density

distribution (n.(x)), which was obtained by solving the Poisson’s equation.

Vip = -2 (2.2)
On the left-hand side, ¢ denotes the electric potential (at each side its energy reference is

taken to be the conduction band edge far away from the interface). On the right-hand side, p =

Np — N4 + p — n is the net positive charge density (Np: donor density; N,: acceptor density; p:

hole density; n: electron density), which in turn depends on the electric potential. For example, for

electron density, n=f_ . . .

f(E — e@)D(E)dE , where f(E —e@) is Fermi-Dirac
distribution function at energy E — e and D(E) is electronic density of states at energy E. The
measured valence band offset is inserted into the solver, and the electric potential gradient far away
from the interface is assumed to be zero. Solving the Poisson’s equation self-consistently for the
electric potential ¢, one obtains the band alignment profile. Charge transfer across the interface,

as well as the electron transport properties, then can be analyzed accordingly.

2.2.10. Simulation of the Seebeck Coefficient and Electrical Conductivity without
Band Bending under Parallel Resistors Model for Si / PEDOT:PSS
Parallel resistor model was assumed to estimate theoretical Seebeck coefficient and
electrical conductivity of the co-planar heterostructures, as validated in previous studies?*?2, When
no band bending upon contact between PEDOT:PSS and Si is assumed, charge distribution within
PEDOT:PSS and Si will be unchanged. This means Seebeck coefficient and electrical conductivity
of PEDOT:PSS and Si will stay the same. Therefore, theoretical Seebeck coefficient and electrical
conductivity of Si / PEDOT:PSS heterostructure can be modeled as shown in Figure 2.8, and

expressed by following formalisms:

PEDOT:PSS

PEDOT:PSS PEDOT:PSS '

Si

60 nm

250 nm

=
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Figure 2.8. Thermoelectric properties simulation procedures without band bending. Both Si and
PEDOT:PSS are considered as if they are separated without forming heterojunction. Accordingly,
the carrier density within each material will not be influenced at all, justifying them to treat as two

separate parallel resistors.

11,1
RoR TR (2.3)
E(dl + dz)? = Gldl % + szz% (24)
— c1dq+02d;

0= dq{+d; (25)
S_Si, 5

R~ R R (2:6)
6§(d1 + d2)¥ = 0'151(11 V_lV + 0282d2¥ (27)
c _ S101d1+S20,2d;

S= o1dq+02d; (28)

where Ry, R,, dq, d,, 04, 05, S4, and S, represent resistance, thickness, electrical conductivity,
and Seebeck coefficient of Si and PEDOT:PSS respectively. w and I mean width and length of the
sample, which always are 1.0 cm. G and S are electrical conductivity and Seebeck coefficient of Si
/ PEDOT:PSS heterostructure.

2.2.11. Simulation of the Seebeck Coefficient and Electrical Conductivity with Band
Bending under Parallel Resistors Model for Both Si / PEDOT:PSS and Ge /
PEDOT:PSS

When band bending is assumed, valence band edge at each position changes, as shown in

Figure 2.9. The band bending causes different hole density at each position. Therefore hole density
at each position can be converted to electrical conductivity and Seebeck coefficient at
corresponding position. Charge scattering mechanism in PEDOT:PSS and Si were regarded
unchanged even after modulation doping, leading to preserved mobility of holes in Si and
PEDOT:PSS. Pisarenko relation of PEDOT:PSS?® and (001) Si®*?" at room temperature were
adopted to evaluate Seebeck coefficient at specific hole density. Detailed mathematical
expressions are shown below:

01(n; (X)) = ny(X)ely (2.9)
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0,(n2(x)) = ny(X)ep, (2.10)

Si(n;(x)) = k:B(ln (ﬂ) + 3) at room temperature (2.11)

ny(x)
where p; and p, are the mobility of holes in Si and PEDOT:PSS layer, Ny, the valence band
density of states of Si, kg the Boltzmann constant, e the elementary charge, respectively. Hole
density dependent Seebeck coefficient of PEDOT:PSS, S,(n,(x)) , was taken from Pisarenko
relation (i.e. Seebeck coefficient as a function of carrier density in a given material at certain
temperatures) in the previous research?,

In order to evaluate the overall sample thermoelectric properties, averaging the Seebeck
coefficient and electrical conductivity over the entire thickness of PEDOT:PSS and Si was needed.
Parallel resistor model was applied and each position was regarded as a resistor, as shown in
Figure 2.9. Detailed mathematical expressions are shown below.

M- RsiGme1)
AN Rsi(xm)
MA- Reeporpss(Xn+1)

<60 nm
<250 nm

PEDOT:PSS

Rpepot:pss (¥n)

Figure 2.9. Thermoelectric properties simulation procedures with band bending. This computation
scheme was applied to predict thermoelectric properties of both Si / PEDOT:PSS and Ge /
PEDOT:PSS systems. Here, Si / PEDOT:PSS system was taken as an example. These two
materials form a heterojunction, and therefore there will be specific band bending. This band
bending has information about the distance between the Fermi level and valence band edge at each
position within the heterojunction. Thus, it can be converted to yield carrier concentration at each
position within the heterojunction. Parallel resistor model can be assumed again, but this time each
position should be considered different resistors, because the carrier concentration is not constant.
Seebeck coefficients and electrical conductivities of these infinitesimally small resistors are
summed up and averaged according to equations below, in order to be compared with

experimentally measured ones.

(2.12)
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0 d
_ f—dl ny(x)epsdx+ ;% nz(x)eppdx
- dy+d,

al

(2.13)

124, S10Om1 (eps dx+ [ 5, (na (x)ep dx

S 6(d1+d3)

(2.14)

where R;is resistance of individual infinitesimal resistors, R, &, and S represent resistance,

thickness, electrical conductivity, and Seebeck coefficient of overall samples, respectively.
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2.3. Results and Discussion

2.3.1. Selection Criteria for Si, Ge, and PEDOT:PSS Thin Film Heterostructures

Among conductive polymers deemed appropriate for thermoelectric application,
PEDOT:PSS was selected in this study, because it had one of the highest hole densities among
conductive polymers, so that it can send holes to an adjacent undoped semiconductor. Another
benefit of PEDOT:PSS was its easy processing capability to form thin films and nanoscale
composites on various substrates via spin-coating?®, dip-coating?®°, or drop-casting®. Another
requirement on band properties for modulation doping was that valence band edge of the
modulation dopant PEDOT:PSS should be close to those of the modulation doped materials. Given
these requirements, Si and Ge were among candidates.

Undoped Si (001) was selected due to its well-known surface chemistry and band structure,
high hole mobility of 450 cm?/V-s at room temperature?, and high Seebeck coefficients such as
1.3 mV/K at 10* cm™ of undoped hole density>*?’. Six Si thicknesses of SOS (14 nm, 41 nm, 46
nm, 59 nm, 100 nm, and 250 nm) were used and PEDOT:PSS thickness varied from 5 nm to 60
nm.

Undoped germanium (Ge) was considered as an attractive counterpart for modulation
dopant PEDOT:PSS, because it possesses high mobility for holes (up to 1900 cm?/V-s at room
temperature)*? at an intrinsic doping level.

Lastly, thin film bilayered structures of Si/ PEDOT:PSS and Ge / PEDOT:PSS were picked
for simpler and quantitative analysis. Usually, multiple inadvertent effects arise simultaneously
from nanoscale composite materials, especially from inorganic components of such composites.
Commonly, they arise from inhomogeneity of the nanoscale mixture, such as preferential ordering
between conductive polymer and inorganic semiconductor crystals®, and percolation®*. These may
affect resultant thermoelectric properties simultaneously, because those effects are not exclusive
to each other. Both Si and Ge are commercially available as thin films, and PEDOT:PSS can be
spin-coated into thin film down to ~ 10 nm'’ at high rotation speed, making thin film bilayered

structures experimentally feasible.

2.3.2. Characterizations on Quality of Germanium on Insulator (GeOl)
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Crystallinity, thickness, and layered structure of the undoped germanium-on-insulator
(GeOl) were confirmed in Figure 2.10. General Area Detector Diffraction System (GADDS) X-
ray diffraction (XRD) pattern of the undoped GeOl at Figure 2.10 (a) proves that polycrystallinity
of Ge layer, showing (311) and (400) peaks. Broad background at the low angle region indicates
phase of SiO, beneath Ge layer is amorphous. X-ray Reflectivity (XRR) spectrum of GeOl at
Figure 2.10 (b) shows that thicknesses of Ge layer and SiO> layer are 21.4 nm and 71.9 nm
respectively, and the stacking order of GeOl is Ge — SiO2 — bulk Si, from the top to the bottom.
Atomically smooth surface of the Ge layer is shown at Figure 2.10 (c), demonstrating its suitability
for the modulation doped device, where minimal interfacial scattering effect is advantageous. In
addition, pinhole-free surface of the undoped GeOl is confirmed, and this is a crucial requirement

for spectroscopic detection of band offset.
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Figure 2.10. (a) GADDS XRD patterns of the undoped GeOl. (b) XRR spectrum of GeOl. (c)

AFM image (4 x 4 um?) of the undoped GeOl. All measurements are performed at ambient

condition.

2.3.3. Dependence of Quality of Spin-coated PEDOT:PSS on Surface Hydrophilicity

and Oxidation States
Atomic force microscopy (AFM) was used to monitor spin-coatability by observing
morphologies of PEDOT:PSS on SOS with different surface oxidation states. They were compared
with morphology of 10-nm-thick PEDOT:PSS deposited on hydrophilic SiO2 glass substrate
(VWR, 48366-045) as a reference, with RMS roughness of 1.48 nm in Figure 2.11 (a). The Si
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(001) of SOS following the hydrofluoric acid etching was hydrophobic and the deposition of
PEDOT:PSS was not uniform (Figure 2.11 (c)), which exhibited a markedly different morphology
from that found on SiO; glass, suggesting that PEDOT:PSS on HF-treated Si may not intact. This
is further supported by the fact that electrical resistivity of the sample represented in Figure 2.11
(c) is the same as that of bare SOS (4.6 x 10° Q-cm). In contrast, PEDOT:PSS deposited on the Si
(001) following the piranha treatment and 10 vol% diluted piranha treatment (with RMS roughness
of 1.48 nm and 1.44 nm in Figure 2.11 (a) — (b)) was found to have the similar morphologies to
that on SiO glass, which were attributed to the formation of subnanometer SiOx as revealed by X-
ray reflectivity (XRR) measurements. Therefore, the electrical conductivity and Seebeck

coefficient measurements were made on the Si (001) following the 10 vol% piranha.
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Figure 2.11. Morphologies of PEDOT:PSS measured by AFM. (a) PEDOT:PSS deposited on SiO>
glass (VWR, 48366-045). (b) Morphology of PEDOT:PSS on hydrophilic Si surfaces of SOS. Si
was cleaned with acetone, isopropanol and distilled water serially for 15 minutes for each step and
then treated with piranha for 10 minutes. Then PEDOT:PSS was spin-coated. (c) Si was cleaned

with acetone, isopropanol and distilled water serially for 15 minutes for each step and then treated
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with piranha for 10 minutes. SiOx was removed by 4.8 wt% HF etching for 3 minutes. Then
PEDOT:PSS was spin-coated. All AFM image size is 4 x 4 um? (d) Si 2p XPS spectra of
differently oxidized Si surfaces. As oxidation intensifies, distinct SiO, peaks® at 103.5 eV evolve
more apparently, while elemental Si 2p peaks at 99.4 eV are invariant. The light black curve in the
middle and red curve at the bottom underwent the same experimental procedures with (b) and (c)
respectively, except for the PEDOT:PSS deposition. The black curve at the top represents Si with
cleaning by acetone, isopropanol and distilled water serially for 15 minutes for each step and
followed piranha treatment for 10 minutes. Figure from Quantitative analyses of enhanced
thermoelectric properties of modulation-doped PEDOT:PSS/undoped Si (001) nanoscale

heterostructures®’. Reproduced by permission of the Royal Society of Chemistry.

2.3.4. Effect of Chemical Treatments on Thickness of Surface SiOx on SOS
SiOx on Si is inevitable in order to accommodate PEDOT:PSS on Si surface. On the other
hand, SiOx thickness should be minimized since SiOx can impose undesirable energy barrier for
charge transfer at the interface between Si and PEDOT:PSS. Exposing the etched surface to 10
vol% piranha satisfies those two conflicting requirements by creating a hydrophilic surface enough
to deposit PEDOT:PSS (Figure 2.11 (c)), as well as generating sub-nanometer thick SiOx layer
(Figure 2.12).
10

=
o
=)

Thickness of SiOy (nm)
[EY
Q

[EEN
=
N

Piranha 10 vol% 4.8 wt% HF
Treated Si Piranha Treated Si
Treated Si

79



Figure 2.12. Thicknesses of SiOx on Si by varying chemical treatments on SOS wafers, measured
with XRR. Figure from Quantitative analyses of enhanced thermoelectric properties of
modulation-doped PEDOT:PSS/undoped Si (001) nanoscale heterostructures!’. Reproduced by

permission of the Royal Society of Chemistry.

2.3.5. Thermal Oxidation of SOS to Lessen Silicon Thickness

Thermal oxidation of SOS was implemented in order to decrease the thickness of the Si
layer. It converts Si into SiO> from the surface at the specific rate under the specific temperature,
humidity, and crystalline orientation®. Thermally oxidized SiO, was removed after thermal
oxidation with HF etching.

Before thermal oxidation process, RCA 1 and RCA 2 cleaning procedures were conducted
in order to minimize the introduction of metallic elements to Si*°, which can turn into defects after
thermal oxidation. For this study, we implemented dry oxidation at 1100 °C for varying time
durations for (001) SOS under 40 mL/s of dry oxygen flow, as the high temperature, 1100 °C
ensures quick oxidation, and dry condition tends to produce atomically flat surface'®. Figure 2.13
and Figure 2.14 show morphology of the resultant SOS after thermal oxidation, and resultant
resistivity of thinned down SOS, respectively. The thermal growth of SiO> layer obeyed Deal-

Grove growth model®®, which is summarized at Figure 2.15.

10 nm

13.723 nm thick Si + 1 41.4 hm thick Si e 3 : 46.12 nm thick Siy y 59 nm thick Si *
1100 °C, 24 mins 1100 °C, 61 mins 1100 °C, 105 mins + 11100°C,93 mins
RMS: 1.656 nm ' RMS:0.736 nm = RMS: 0.819 nm N RMS: 0.703 nm

0nm
Figure 2.13. Surface roughness of Si was kept flat even after thermal oxidation at 1100 °C for
varying durations, and following HF removal of thermally grown SiOx. Figure from Quantitative
analyses of enhanced thermoelectric properties of modulation-doped PEDOT:PSS/undoped Si

(001) nanoscale heterostructures’. Reproduced by permission of the Royal Society of Chemistry.
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Figure 2.14. Resultant resistivity of SOS after thermal oxidation and subsequent HF etching.
Resistivity remained highly intrinsic even after the thermal oxidation. Figure from Quantitative
analyses of enhanced thermoelectric properties of modulation-doped PEDOT:PSS/undoped Si

(001) nanoscale heterostructures!’. Reproduced by permission of the Royal Society of Chemistry.
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Figure 2.15. Thermal growth of SiO2 on (001) Si shows agreement with theoretical Deal-Grove
model, where oxygen gas diffuses from the outside to the surface, then through the existing oxide
layer to the oxide-substrate interface, and then lastly reacts with buried Si atoms®. Figure

from Quantitative analyses of enhanced thermoelectric properties of modulation-doped
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PEDOT:PSS/undoped Si (001) nanoscale heterostructures!’. Reproduced by permission of the
Royal Society of Chemistry.

2.3.6. Thermoelectric Properties of PEDOT:PSS Alone for Si / PEDOT:PSS
Heterostructures

In order to translate band alignment of Si / PEDOT:PSS heterostructures into their
thermoelectric properties, thermoelectric properties of individual consisting materials are
necessary.

As thermoelectric characteristics of Si are well-known, most of their properties were
excerpted from existing reports®, and will be summarized later.

Thickness dependency of electrical conductivity of thin films on different insulating
substrates is a general phenomenon for various materials®*®-8, Especially for PEDOT:PSS thin
films on various insulating substrates, the increase in film thickness accompanies the increase in
electrical conductivity®®4°. Spin-casted PEDOT:PSS films on SiO; substrates possess spontaneous
phase segregation between conducting PEDOT phase and insulating PSS phase*#243, It is reported
that the electrical connectivity (i.e. percolation) among the conducting PEDOT grains in the
PEDOT:PSS matrix is enhanced, when thicknesses of the spin-coated PEDOT:PSS thin films are
increased***®,  However, an opposite trend is reported for oxidative chemical vapor deposited
(oCVD) PEDOT thin films*'. This contrast in the thickness dependency trends is attributed to the
growth in crystallite size with the decreasing thickness of the oCVD PEDOT thin films, unlike
typical inorganic thin films*:. The oCVD PEDOT thin film can orient either face-on or edge-on
with respect to the substrate, depending on the thickness of the PEDOT film*'. This thickness-
dependent transition of arrangement among the conducting PEDOT crystallites causes
connectivity among them to ameliorate when thickness becomes smaller. The opposite thickness
dependencies of electronic conductivity in oCVD PEDOT and spin-casted PEDOT:PSS thin films
can be reconciled by this mechanistic comparison.

The measured electrical conductivity of PEDOT:PSS on SiO; quartz substrate shows the
monotonically increasing trends with the increasing thickness (5 — 60 nm), as shown in Figure
2.16. This PEDOT:PSS has the same recipe of PEDOT:PSS dispersion with what was used for
fabrication of Si / PEDOT:PSS heterostructures. Thus, this trend was applied only for
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thermoelectric simulation of Si / PEDOT:PSS heterostructures. It should be noted that linear fitting
of PEDOT:PSS electrical conductivity evolution does not have theoretical basis so far. This linear
fitting was adopted only to provide an estimation of PEDOT:PSS electrical conductivity trend

within the researched thickness region in this study.
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Figure 2.16. Electrical conductivity of PEDOT:PSS on SiO; quartz with linear fitting. Note that
linear trend does not have theoretical justification yet. Seebeck coefficient of PEDOT:PSS on SiO>
quartz is constant, which evidences that hole density of PEDOT:PSS is invariant, assuming
electronic band structure of PEDOT:PSS is unaffected by its thickness?46-8  Figure
from Quantitative analyses of enhanced thermoelectric properties of modulation-doped
PEDOT:PSS/undoped Si (001) nanoscale heterostructures!’. Reproduced by permission of the
Royal Society of Chemistry.

Distinguishing mobility and hole density from electrical conductivity is necessary to solve
Poisson’s equation. However, it has been widely reported that typically low mobility of
PEDOT:PSS*"4° makes Hall measurement technically difficult®. Only for PEDOT:PSS on SiO;
with micron-scale thickness (6.78 um), linear relation between Hall voltage and applied external
magnetic field could be found, as shown in Figure 2.17. PEDOT:PSS with less thickness could
not produce clear linear relation, therefore mobility and hole density could not be measured for
that range of thickness. Mobility and hole density could be obtained by following formulas, as
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indicated below, where n, y, o, e, d, and a represent hole density, mobility, electrical conductivity,

elementary charge, thickness of PEDOT:PSS, and slope of Figure 2.17.
n=— (2.15)

n= < (2.16)
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Figure 2.17. Hall resistance showed a linear relationship with applied external magnetic field, only
when thickness of PEDOT:PSS on SiO2 was in micrometer range (6.78 um). For PEDOT:PSS
with less thickness, trends were completely noisy. Figure from Quantitative analyses of enhanced
thermoelectric properties of modulation-doped PEDOT:PSS/undoped Si (001) nanoscale
heterostructures!’. Reproduced by permission of the Royal Society of Chemistry.

Therefore, it could be concluded that mobility and hole density of 6.78 pm thick
PEDOT:PSS are 7.90 cm?/V-s and 4.16 x 10 cm, respectively. The measured hole density of
PEDOT:PSS is at similar range with previously reported values®.

Even though direct measurement of hole density was not possible for PEDOT:PSS with
less than um scale, it was still possible to draw hole density from Seebeck coefficient measurement,
because Seebeck coefficient of PEDOT:PSS is a single variable function of hole density, as

reported in previous studies?®4°,
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Judging from constant Seebeck coefficient trend of PEDOT:PSS at Figure 2.16, it can be
concluded that hole density of PEDOT:PSS stays the same as well. Given that electrical
conductivity of PEDOT:PSS depends on thickness, it is the mobility that varies with thickness.

This result was reflected as input parameters for Poisson’s equation.

2.3.7. Thermoelectric Properties of PEDOT:PSS Alone for Ge / PEDOT:PSS
Heterostructures

In order to translate band alignment of Ge / PEDOT:PSS heterostructures into their
thermoelectric properties, thermoelectric properties of individual consisting materials are
necessary.

As thermoelectric characteristics of Ge are well-known, most of their properties were
excerpted from existing reports®, and will be tabulated later.

PEDOT:PSS has the dependency of electronic transport and band characteristics on process
conditions®°, As PEDOT:PSS used for Ge / PEDOT:PSS thermoelectric study has different
mixed ethanol ratio (1:1 v/v) from that of Si / PEDOT:PSS (1:5 v/v), thickness-dependency of
PEDOT:PSS thermoelectric properties were separately characterized and mirrored in the
consequent thermoelectric simulations distinctly. Even though Seebeck coefficients stays almost
the same regardless of the ethanol content, electrical conductivity at thin thickness of PEDOT:PSS
exhibits substantially different trend from that of PEDOT:PSS for Si / PEDOT:PSS
heterostructures. This time, electrical conductivity dependence on thickness could be best fitted
with logistics function, and yielded mobility as a function of thickness. Again, the constant
Seebeck coefficient suggests invariant hole density, provided PEDOT:PSS electronic band

structure does not change®23:46-48,
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Figure 2.18. (a) Electrical conductivity of PEDOT:PSS on SiO; increases as PEDOT:PSS
thickness increases. Initial increase in electrical conductivity and eventual convergence to bulk
electrical conductivity can be observed. This trend is in line with previous reports on electrical
conductivity vs. thickness relations of metal thin films®®’. In order to express this trend
analytically for the Poisson’s equation solver, logistics function was fitted. It is noteworthy that
theoretical bases of elemental metal thin film resistivity are available elsewhere®®°’, even though
such exploration has not been conducted for PEDOT:PSS thin films. Seebeck coefficient, which
is sensitive to hole density change, is invariant. Therefore, it again proves that hole density of
PEDOT:PSS is constant. This result is consistent with UPS measurement which shows Fermi level
is same as valence band offset of PEDOT:PSS. (b) Mobility of PEDOT:PSS on SiO; was obtained
by dividing the electrical conductivity trend at (a) with the constant hole density (4.3 x 10%° cm™3).
This mobility function is adopted in the Poisson’s equation solver, assuming that the effect of
PEDOT:PSS thickness on mobility is preserved when substrate beneath PEDOT:PSS thin film is
changed.

2.3.8. Determination of Valence Band Offsets of Si / PEDOT:PSS and Ge /
PEDOT:PSS

In order to simulate band alignment of Si / PEDOT:PSS and Ge / PEDOT:PSS

heterostructures into their thermoelectric properties, determination of the valence band offsets at

those interfaces are necessary. Since the electronic band parameters, such as work function®° of
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PEDOT:PSS are highly dependent on the sample preparation, the work function of a representative
PEDOT:PSS on SiO. glass with identical preparation process with PEDOT:PSS for Si /
PEDOT:PSS heterostructures was measured using ultraviolet photoemission spectroscopy (UPS),
as shown in Figure 2.19 (a). By reading the x-intercept of spectra, the work function was estimated
as 5.03 eV. Valence band offset of Si and PEDOT:PSS, as well as the initial Fermi level of the Si
determines the charge transfer direction, hence degree of modulation doping. Energy levels before
Si and PEDOT:PSS are in contact are shown in Figure 2.19 (b). According to Mott-Schottky rule®?,
the valence band edge offset was determined. Mott-Schottky rule states the valence band offset of
heterojunction is the same as difference between ionization potentials (i.e. difference between the
vacuum level and the valence band edge) of neighboring materials. Using the electron affinities
and band gaps of Si and PEDOT:PSS, the valence band edge offset was determined to be 0.111
eV, with the valence band edge of PEDOT:PSS upper than that of Si. The measured electronic
transport characteristics of PEDOT:PSS, measured work function and other inputs used for

Poisson’s equation were summarized as a table in the next part.
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Figure 2.19. Band alignment of Si / PEDOT:PSS heterojunction. (a) UPS spectrum of 10 nm

PEDOT:PSS on SiO; glass (Axis Ultra from Kratos Analytical, He I o source with 21.22 eV of

energy). The x-intercept of the spectra reveals work function of PEDOT:PSS =5.03 eV. The work

function, combined with electrical conductivity of PEDOT:PSS, was applied to simulate band
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alignment of Si / PEDOT:PSS heterojunction. (b) Band diagram of Si and PEDOT:PSS bands
before contact to form the heterojunction. Applying Mott-Schottky rule predicts the valence band
edge offset of 0.111 eV, with the valence band edge of PEDOT:PSS upper than that of Si. Figure
from Quantitative analyses of enhanced thermoelectric properties of modulation-doped
PEDOT:PSS/undoped Si (001) nanoscale heterostructures!’. Reproduced by permission of the
Royal Society of Chemistry.

As Ge / metal heterojunctions are known to experience non-ideality called Fermi level
pinning (i.e. valence band offsets between Ge and metals are insensitive to work functions of
contact metals), valence band offset at Ge / PEDOT:PSS was determined experimentally. In order
to execute Kraut’s method for precise determination of band offset, three criteria should be met:
(i) primary XPS peaks of unique elements of each material should be chosen, (ii) number of
deconvoluted peaks should be able to reflect oxidation state of the material, (iii) deconvoluted
peaks should correspond to oxidation states of materials that are actually electronically active at
the heterojunction. To follow the condition (i), S 2p peaks of PEDOT:PSS (Figure 2.20 (a) — (b))
and Ge 3d peaks (Figure 2.20 (c) — (d)) from the undoped Ge were selected, because those primary
regions were often detected with less noise from secondary electron effects®?. S 2p peaks of
PEDOT:PSS was deconvoluted into 4 peaks to reflect spin-split doublets of PEDOT and PSS
respectively, in accordance with a previous report®. The two deconvoluted peaks (Figure 2.20 (a)
— (b)) at higher binding energy came from PSS, and the lower binding energy ones stemmed from
PEDOT. Likewise, Ge 3d peaks of the undoped GeOl were deconvoluted into 2 peaks, in order to
distinguish zero oxidation state of Ge device layer and +4 oxidation state of the native oxide on
it® (Figure 2.20 (c) — (d)). The highlighted spectra in Figure 2.20 (a) — (d) offers necessary
information on core levels of individual constituent materials and their heterostructures for Kraut’s
method.

Ultraviolet Photoemission Spectroscopy (UPS) spectrum detected valence band edge
location against Fermi level of PEDOT:PSS, as shown at Figure 2.20 (e). Greater energy
resolution of UPS (25 meV) compared to that of XPS (0.1 eV) ensures that Fermi level of
PEDOT:PSS overlaps with its valence band edge (Figure 2.20 (e)). The valence band edge

position with respect to Fermi level of the undoped GeOl could not be measured, due to its
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electrically insulating nature. This observation is consistent with large electrical resistivity of GeOl
(530 ©-cm), which is nearly intrinsic. Because no precise information about doping state of the
undoped GeOl could be known, it is assumed that the undoped GeOl has the intrinsic carrier
density of 2.4 x 10' cm. In other words, Fermi level was assumed to be at the midgap of the
undoped GeOl (0.33 eV above the valence band edge).

Application of the Kraut’s method to the series of spectroscopic data (Figure 2.20 (a) — (e))
revealed valence band offset 97.4 meV at the heterojunction, indicating valence band edge of
PEDOT:PSS is slightly higher by that amount than the valence band edge of Ge (Figure 2.20 (f)
and Table 2.2). In addition to this valence band offset value, other information explained earlier
is also in need in order to calculate to 1D Poisson’s equation for thermoelectric properties
simulation: the transport characteristics of individual materials, which will be summarized all

together later.
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Figure 2.20. XPS and UPS spectra for Ge, PEDOT:PSS and their bilayered structure. (a) S 2p
spectrum of 60 nm thick PEDOT:PSS on SiO: substrate, (b) S 2p spectrum of 12 nm thick

PEDOT:PSS on the 21 nm thick undoped GeOl, (c) Ge 3d spectrum of the bare, undoped GeOl,
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(d) Ge 3d spectrum of 12 nm thick PEDOT:PSS on the undoped GeOl. All necessary peak
information for Kraut’s formula was deconvoluted and marked as red curves in each figure. (e)
Magnified UPS spectra for valence band edge of 60 nm thick PEDOT:PSS on SiO> glass substrate.
Onset of the spectrum at 0 eV of binding energy indicates that Fermi level crosses the valence
band edge of PEDOT:PSS. UPS spectrum of the undoped GeOl could not be measured due to its
high electrical resistance. (f) Schematic flat band diagram reflecting the measured band offset from

Kraut’s method (not in scale).

2.3.9. Summary of Band and Thermoelectric Properties of Individual Materials for
the Band Diagram Simulation
The listed tables summarize input to calculate band alignments at Si / PEDOT:PSS and Ge
/ PEDOT:PSS heterojunctions. The calculated band bending in these heterojunctions will be
converted into thermoelectric properties by methods explained in 2.2.10 and 2.2.11, and compared

with experimental measurements.

(001) Si PEDOT:PSS
Thickness (hm) 14 — 250 1-100
Band Gap (eV) 1.129 1.579
Work Function (eV) 461" 5.03
lonization Potential (eV) 5179 5.05%
Acceptor Density (cm™) 0 4.16 x 10%°
Valence Band Density of States (cm™®) | 1.83 x 10°® | 1.25 x 101 ®
Hole Mobility (cm?/V-s) 450 @ 1.94-7.90"
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Static Dielectric Constant (i) 11.79 119

Table 2.1. Inputs to simulate band alignment of Si / PEDOT:PSS heterojunction via 1D Poisson’s
equation solver. a) Bulk values®. b) Bulk electron affinity of Si and half of band gap of Si were
added up, because Si was undoped®. c) Reported in the previous study®. d) Difference between
Fermi level and valence band maximum were taken from the previous study °°. ) Calculated from
the previous study?. f) Dependent to thickness. g) Reported in the previous study?. Table
from Quantitative analyses of enhanced thermoelectric properties of modulation-doped
PEDOT:PSS/undoped Si (001) nanoscale heterostructures!’. Reproduced by permission of the
Royal Society of Chemistry.

Ge PEDOT:PSS
Thickness (hm) 21 1-80
Band Gap (eV) 0.661 1.58 9
Valence Band Offset (eV) 0.0974
Acceptor Density (cm®) 2.4 x 1019 | 4.30 x 1020

Valence Band Density of States (cm®) | 5.0 x 1088 | 1.25 x 1029

Hole Mobility (cm?/V-s) 489.84° 10.0952 - 357"

Static Dielectric Constant (é) 16.2 1.1°

Table 2.2. Inputs to simulate band alignment of Ge / PEDOT:PSS heterojunction via 1D Poisson’s
equation solver. ® Bulk values®?; ®) Measured in this study; ® Reported in the previous study®’; 9

Calculated from the previous study?3; ® Excerpted from the previous research®®.

2.3.10. Simulated Band Diagrams of Si / PEDOT:PSS and Ge / PEDOT :PSS through
1D Poisson’s Equation Solver
The numerical simulation of Poisson’s equation by COMSOL Multiphysics® Modeling

Software analyzed band bending at equilibrium after the heterojunction formation, for various
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thicknesses of (001) Si (Figure 2.21). Band bending does not happen at PEDOT:PSS layer, as
PEDOT:PSS has nearly metallic hole density. At the Si side close to the interface, band bending
is upward for all Si thicknesses. This implies no significant change in Seebeck coefficient trend,
since the contribution to Seebeck coefficient from the region far from the interface is negligible,

as will be demonstrated later.
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Figure 2.21. (a) — (f) Band diagrams of Si / PEDOT:PSS heterojunction at 250 nm, 100 nm, 59
nm, 46 nm, 41 nm, and 14 nm thick Si. The dashed lines at 0 eV indicate Fermi level. Figure
from Quantitative analyses of enhanced thermoelectric properties of modulation-doped
PEDOT:PSS/undoped Si (001) nanoscale heterostructures!’. Reproduced by permission of the
Royal Society of Chemistry.

For Ge / PEDOT:PSS heterojunctions, because Ge was undoped, only valence band of Ge
was strongly influenced by electrical field within the Debye length, resulting in band bending. It
is remarkable that Ge closer to the interface also had smaller distance between the Fermi level and
the valence band edge compared to Ge farther from the interface, which means that hole transfer
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from PEDOT:PSS to Ge is only effective at the interface. In other words, modulation doping
became less effective for Ge farther from the interface, because the electric field decayed as a
result of carrier screening, as could be seen in the Figure 2.22. In the contrast, PEDOT:PSS
exhibited a metal-like behavior. As a consequence, Fermi level at PEDOT:PSS side was not shifted

at all even after the heterojunction formation with the undoped Ge, reflecting its metallic p-type

doping.
0.05
0.00
>
L
S -0.05
c
LL PEDOT:PSS

-0.10

-0.15
-20 0 20 40 60 80

Position (nm)
Figure 2.22. Simulated valence band alignment between undoped Ge layer and PEDOT:PSS layer

by solving the 1D Poisson’s equation.
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2.3.11. Agreements between Experimental and Simulated Thermoelectric Properties

of Si / PEDOT:PSS and Ge / PEDOT:PSS
The influence of modulation doping by band bending on the electrical conductivity and
Seebeck coefficient was further examined. The simulated electrical conductivity and Seebeck
coefficient of heterostructures associated with band bending (unbroken curves in Figure 2.23)

were obtained by the following formulas, assuming parallel resistors model?%:?2;

dz

_ e[ % n(x)ux)dx

6(dy,d;) = —4———— (2.17)
dz

— - x) Sx)d

S(d, dy) = TR (218)

5(dy,dp) (d;+dy)
where n(x), u(x), and S(x) are hole density, mobility, and Seebeck coefficient of each position x
in the Si/ PEDOT:PSS heterostructure. When no band bending is assumed at the Si / PEDOT:PSS
interface (dashed curves in Figure 2.23), the electrical conductivity and Seebeck coefficient of the

heterostructures were estimated by following formulas:

_ d dy)d
5(dy, dy) = 2t eld)d 1;1‘12522) 2 (2.19)
§(d1, dz) — Slo-ld1+520-2(d2)d2 (220)

5(dq,d,) (d;+dy)
where S,, 6,, and S,, are Seebeck coefficient and electrical conductivity of Si, and Seebeck
coefficient of PEDOT:PSS respectively, and kept constants per no band bending assumption.
Thickness dependency of electrical conductivity of PEDOT:PSS, o0,(d,) was taken into account
in the simulations. The simulated electrical conductivities regardless of assuming band bending
agree well with experimental measurements (Figure 2.23), which is in agreement with the lack of
band bending in the PEDOT:PSS layer in Figure 2.21. Band alignment simulation of the
heterostructures with different Si thicknesses consistently shows that transferred holes from
PEDOT:PSS into Si mainly stay at the interface (Figure 2.21). Therefore, the electrical
conductivity rises as thickness of Si decreases as noncontributing Si far from the interface is
removed from the electrical conductivity estimation, as seen in Figure 2.23. The slight upshift in
the electrical conductivity with band bending compared to with band bending (dotted blue curves
and unbroken blue curves in Figure 2.23) is a consequence of hole injection from PEDOT:PSS to

Si, which slightly elevates the electrical conductivity of Si adjacent to the interface. Although the
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comparison of electrical conductivity through experiment and simulation clearly validates the
parallel resistor model, the electrical conductivity trends alone could not provide a sufficient
evidence in support of modulation doping at the Si / PEDOT:PSS interface.

Only the simulated Seebeck coefficients under band bending assumption agree with the
experimentally observed enhancement in the Seebeck coefficient with decreasing PEDOT:PSS
thickness. In contrast, the simulated Seebeck coefficient of the heterostructures without band
bending assumption (black dashed curves in Figure 2.23) cannot describe the experimental
Seebeck coefficients correctly. Therefore, combined results from the experiments and the
simulation in Figure 2.23 support that band bending driven modulation doping is responsible for
the enhancement in Seebeck coefficient.

When PEDOT:PSS thickness is less than 10 nm, the Seebeck coefficient changes rapidly,
because the influence of PEDOT:PSS with small Seebeck coefficient quickly overwhelms Seebeck
coefficient of modulation-doped Si due to its much higher electrical conductivity. This Seebeck
coefficient trend does not change by different Si thicknesses down to 14 nm, and this fact

experimentally indicates that modulation doping only happens at the interface.
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Figure 2.23. Experimental and Simulated electrical conductivity and Seebeck coefficient of Si /
PEDOT:PSS heterostructures at different Si thicknesses as a function of PEDOT:PSS thickness.
Circles represent experimental data and unbroken and dashed curves show simulation results with
and without effect of band alignment, respectively. As expressed in the main text, The electrical

conductivity of the heterostructure (o) was obtained by normalizing the sheet resistance (R) by the

combined thickness of PEDOT:PSS and Si (d; + d,), namely G = Error bars represent

1
R(d;+dp)’
the standard deviation of at least four measurements. Figure from Quantitative analyses of
enhanced thermoelectric properties of modulation-doped PEDOT:PSS/undoped Si (001)
nanoscale heterostructures'’. Reproduced by permission of the Royal Society of Chemistry.

The band alignment information at the Ge / PEDOT:PSS heterostructures could be
transferred to the estimation of electrical conductivity and Seebeck coefficnt, as shown in Figure
2.24. It depicts both experimental thermoelectric properties and simulated counterparts. Formalism

for experimental electrical conductivity (black dots in Figure 2.24) is:
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1
R(d;+dz)

G = (2.21)

where d; and d, represent the thicknesses of Ge and PEDOT:PSS, respectively, and R represents
the sheet resistance. As raw data from the Hall measurements were sheet resistances of the entire
Ge / PEDOT:PSS heterostructures, the sheet resistances were normalized by whole thicknesses of
PEDOT:PSS and Ge for conservative evaluation of the electrical conductivity.

Quantitative assessment of Seebeck coefficient and electrical conductivity by 1D Poisson’s
equation matched with experimental measurements, hence further bolstered modulation doping as
the operating mechanism behind the enhanced Seebeck coefficient of Ge / PEDOT:PSS
heterostructures. Modulation doping was taken into account by the valence band offset when
solving the 1D Poisson’s equation to simulate electrical conductivity and Seebeck coefficient. The
simulated electrical conductivity and Seebeck coefficient of the heterostructures associated with
band bending (curves in Figure 2.24) followed the formulae below, assuming parallel resistor

model?122:

e J 3, neoneodx _ e [ n(dx+o,(d2)d;

o(dyd) = — 4 g~ d,+d;

(2.22)

e[ 2 nEOREISEIdx  epy [Ty n(0S()dx+05(d2)Sd;
5(dy,dy)(dy+d) 5(dy,dz)-(dg +d2)

S(dy,dp) = (2.23)

where n(x), u(x), and S(x) are hole density, mobility, and Seebeck coefficient of each position x
in the Ge / PEDOT:PSS heterojunction. Because PEDOT:PSS was predicted to sustain its metal-
like transport from its unbent valence band edge (Figure 2.22) at the heterojunction, electrical
conductivity and Seebeck coefficient of PEDOT:PSS layer at the heterojunction can be considered
unaffected. This is why constant S, and o, (d,) could be justified.

The maximum Seebeck coefficient, 398 uV/K of the heterostructure corresponded at the
minimum thickness of PEDOT:PSS 12 nm. This is another experimental indication of modulation
doping as the working principle. If there was no hole transfer from PEDOT:PSS to Ge, interfacial
Ge would still remain insulating. Therefore, contribution of the still undoped Ge to overall Seebeck
coefficient should be almost none, and Seebeck coefficient should also remain that of PEDOT:PSS,
~10 puVIK.

As the thickness of PEDOT:PSS increased, Seebeck coefficient diminished and electrical
conductivity rose, converging toward the inherent PEDOT:PSS bulk transport properties. Seebeck
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coefficient of the bilayered structure shows 18.7 uV/K at 79 nm of PEDOT:PSS thickness (Figure
2.24), even though electrical conductivity did not reach saturation toward the bulk electrical
conductivity of PEDOT:PSS, ~ 250 S/cm. This could be attributed to the fact that the thickness of
PEDOT:PSS was still less than 130 nm, where complete convergence to bulk electrical

conductivity required larger thickness (Figure 2.18 (a)).
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Figure 2.24. Experimental and simulated electrical conductivity (black dots and curve) and
Seebeck coefficient (grey dots and curve) of the undoped Ge / PEDOT :PSS heterostructures. Error

bars are standard deviations of at least four repeated measurements.

As static dielectric constant of PEDOT:PSS has different values depending on sources®®7°,

several possible values of the static dielectric constants were put into the 1D Poisson’s equation
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solver. The simulated electrical conductivities and Seebeck coefficients under different
PEDOT:PSS dielectric constants did not show substantial shift (Figure 2.25). All simulated data

did not deviate substantially from the experimental thermoelectric properties.
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Figure 2.25. Even though dielectric constant of PEDOT:PSS is taken 1.1°8 in the main text, there
are also differently reported dielectric constants of PEDOT:PSS®"°, Those variations in dielectric
constant of PEDOT:PSS are reflected in the thermoelectric properties simulation of the undoped
Ge / PEDOT:PSS heterostructures (hollow dots: experimental results, dotted curves: PEDOT:PSS
dielectric constant = 9.7, broken curves: PEDOT:PSS dielectric constant = 3.57°, unbroken
curves: PEDOT:PSS dielectric constant = 1.158). Even if the dielectric constants of PEDOT:PSS
changed, its effect is limited, therefore does not harm the predictability of thermoelectric properties

markedly.
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2.3.12. Enhanced Thermoelectric Power Factors of Si / PEDOT:PSS and Ge /
PEDOT:PSS

A maximum power factor was achieved in the heterostructure with the smallest
PEDOT:PSS and Si thickness: 6.5 nm thick PEDOT:PSS on 14 nm thick Si. The Seebeck
coefficient was increased from 10 pV/K of PEDOT:PSS on SiO2 glass to 73 uV/K of the
heterostructure, and the power factor was increased from 1.5 pW/m-K? to 26.2 pW/m-K?, as shown
in Figure 2.26. As modulation-doped Si layer is only limited to interfacial area, having interfacial
Si layer less than 10 nm thickness is sufficient for modulation doping. In other words, part of Si
layer farther from the interface is hardly affected by modulation doping. Rather, this additional Si
layer lowers average electrical conductivity, because the electrical conductivity is normalized

e fgl n(x)p(x)dx

aTd Likewise,

combined thicknesses of the heterostructures by o(d;,d,) =

PEDOT:PSS layer away from the interface with Si does not contribute to modulation doping, as
can be seen from no band bending of PEDOT:PSS at the interface. This means even after the hole
donation to Si, the hole concentration of PEDOT:PSS is scarcely varied due to metallic hole
density of PEDOT:PSS. This also explains why thicker PEDOT:PSS layer on Si incurs the
thermoelectric power factor to converge toward that of PEDOT:PSS itself, resulting on lowered

power factor of the heterostructures.
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Figure 2.26. (a) — (f) Power factors of PEDOT:PSS films of different thicknesses on 250 nm, 100

nm, 59 nm, 46 nm, 41 nm, and 14 nm thick Si, respectively. These are estimated by multiplying

individually square of measured Seebeck coefficients and electrical conductivities. Figure

from Quantitative analyses of enhanced thermoelectric properties of modulation-doped

PEDOT:PSS/undoped Si (001) nanoscale heterostructures!’. Reproduced by permission of the

Royal Society of Chemistry.
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Figure 2.27. (a) Seebeck coefficient and (b) thermoelectric power factor comparison of 6.5-nm-
thick PEDOT:PSS film on 14-nm-thick Si (100) on sapphire with respect to 6.5-nm-thick
PEDOT:PSS film on SiO; glass slide, undoped and optimally doped’* 14-nm-thick Si (100). These
thicknesses of PEDOT:PSS and Si corresponds to the case exhibiting the largest Seebeck
coefficient achieved in this study. Figure from Quantitative analyses of enhanced thermoelectric
properties of modulation-doped PEDOT:PSS/undoped Si (001) nanoscale heterostructures®’.
Reproduced by permission of the Royal Society of Chemistry.

Seebeck coefficients and power factors of PEDOT:PSS, undoped Ge, and their
heterostructures are compared in Figure 2.28. The maximum power factor appeared when the
PEDOT:PSS thickness was minimal (12 nm). The Seebeck coefficient improved from 10 uV/K of
PEDOT:PSS on SiO> to 398 uV/K in the bilayered structure, and the power factor increased from
3.5 uW/m-K? to 154 pW/m-K2.

As electrical conductivity is normalized combined thicknesses of the heterostructures

e f_dél n(x)u(x)dx

(5(dy, dy) = ——
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contribute to modulation doping, as can be seen from no band bending of PEDOT:PSS at the
interface. This means that even after the hole donation to Ge, the hole concentration of
PEDOT:PSS is almost unaffected due to metallic hole density of PEDOT:PSS. This also explains
why thicker PEDOT:PSS layer on Ge causes the thermoelectric power factor to converge toward

that of PEDOT:PSS itself, resulting on lowered power factor of the heterostructures.
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Figure 2.28. (a) Seebeck coefficient and (b) thermoelectric power factor comparison of the 12 nm
thick PEDOT:PSS film on 21 nm thick GeOl with respect to the 12 nm thick PEDOT:PSS film on
the SiO> glass slide and undoped 21 nm thick Ge. The thickness of PEDOT:PSS is where the

largest Seebeck coefficient is achieved in this research.
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2.4. Conclusion

In this work, we demonstrated that modulation doping at the interfaces of Si / PEDOT:PSS
and Ge / PEDOT:PSS heterostructures can lead to enhanced Seebeck coefficients and power factor.
The modulation doping at these heterostructures were proven by showing the agreement between
the experimental results and simulated thermoelectric properties. Decreasing thickness of
PEDOT:PSS can increase the Seebeck coefficient in the expense of electrical conductivity. In the
contrast, increase in PEDOT:PSS thickness results in thermoelectric performance converging
toward inherent PEDOT:PSS properties, because interfacial contribution from modulation doping
becomes relatively smaller by thickened, highly conductive PEDOT:PSS. The power factor was
maximized when the thicknesses of PEDOT:PSS and Si were at their minimum, because Seebeck
coefficient is more critical to the power factor than electrical conductivity. In Si / PEDOT:PSS
system, the Seebeck coefficient was increased from 10 uV/K of PEDOT:PSS on SiO> glass to 73
uV/K of the heterostructure, and the power factor was increased from 1.5 pW/m-K? to 26.2
pW/m-K2. In Ge / PEDOT:PSS heterostructures, maximum power factor of 154 uW/m-K? and
maximum Seebeck coefficient of 398 uV/K were achieved. Simulated electrical conductivities by
the 1D Poisson’s equation solver with and without equilibrated Si / PEDOT:PSS interfacial band
structure agree with experimental electrical conductivities, as the conduction by the modulation
doped Si concentrated at the interface only contributes in small portion to the overall electrical
conductivity. Thus, examining if modulation doping took place at Si / PEDOT:PSS
heterojuncstions cannot be conclusive by simply judging from simulated and experimental
electrical conductivity comparisons. However, only the simulated Seebeck coefficients with band
alignment scenario match well with the experimentally measured Seebeck coefficient, indicating
that the hole migration to Si is responsible for the enhancement of the Seebeck coefficient. This
simulation technique based on 1D Poisson’s equation solver was applied to Ge / PEDOT:PSS
heterostructures and displayed matching between the experiment and theoretical prediction as well,
hence further demonstrating validity of this simulation technique. The simple sequences of
experimental evaluation and follow-up simulation shown in this study can be further extended to
other nanoscale heterostructures with different electronic applications, such as solar cells and

transistors. Also, proof of modulation doping phenomenon can provide mechanistic insights about
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strategies to increase the power factor of PEDOT:PSS-based composites for thermoelectric
applications.

In order to further improve power factors of nanoscale heterostructured thermoelectric
systems in the future, limitation on valence band position of undoped semiconductors against
Fermi level at the heterojunctions should be overcome. When semiconductors form
heterojunctions with metals, such as PEDOT:PSS, valence band edge or conduction band edge of
such semiconductors can only shift within very narrow ranges, regardless of properties of
contacting metal. This phenomenon is called Fermi level pinning, and exists for metal-
semiconductor heterojunctions in general, including Si’? and Ge’®. As Ge more severely suffers
from this issue than Si, techniques to alleviate Fermi-level pinning at Ge-metal heterojunction were
developed recently. Typically, nanoscale structuration of metals’™ or deposition of ultrathin oxide
layers> " are applied to minimize Fermi level pinning effect, which can be utilized to induce
higher degree of modulation doping. Alternatively, replacements of Ge into other inorganic
semiconductors that have large carrier mobility and favorable band offsets for modulation doping
is expected to lead to large power factors. The determination on the favorable band alignment for

heterojunctions can be easily carried out via simple spectroscopic Kraut’s method.
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3. Development of a Flow-Battery Type Electrochemical Heat Harvester and Elongation
of Its Cyclability through Polyelectrolyte Coating on Nafion

3.1. Introduction

Efficient conversion of low grade heat into electricity has been intensively investigated
mostly focusing on thermoelectrics. However, state-of-the-art thermoelectric materials in general
incorporate rare and expensive elements, hampering their widespread application in daily lives.
Electrochemical heat conversion has drawn scientific attention as one of alternatives to
thermoelectric technology, largely owing to its capability to easily reach thermopower more than
1 mV/K3, However, low ionic conductivity has compromised the potential improvement on
conversion efficiency due to large thermopower, when the electrochemical heat conversion
operated under thermal gradient'*®. Recent breakthrough addressed the efficiency issue by
transitioning the mode of operation into thermodynamic cycles like heat engines®1, achieving up
to 2.0 % of conversion efficiency between 20 °C and 60 °CS. If higher electrochemical
thermopowers can be accomplished in addition to this new design, then more advanced efficiency
would be achieved.

Here, we report an aqueous redox couple-based autonomous electrochemical heat harvester
with full cell thermopower of -2.9 mV/K. This device consisted of two dissimilar redox couples:
Fe(CN)s®"* g and Co(bpy)s®***@aq. They were chosen because their half-cell electrochemical
potentials intersect. Furthermore, the opposite signs of the half-cell thermopowers contributed to
the enhanced total thermopower (Equation 1.14). This water-based electrochemical heat
harvesting system required ion selective membrane in order to avoid internal short-circuit. Nafion
was employed for this function, however it suffered from degradation of ionic conductivity over
time because Co(bpy)s?*** species was absorbed into the Nafion. To avert this detrimental
phenomenon, polyelectrolyte films were coated by layer-by-layer (LbL) process on Nafion, so that
large Co(bpy)s®** species could be selectively excluded, while remaining permeable to K* ions.
This coating succeeded in suppressing growth of ionic resistance of the Nafion, hence greatly
improved cyclability of the electrochemical heat harvester. The retention of the charge capacity,
energy output, and conversion efficiency up to 10 cycles were demonstrated. The average energy,

power, and charge capacities during a thermodynamic cycle were 132.1 mJ/mL, 13.95 uW/mL,
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and 2.84 C/mL, respectively. The heat to electricity conversion efficiency of this autonomous
electrochemical heat harvester was estimated 0.10 % at 20 °C — 60 °C operating temperature range.
The efficiency was mainly compromised by large heat capacity of the constituent water. This work
primarily provides an insight on design principles of electrochemical heat harvesters. Also, using
readily available and inexpensive polyelectrolytes, the LbL deposition technique utilized in this
research can be further extended into other applications where selective permeation can play as a

key merit, such as dialysis, flow batteries, and desalination.
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3.2. Experimental Methods

3.2.1. Electrochemical Thermopower Measurements under Thermal Gradient

In order to assess the electrochemical thermopowers of aqueous redox couples, the most
straightforward measurements were considered: checking the voltage changes at different
temperature gradients. To realize this, steady maintenance of thermal gradient was important,
along with chemical stability of the testing cell contacting the aqueous solution specimens. An
electrolyte container composed of Teflon was chosen, due to its good mechanical, chemical,
thermal stability and electrical insulation. The testing cell was sealed tightly by two Cu plates.
They were electronically and thermally conductive, enabling detection of the voltage and thorough
conduction of the heat flux. However, because they can be easily corroded in agueous
environment!!, the direct contact of the aqueous solutions should have been avoided. For this
purpose, Pt (Alfa Aesar, 99.9 %, 00262) or Au (Alfa Aesar, 99.95 %, 11519) electrodes were
introduced, to separate Cu plates from aqueous electrolytes contained in the Teflon body. The
electrodes could also offer places for electrochemical reactions to happen without side reactions,
as they were chemically inert and resistant to the corrosion.

In order to assemble all parts into an integrated testing cell (Figure 3.1 (a)), firstly two O-
rings composed of a chemically inert fluoropolymer elastomer (Viton rubber) were inserted at the
mouths of the Teflon body. Then a piece of Au or Pt electrode was placed on the rubber O-ring,
and a Cu plate tightly enclosed one end of the testing cell. Thus, there are one open end and another
closed end at the cell. The closed end was put on a flat ground, and electrolyte was carefully poured
to fill the internal space completely without any bubble. Then another piece of Au or Pt electrode
was put at the open end, and another Cu plate tightly sealed the testing cell. The electrode materials
for a single test should be identical in material and size for the symmetry.

Two separate T-type thermocouples (Omega Engineering, 5TC-TT-T-40-36) were firmly
attached by electrically conductive Cu tapes (McMaster Carr, 76555A644) on the surface of each
Cu plate, in order to observe temperatures at the hot side and the cold side of the cell. Those
thermocouples were connected to a temperature data acquisition module (Omega Engineering, TC-
08), which converted signals from thermocouples into digital data. Wire leads from each Cu plate
were also connected to a Biologic (model SP300 or VSP300) potentiostat to record the voltage
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difference between the hot end and the cold end. Peltier plates sandwiched the testing cell, and
periodically varied electrical current was supplied. A programmable electrical power source
(Tektronix, Keithley 2400 Sourcemeter) regulated the input current to the Peltier plates, hence
thermal gradient. The programmed current supply regulated the temperature gradient through the
testing cell (Figure 3.1 (b)). Lastly, a heavy metal block on top of the testing cell ensured thermal
conduction from the Peltier plates to the cell by a moderate mechanical pressure (Figure 3.1 (c)).
Once this set of procedures were carried out, then a electrochemical thermopower was ready to be

characterized.

© p— ® ©

~ Ptor Au
Electrode
Teflon_) | | Cell
Body Electrolyte

Pt or Au
/Electrode
CuPlate

Figure 3.1. (a) Design of the testing cell for electrochemical thermopower characterization under

thermal gradient. (b) Schematic representation of the testing cell under a thermal gradient by the
two surrounding Peltier plates. Temperatures at the hot end and the cold end, and voltage
difference between those ends were recorded. (c) A real photograph of the cell under experiment.
A heavy metal block applied mechanical pressure, in order to promote suitable electrical and

thermal contacts between the cell, Peltier plates, and thermocouples.

In order to validate this lab-built setup, firstly temperature gradient within the Cu plate was
checked. Figure 3.2 (a) — (b) depict arrangements of the thermocouples to detect temperature
differences at inner and outer surfaces of the Cu plates under two different configurations. For
both cases shown in Figure 3.2 (a) — (b), the temperatures of inner surface and outer surface of Cu
plates only differed by less than 1 K (Figure 3.2 (c) — (d)), regardless of the temperature range.

These results proved that heat flux losses in the Cu plates were negligible.
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Figure 3.2. Thermal conduction through the Cu plates was measured to ensure temperatures at the
surfaces of the testing cell and electrodes are equal. (a) — (b) Arrangements of thermocouples to
confirm thermal gradient within the Cu plates. (c) — (d) Confirmation of nearly zero thermal
gradient within the Cu plates under both circumstances. (c) corresponds to the configuration at (a)

and (d) matches to the configuration at (b).

Because now it was clarified that temperature readings from outer surface of Cu were
almost equal to electrode surface temperature, final calibration measurement were ready to be
performed. An aqueous solution dissolving both KsFe(CN)s (Sigma-Aldrich, > 99.0 %, 244023)
and K4Fe(CN)e-3H20 (Sigma-Aldrich, > 99.5 %, 60279) was prepared for the calibration purpose.
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For reversible redox reactions, both product and reactant need to be present together in the testing
electrolyte. The notation of this solution is 2.0 mM Fe(CN)e>"* (g, which means both Fe(CN)s*
species and Fe(CN)s* have concentration of 2.0 mM in water, individually.

The solution was mounted in the testing cell with Au electrodes at both sides and
experienced temperature gradient. Figure 3.3 (a) — (b) show the variation of temperatures at the
hot end and the cold end of the testing cell, along with voltage change over time. The temperature
difference was intentionally programmed to rise every 10* seconds, in order to permit sufficient
time to build steady-states for both voltage and thermal gradient. The successful establishment of
the steady-states was evidenced by flat profiles of both the voltage and the two temperatures
(Figure 3.3 (a) — (b)). The entire temperature difference and voltage readings displayed in Figure
3.3 (@) — (b) were plotted against each other at Figure 3.3 (c). In comparison, Figure 3.3 (d)
represented the steady-state temperature differences and voltages. Figure 3.3 (c) — (d) exhibited
linearity, yielding the same slope of -1.44 mV/K. The slopes were the electrochemical
thermopower of 2.0 mM Fe(CN)s3"* g redox couple. Quick build-up of the steady-states caused
the agreement between Figure 3.3 (c) — (d). This fact suggested that reaction kinetics of Fe(CN)s*>
/4 aq) Was fast. The measured electrochemical thermopower was compared with the previous report

about the electrochemical thermopower of the same redox couple®, and agreed within 1.39 %.
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Figure 3.3. Calibration of the electrochemical thermopower characterization setup by 2.0 mM
Fe(CN)s>* aq) redox-active electrolyte. (a) — (b) Time dependent temperature and voltage profiles
detected at both ends of the testing cell. (c) Measured voltage as a function of the applied thermal
gradient. (d) Relationship between the steady-state thermal gradients and the steady-state voltages.

Both (c) and (d) exhibit the same slopes.

3.2.2. Electrochemical Thermopower Measurements under Isothermal Conditions
In order to identify electrochemical thermopowers and redox potentials of aqueous redox
couples simultaneously, electrochemical thermopower measurements under isothermal conditions

were executed. It could be conducted in two different ways: by monitoring open circuit voltage
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(OCV) of the working electrode against a reference electrode or by running cyclic voltammetry
(CV) measurements under different temperatures, for instance 20 °C, 30 °C, 40 °C, 50 °C, and 60
°C (Figure 3.4 (a) — (b)). Both methods required a three electrode setup with a reference electrode
(Ag/AgCI), a counter electrode (Pt), and a working electrode (Au) separately. Those 3 separate
electrodes were immersed in the testing aqueous electrolyte, where redox-active species were
dissolved, and either CV or OCV measurements at different temperatures were performed. Upon
transition of a temperature to another, ample time should be permitted in order to match the internal
temperature of the cell with the set temperature of the heat circulator pump (Thermo Scientific,
model SC100). Then CV or OCV commenced to determine precise electrochemical potentials
where redox reactions of the specimen solution occurred, along with the shift of those redox

potentials by the temperature.

a
( )Ag/AgCI(aq) Reference Electrode (b)
Au Working Electrode

. Pt Counter Electrode

Water inflow at the Redox-active Aqueous
set temperature Electrolyte

Figure 3.4. (@) A schematic and (b) a photograph of the electrochemical thermopower
characterization setup under isothermal conditions. OCVs or redox peaks at CV measurements
were monitored at different temperatures, for instance 20 °C, 30 °C, 40 °C, 50 °C and 60 °C.
Electrochemical potentials of aqueous redox couples against a reference potential, and their

dependencies on temperature were measured with these methods.

3.2.3. Chemical Pretreatments for K*-Conducting Nafion
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Nafion 115 (FuelCellStore.com, 591139) was firstly cut into a 3.5 x ~ 30 cm? sized
rectangle and soaked in DI water at room temperature longer than 30 minutes. While the Nafion
stayed in the DI water, 3 different solutions were prepared: (i) 3 wt% H2O2(@q) from 30 wt% H20-
aqueous solution (Fisher Chemical, H325-500), (ii) 1.0 M H2SOaq) from concentrated sulfuric
acid (Sigma-Aldrich, 95.0 % — 98.0 %, 258105), (iii) 1.0 M KOH@q) from KOH pellet (Acros
Organics, > 99.98 % pellets, AC43713). The Nafion was soaked in the 3 wt% H202(q) and heated
at ~ 100 °C for an hour. After this, it was briefly rinsed with flowing DI water at room temperature,
and boiled in DI water at ~ 100 °C for another hour. Then it was transferred to 1.0 M H2SO4yg)
and heated at ~ 100 °C for 2 hours. Thorough rinsing with DI water followed, and the last step was
immersion in 1.0 M KOH,q) at ~ 100 °C for an hour, succeeded by rinsing with DI water at room
temperature. The completely processed K*-conducting Nafion 115 was entirely submerged and
stored in 1.0 M KCI (Sigma-Aldrich, > 99 %, 793590) aqueous solution at room temperature.
When the Nafion membrane was mounted in the electrochemical heat harvester, it was cut into ~
3.5 x 3.5 cm? square shape from the 3.5 x ~ 30 cm? rectangle. The roles of the Nafion would be
preventing internal short-circuit between the catholyte and the anolyte, while permitting ionic

conduction necessitated by the redox reactions within the cell.

3.2.4. Characterization of Internal Resistances of the Electrochemical Heat
Harvester

As internal resistance of the electrochemical heat harvester is proportional to E;,¢s term
(the energy lost or unusable by internal resistance of the cell) the internal resistance can influence
the conversion efficiency (Section 1.3.2). Electrochemical impedance spectroscopy (EIS) or
galvanostatic discharges for less than 15 seconds were experimental techniques that quantified the
internal resistance of the electrochemical heat harvester. EIS could inform individual resistance
contributions from different parts of an electrochemical system, while galvanostatic discharge for
a short duration could show combined Ohmic resistance of the cell. Figure 3.5 (a) illustrates a
setup to determine the internal resistance of the cell with either EIS or galvanostatic discharge or
both. Figure 3.5 (b) is exemplar overpotential data obtained by regular execution of galvanostatic
discharge every hour. The cell assembly for the internal resistance examinations follow the same

procedures listed in Section 3.2.7.
123



N
a1

(@  carbon Cloth Carbon Cloth (b)
Nafion

N
o

Overpotential =20 mV

[EEN
a1

o(bpy)3 2+/34

Fe(CN)g/+
,= 1.2 mV/K

o, =-1.7 mV, 101

Overpotential at -120 pA (MmV)

< > i
Overpotential 51 W‘
Measurements at C/2.68
(identical current to 0 r r r r
thermodynamic cycles) 0 50 100 150 200 250

Time after Cell Assembly (hours)
Figure 3.5. (a) The measurement scheme to observe variation of internal resistance of the cell over
time. The cell used for this examination was the same as the cell for the thermodynamic cycling
experiments. (b) An exemplar measurement result of overpotential (proportional to the internal

resistance) of the cell. The internal resistance was checked every hour.

3.2.5. Spectroscopic Characterization Techniques

Both ultraviolet—visible spectroscopy (UV-Vis spectroscopy) and X-ray photoemission
spectroscopy (XPS) were employed in order to distinguish of absorption of the aqueous redox-
active species into Nafion membrane. An additional function of the UV-Vis spectroscopy was
verification of the self-decomposition of the redox-active species.

UV-Vis spectroscopy (Agilent, model Cary 5000) was deemed suitable to determine
whether aqueous redox-active species were absorbed into Nafion membranes in a bulk scale. As
all of the solutions dissolving redox-active species had distinct colors, they were expected to
exhibit absorption within visible light range. Upon absorption of some of those colored chemicals
in Nafion, then it would be detectable because pristine Nafion is transparent at visible light region*2.
Also upon chemical degradation of any redox-active chemicals, it would be easily detectable, if
the colors of the innate redox-active species mutated as a result of the damage.

XPS (Thermo Scientific, model K-Alpha+) was introduced to identify the remnant

chemical species on the surface of Nafion, so that absorption process initiating from the surface of
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Nafion membranes could be tracked. Its great sensitivity on the surface chemical species® can be
helpful for more delicate recognition of absorption of redox active species into the Nafion.

Especially when the diffusion is limited only at the surface, XPS becomes necessary.

3.2.6. Polyelectrolyte Film Deposition on Nafion via LbL Process

The polyelectrolyte deposition procedures were conducted by LbL process throughout this
study. This procedure involves repetitive dips of a substrate into two separate solutions dissolving
two oppositely charged polyelectrolytes respectively. The LbL processes often exploit Coulombic
binding between two oppositely charged polymeric ions. Polarity of surface charge is reversed
after each immersion step, enabling adsorption of the oppositely charged polyelectrolyte®®. This
adsorption-based process can serve as a thin film coating technigue on a surface. Because Nafion
is negatively charged®®*8, the LbL process always began with cationic polyelectrolyte adsorption
on the bare surfaces of the Nafion membranes.

The polyelectrolyte species in this study have different mechanisms of dissociation; for a
weak polyelectrolyte poly(allylamine hydrochloride) cation (PAH"), it needs to accept proton from
the LbL solution in order to dissociate and have the positive charge. Therefore, pH of the LbL
solution is an important factor to determine effectiveness of coatings using PAH*. However, for
other polyelectrolytes such as poly(diallyldimethylammonium chloride) cation (PDADMACY) and
polystyrene sulfonate anion (PSS°) do not require any acceptance of H* or OH" from the solution.
Thus, they are categorized as strong polyelectrolytes, because their dissociation is not affected by
pH19-22

For this reason, for deposition of a film composed of PAH* and PSS, control variables
included pH, supporting salt concentration, and repetition of the LbL process (Figure 3.6). For
deposition of a film composed of PDADMAC® and PSS (Figure 3.7), control parameters were
only supporting salt concentration and repetition of the LbL process, because dissociation of both
PDADMAC™ and PSS™ would hardly be affected by pH.

LbL process began with preparation of the deposition solution. PAH* (Aldrich, average
Mw ~17,500, 283215), PSS™ (Aldrich, average Mw ~70,000, 243051), PDADMAC" (Aldrich,
average My 200,000 — 350,000 20 wt% in water, 409022) polysalts were mixed with DI water

(18.2 MQ-cm at room temperature) in 20 mM concentrations, respectively. Then supporting salt,

125



anhydrous NaCl (Sigma-Aldrich, > 99 %, 793566) was added with a desired amount into the
aqueous polyelectrolyte solutions. After this step, pH was adjusted by adding HCI (Sigma Aldrich,
37 %, 258148) or anhydrous NaOH (Sigma Aldrich, > 97 %, 795429). After thorough stirring for
more than 10 minutes at room temperature, pH was checked by a pH meter prior to the very first
dip of Nafion membrane.

As-prepared Nafion membrane (Section 3.2.3) was dipped firstly in a polycation solutions
(PAH" solution or PDADMAC™ solution) for 5 minutes and washed for 30 seconds in DI water to
remove the residual polycations from the surface. Then the Nafion was immersed into PSS
solution for 5 minutes again, and rinsed again in DI water. This set of processes was repeated until
desired number of repetitions was reached. After the last washing in DI water at the end of all LbL
procedures, water on the surface of the Nafion was removed by shaking and it was mounted
between the two rubber sheets (Section 3.2.7).

In order to convey the film composition more simply, a special notation was introduced. It
clarifies sequences of the polyelectrolyte film deposition. For example, if a notation was
represented as (PAH*/PSS)ss, then the process of (PAH' coating — DI water washing — PSS
coating — DI water washing) was repeated for 3 times and finalized by PAH™ coating — DI water
washing. Therefore, the termination of the film composition would be PAH*, because the last step

was deposition of the PAH" layer.

20 mM PAH* 20 mM

+x M NaCl H,O +x M NaCl H,O
at Different pH 30s at Different pH 30s <N
5 mins 5 mins

Figure 3.6. Procedures for coating of PAH" cation and PSS™ anion on Nafion membrane through
LbL deposition. pH, number of repetition and supporting salt concentration (concentration of NaCl,
denoted as [NaCl]) were selected control variables to optimize the (PAH*/PSS’), film on the

Nafion for selective filtration of Co(bpy)s?*** species.
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20 mM PDADMAC* 20 mM

—_— —_— —_
+ x M NacCl H,O +x M NaCl H,O
atpH=7 30s atpH=7 30s X N
5 mins 5 mins

Figure 3.7. Procedures for coating of PDADMAC" cation and PSS anion on Nafion membrane
through LbL deposition. Number of repetition and supporting salt concentration (concentration of
NaCl, denoted as [NaCl]) were chosen as control variables to optimize the (PDADMAC */PSS),

coating for selective exclusion of Co(bpy)s>*** species.

3.2.7. Fabrication of the Electrochemical Heat Harvester

The catholyte and the anolyte composed of 1:1 60 mM equimolar concentrations were
prepared. Thus, Co(bpy)sCl.-5H20 (Dyenamo, DN-C15) along with Co(bpy)3Cls-4H20 (Dyenamo,
DN-C16) were dissolved in DI water with 60 mM concentrations each. This means that both 60
mmol of Co(bpy)s** and 60 mmol of Co(bpy)s®* coexist in 1.0 L of the anolyte. The notation for
this solution is Co(bpy)s****q throughout this article. Likewise, KsFe(CN)s salt together with
KsFe(CN)e-3H20 powder were dissolved in DI water in 60 mM concentrations each, within a
single solution. This means that both 60 mmol of Fe(CN)e> and 60 mmol of Fe(CN)e* coexist in
1.0 L of the catholyte. Fe(CN)s*"* () is the notation for this solution in this article. Unless noted
otherwise, the concentrations of both the anolyte and the catholyte were consistently 60 mM during
this study. Those two separate electrolytes were homogenized in an ultrasound sonication bath for
5 minutes at room temperature.

Carbon cloth electrodes were selected in this work as a current collector and a template to
foster fast electrochemical reactions simultaneously (Figure 3.8 (b)). As the carbon cloth is light,
inexpensive, electronically conductive, chemically stable, and owns a high surface area, it was
considered an optimal electrode material. A carbon fabric (FuelCell.com, model EC-CC1-060)
was cut into a shape with 1.0 x 1.0 cm? square active area with an attached 0.5 x 3.0 cm?
rectangular tale. The 1.0 x 1.0 cm? square active area was intended as a place for the redox
reactions, while the adherent 0.5 x 3.0 cm? rectangular tale served as a current collector. Only the

square active areas were oxidized by oxygen plasma at 200 W for a minute (Glow Research,
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AutoGlow Plasma Cleaner and Asher) or briefly contacting flame from burning butane gas, to
facilitate wetting by the electrolytes. As the tales at carbon electrodes were purely dedicated to
electrical conduction, thus hydrophobic coating by polystyrene dissolved in toluene (Sigma-
Aldrich, 244511) on the tail area were carried out. By this process, wetting by the electrolytes
could be only restricted to the 1.0 x 1.0 cm? active area.

A chemically inert fluoropolymer elastomer, Viton rubber sheets were chosen to
accommodate carbon cloth electrodes and a Nafion membrane (Figure 3.8 (b)). A square hole (1.0
x 1.0 cm?) per a sheet at the center was perforated. This square hole offered a place for carbon
electrodes and the electrolyte to contact each other. For the watertight assembly of the cell, holes
were penetrated.

Transparent covers, cut from a polypropylene plastic sheet (McMaster Carr, product
8742K131) with holes for the electrolyte injection were also prepared. Injection holes had
diameters less than 3 mm. The transparency allowed confirming if the oxidized carbon electrode
surface was wet by the inserted electrolytes. For the watertight assembly of the cell, holes to
accommodate bolts and nuts were penetrated.

After all parts for the cell were prepared, then both carbon cloth electrodes were placed in
the square voids in the Viton rubber sheets. Then the transparent plastic covers capped each rubber
sheet with carbon electrode at the center hole. Nafion was then put in between the rubber sheets,
so that it can separate a carbon electrode from the other. After sandwiching all the parts, they were
fixed tightly together by the bolts and nuts. Lastly, the prepared electrolytes were injected (Figure
3.8 (c)), and airtight tape was attached to prevent evaporation through the injection holes.

(@)

Carbon Cloth Carbon Cloth
Nafion

Fe(CN)g3/4]
o, =-1.7mV,

>
K* permeation for charge
compensation
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Figure 3.8. (a) Schematics of the designed aqueous redox couple-based electrochemical heat
harvester. (b) The parts for fabrication of the watertight electrochemical heat harvester. (c) A front

view of the completely assembled electrochemical heat harvester.

3.2.8. Thermodynamic Cycling Measurements

The measurement started with putting the assembled cell (shown in Figure 3.8 (¢)) in a
watertight, opaque, electrically insulating, but thermally conductive heat-sealable plastic bag
(Aldrich, Z183385). No light and water from the heat circulator pump were allowed to invade the
cell, while the cell could be promptly affected by the surrounding temperature.

Firstly, the cell in the bag was immersed in a water tank, of which temperature was set at
20 °C (Figure 3.9 (a)). + terminal of a Biologic (model SP300 or VSP300) potentiostat was
connected to Fe(CN)s>"* ) Side, and — terminal was assigned to Co(bpy)s>***(ag) side. The initial
OCV of the cell typically ranged around +100 mV at 20 °C. Then it firstly underwent a
galvanostatic (constant current) discharge with a current density corresponding to C/2.68, until the
cell voltage became zero at 20 °C (step (i) in Figure 3.9 (b) — (c)). The C/2.68 notation means 2.68
hours are needed to fully discharge or charge the theoretical charge capacity of the cell. Then the
cell in the bag was transferred to a 60 °C environment controlled by the heat circulator pump at
open circuit condition. By this step, the cell could absorb heat from the surroundings and convert
part of the heat input into electrical energy (step (ii) in Figure 3.9 (b) — (c)). The conversion of the
heat could be confirmed by shift of OCV of the cell at this step toward the negative direction. This
phenomenon was caused by shift in electrochemical equilibrium by the temperature variation,
which led to thermally harnessed voltage. Step (iii) in Figure 3.9 (b) — (c) was another
galvanostatic discharge at 60 °C under the same absolute current density with opposite sign as step
(). This step lasted until the cell voltage became zero again. It is remarkable that the polarity of
the cell was flipped during the thermodynamic cycle. The last step (step (iv) in Figure 3.9 (b) —
(c)) was another thermal recuperation stage. Therefore, the entire cell was turned back to 20 °C at
open circuit condition, and the cell voltage was recovered to positive. The end of step (iv) returned
the thermodynamic state of the cell into onset of step (i). Thus, step (i) — step (iv) successfully

consisted a complete thermodynamic cycle.
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Figure 3.9. (a) A photograph of the setup for the heat harvesting thermodynamic cycle
experiments. The entire cell was transferred between two different temperatures regularly, in this
case between 20 °C and 60 °C. (b) — (c) Schematic illustrations indicate how the state of the

electrochemical heat harvester would vary, during an exemplar thermodynamic cycle.
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3.3. Results and Discussion

3.3.1. Electrochemical Potential Dependence on Temperature for Aqueous Redox
Couples for Electrochemical Heat Harvester Application

In order to find aqueous redox couples which satisfy the requirements offered in Section
1.3.3, electrochemical redox potentials of several candidate redox couples and their dependency
on temperature were measured. As can be seen Figure 3.10 (a), the only redox pairs with half-cell
potential crossing in the examined temperature range were Fe(CN)e>"* g and Co(bpy)s®** ),
among the 6 tested aqueous redox couples. Their half-cell potentials were enlarged in Figure 3.10
(b), indicating intersection happened around 40 °C. In order to match this meeting point as the
midpoint of operating temperature range of the electrochemical heat harvester, the operating
temperature range was selected as 20 °C — 60 °C. This temperature range was largely free from
unwanted side effects, such as volatile evaporation of water. The opposite signs of electrochemical
thermopowers (Figure 3.10 (b)) were synergistic, enhancing the electrochemical thermopower of
the full cell to addition of both, -2.9 mV/K (Equation 1.14). In sum, all requisites listed in Section
1.3.3 for design of an autonomous electrochemical heat harvester were fulfilled.

(a) (b)
~ 14 =310
C o
212{ e—o—o ® *——8 < 300
3 Ru(bpy), o)
< 1.0 < 290+
' Ru(CN) *"™ 2
208 (N, 2 2807
2 —e *~— 2+/3+ E
© 06 Ni(NH,), — 270
8 T
c 0.4+ Co(bpy).>"* = 2604
2 .___,_;Fi{)“ I3 250 Redox Couple 2
i 02' RU(NH ) paran 8 5 1 Co(bpy)32+/3+
S 0.01 ._.__.__.___.__ﬁ. é 240 a,=1.2mV/K
(0]
X .0.2 & 230

20 30 40 50 60 70 20 30 40 50 60

Temperature (°C) Temperature (°C)
Figure 3.10. (a) Temperature-dependent electrochemical potentials of several aqueous redox
couples vs. Ag/AgCI reference electrode. The counter electrode consistently used for these

measurements was cleaned Pt wire. (b) A magnified view of temperature-dependent half-cell
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electrochemical potentials of Fe(CN)e>"*(aq) and Co(bpy)s?***ag). The slopes of half-cell potentials
are electrochemical thermopowers: -1.7 mV/K for Fe(CN)e** g and +1.2 mV/K for
Co(bpy)s?*** ag). Because their half-cell potentials meet around 40 °C, 20 °C to 60 °C were selected

as the operating temperature range.

3.3.2. Nafion as an Indispensable Component of the Electrochemical Heat Harvester

As aqueous Co(bpy)s®***aq and Fe(CN)e*™* (g species were chosen to build the
electrochemical heat harvester, it became critical to prevent the internal short-circuit by mixing
the catholyte and the anolyte. In order to accomplish this requirement, the watertight separator
would be needed. On the other hand, such separator should be able to transport non-redox active
species through it, in order to compensate change in charge states during the redox reactions. As
the designed electrochemical heat harvester would contain K*, CI-, Co(bpy)s®*, Co(bpy)s®*,
Fe(CN)s* and Fe(CN)s*, either only K* cation or only CI- anion should be transported across the
separator. If redox-active species would be transported across the separator, then it would lead to
short-circuit or serious decay in the charge capacity over time.

Such requirement may be fulfilled by two categories of materials: ion exchange membrane,
and ceramic ionic conductors. The ceramic ionic conductors include a wide range of crystals, such
as NASICON?32* B-alumina?>?, or inorganic solid Li ion conductors?”-?8, However, their ionic
conductivity would be low, of which maximum ranges around 102 S/cm?"?%-3, This low ionic
conductivity in turn would increase the internal resistance of the cell, leading to larger E;,¢s term,
hence drag down efficiency by Equation 1.13.

Alternative candidates are cationic or anionic selective membranes. Among them, Nafion
was deemed best, not only because of its cation selective conduction!’*8, but also because of its
high ionic conductivity reaching up to 10"t S/cm3*. Especially this high cationic conductivity was
expected to minimize additional internal resistance of the cell, thereby limiting E;,ss term in
Equation 1.13. However, usage of Nafion also created a concern; whether cationic Co(bpy)s****(aq)
species would be conducted through it to lead to short-circuit or decay in charge capacity overtime.

Thus, this potential issue and solution to it will be explored.
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3.3.3. Solubility Limit of Co(bpy)s?*¥* Species in Water

For this flow-battery type electrochemical heat harvester explored in this research,
solubility of the redox-active species would govern how much charge can be stored in the cell.
This would in turn influence charge and energy density of the device. A previous investigation
suggested that solubility limit of Fe(CN)e*"* could reach beyond 0.3 M in water®. In comparison,
the solubility limit for Co(bpy)s?***q turned out to be around 60 mM in water at room
temperature. For this reason, the concentration of Fe(CN)s®* (g was also restricted to 60 mM;
otherwise, the temperature where half-cell redox potentials met would be shifted significantly®.
This would cause shift in operating temperature range, and the new temperature range may be
impractical for the waste heat harnessing purpose.

3.3.4. Degradation of lonic Conductivity of Nafion by Co(bpy)3%*3* Absorption

All the key components of the electrochemical heat harvester were chosen. Thus,
examinations if their combination would not bring issues were necessary. One of the concerned
aspects was interaction among the catholyte, the anolyte and Nafion membrane in unwanted
manners. Firstly, issues from combinations of the anolyte and Nafion, and the catholyte and Nafion
were checked respectively. The possible issues of the selected redox-couples themselves will be
explored later. Symmetric cells were fabricated with Nafion membranes in them, having
configurations of 60 mM Co(bpy)s>** g | K*-conducting Nafion 115 | 60 mM Co(bpy)s®***ag)
and 60 mM Fe(CN)s>"* g | K*-conducting Nafion 115 | 60 mM Fe(CN)e>"* (g, individually
(Figure 3.11 (a)). The architecture and assembly process followed the procedures explained in
Section 3.2.7. EIS was adopted to characterize internal resistance of the cell over time at room
temperature.

Figure 3.11 (b) demonstrates that internal resistance of the cell containing Co(bpy)s?*** g
and Nafion grows over time with, whereas the other cell incorporating Fe(CN)s*"* g and Nafion
keeps low and constant internal resistance profile for at least 24 hours. The invariant resistance of
the Fe(CN)s*"* g cell indicate that interaction between the Nafion and Fe(CN)e>"*aq) did not incur
any ionic conductivity degrading mechanism. In the contrast, the higher initial and increasing
resistance from the combination of Co(bpy)s****(ag and Nafion can be attributed to either (i)

malignant interactions between Co(bpy)s?*/®*q and Nafion, or (ii) sluggish ionic conduction of
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Co(bpy)s?*®* species through cation conducting channels within Nafion¢28 or (iii) slow diffusion
of large and heavy Co(bpy)s2*®* cation in water. However, there was only one combination of the
redox-active species which fulfilled the criteria to build the autonomous electrochemical harvester
(Figure 3.10 (a) — (b)). Because the replacement of Co(bpy)s?*** is impossible in this case,

possibility (i) and (iii) were not regarded; instead, only the possibility (i) will be focused.

(@) carbon Cloth Nafi Carbon Cloth (b) 100
80, dﬁnhcm’-mgﬁ:
_ O
Co(bpy), 23+ o(bpy); 2/ g O
g P O Co(bpy)s
E'S g O Fe(CN)g
Carbon Cloth Nafior?arbon Cloth B 40 -
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Fe(CN)¢3/4 Fe(CN)3/4
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Figure 3.11. (a) An experimental scheme to identify origin of increase in internal resistance. (a)
Cells consist of the pure catholyte or the pure anolyte separated by Nafion membranes in between

the identical compartments. (b) Growth of internal resistance of the symmetric cells over time.

The distinction on true origins of degradation in ionic conductivity among Co(bpy)s?*** aq)
and Nafion became necessary. Also, sorting out if the ionic conductivity damaging mechanism
was chemical or electrochemical would be helpful to develop countermeasures for this drawback.

For this reason, the K*-permeating Nafion membranes were thoroughly immersed into 60
MM Fe(CN)s*"(aq) and 60 mM Co(bpy)s?*** g solutions respectively for 24 hours at room
temperature, under dark condition, in order to avoid possible photodecomposition or thermal
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decomposition of the redox-active species (Figure 3.12). As can be seen from Figure 3.12, only
the Nafion membrane soaked in the Co(bpy)s?*"**@ag) solution exhibited discoloration, while the
one stored in the Fe(CN)s®"* (aq) solution stayed transparent. The discoloration of Co(bpy)s?*/** ag)—
soaked Nafion could not be reversed even by a vigorous washing with DI water for several minutes.
These observations imply either (i) Co(bpy)s?>*** species were tightly bound to the Nafion or (ii)
Co(bpy)s®*** species and the Nafion underwent chemical reactions to produce wholly new

chemical compounds.

o7
After 24 hours »’

Fe(CN)g37/#

After 24 hours

CO(bpY)32+/3+

Figure 3.12. Colors of Nafion after 24 hours of dipping into 60 mM Fe(CN)e>"* g and 60 mM

Co(bpy)s®*®* 4q), respectively. Even subsequent washing by DI water could not revert the
discoloration from the Co(bpy)s®”**@q solution-soaked Nafion membrane. Fe(CN)e>"* (g

solution-soaked Nafion membrane maintained its initial transparency.
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The Nafion membranes shown in Figure 3.12 were further examined with EIS technique.
By this, the relation between the discoloration phenomenon and the electrochemical resistance

could be tracked in Figure 3.13. In order to exclude side effects from Fe(CN)g>"*

(a) @nd
Co(bpy)s®*®* 4g), the anolyte and the catholyte was replaced into KClg) with the same 60 mM
concentration (the inset of Figure 3.13). Other cell configurations were preserved the same.
Figure 3.13 clarified the origin of the impaired ionic conductance. The K*-conducting
Nafion membranes dipped in the anolyte and the catholyte for a short period of time (5 minutes)
maintained high ionic conductivity profile, similar to that of a pristine K*-conducting Nafion
membrane. However, Nafion membranes dipped for 24 hours exhibited largely differed ionic
conductivity. The Co(bpy)s®***aq—soaked Nafion membrane exhibited much worse ionic
conduction property, whereas the Fe(CN)e>"* aq—soaked Nafion was virtually unaffected. This
means the rises in the internal resistance of the cell was triggered due to the irreversible
discoloration of the Nafion by Co(bpy)s®*** ). The mechanism for this process was chemical, not

electrochemical.
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Figure 3.13. Internal resistances of the symmetric cells consisting of differently soaked Nafion
membranes and 60 mM KClaq) solution.

The chemical aspects of the discoloration mechanism were explored deeper through the
UV-Vis spectroscopy, as all of the aqueous solutions of the individual redox chemicals, namely
Co(bpy)sCl2, Co(bpy)sCls, KzFe(CN)s, and KsFe(CN)e displayed distinct colors. Therefore, strong
absorptions of visible light range were expected for all of the solutions dissolving them. Intensities
of absorption and onsets of the absorption wavelength can serve as fingerprints of each redox-

active chemical species in water. Therefore, if Co(bpy)s?*** were absorbed into Nafion intactly,
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the absorption pattern of Co(bpy)s®*3*@g—soaked Nafion would be very similar to those of
Co(bpy)sClaag) or Co(bpy)sClag) solutions. Moreover, if onset or the intensity the absorption shift,
chemical deformation of either Co(bpy)sClz> or Co(bpy)sCls species or both can be suggested.
Different chemical species often possess different discrete quantum mechanical energy levels, and
therefore the energy gaps between them would be also dissimilar. This in turn would result in
modification in light-induced transition behaviors, including the light absorption.

Figure 3.14 (a) displays reference absorption spectra of Co(bpy)sCla@g), Co(bpy)zCla(ag),
K3Fe(CN)s(ag), and KaFe(CN)s(ag), all with 60 mM concentrations in water. These solutions were
contained in zero absorption cuvettes, in order to solely perceive the absorption by the solutions.
Disparate onsets of the absorption for all reference spectra within visible light range were
confirmed, proposing that the outsets can function as unique fingerprints of each chemical. These
absorption patterns were compared with the absorption behaviors of differently soaked Nafion
membranes (Figure 3.14 (b)). Noises in the absorption spectra around 250 nm — 500 nm were
likely due to the scratches on the surfaces of testing cuvettes. Only the Co(bpy)s?*** ag—soaked
Nafion absorbed the incident light at violet to near UV range, while both the pristine K*-conducting
Nafion and the Fe(CN)g*’*(.q—soaked Nafion were transparent between 250 nm — 800 nm
wavelength range. This is in accordance to the results in Figure 3.12, but this time more
quantifiable. It is remarkable that the beginning of the absorption for the Co(bpy)s?*/* aq—soaked
Nafion differed from those of Co(bpy)sClz@g) and Co(bpy)sCla@g). This indicates Co(bpy)sCla(ag)

or Co(bpy)sClsq underwent chemical changes that shifted the onset of absorption.

(a) —— 60 mM Co(bpy),Cl, | (b) —— 60 mM Co(bpy),”™" ,, Co-solution Soaked Nafion
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Figure 3.14. (a) Reference absorption spectra of 60 mM solutions of individual redox active
species, namely 60 mM Co(bpy)zCla(ag), 60 mM Co(bpy)zCl3(ag), 60 MM KsFe(CN)g(ag), and 60 mM
KaFe(CN)e@q) in UV-Vis wavelength range. (b) Absorption patterns of Nafion membranes with
different soaking conditions in UV-Vis wavelength range. Discoloration of Co(bpy)as(q) solution-

immersed Nafion was qualitatively demonstrated.

In order to supplement the bulk-sensitive UV-Vis spectroscopy, surface sensitive XPS
measurements were carried out on the same samples. XPS could offer greater sensitivities about
the existence and oxidation states of the chemical species on the surface of Nafion. As a
prerequisite for absorption is diffusion, and the diffusion begins from the surface of Nafion, the
Co(bpy)s®*** species would leave signature on the Nafion surface. Even though XPS alone could
not specify what chemical compounds were produced during the Co(bpy)s?***(aq) absorption into
Nafion, it could affirm if Co(bpy)s?*** and their damaged forms shifted oxidation states. Whether
Co-containing species truly discolored Nafion could be also checked by XPS, as all elements
possess characteristic binding energy ranges, which could serve as their unique identifications.

Figure 3.15 (a) — (b) represent reference XPS spectra of Co(bpy)sCl., Co(bpy)sCls,
KsFe(CN)e, and KsFe(CN)e, all in powder form. Those powders were thoroughly ground with
mortar and pestle before mounting, and tightly affixed to the sample stage by conductive carbon
tapes, so that they do not displace during the vacuuming process. Fe 3s and Co 3s were selected,
because their primary XPS regions (Fe 2p and Co 2p) exhibit multiple emissions from a single
oxidation state®. This phenomenon was deemed to complicate the analyses of the spectra. Weak
intensities from those non-primary photoemission ranges were compensated by slower scan rate
and larger numbers of repeated scans. The reference spectra from the powder samples were
compared with XPS spectra of 60 mM Co(bpy)s?** aq—soaked Nafion and 60 mM Fe(CN)s/*
ag—soaked Nafion at Figure 3.14 (a) — (b). Only the Co(bpy)s?*"**g—soaked Nafion showed
remnant Co species on the surface, while the Fe(CN)s>* aq—soaked Nafion did not contain any
residual Fe species on its surface. These data were consistent with remarks from Figure 3.12 and
Figure 3.14. The slight shift in the peak from Co species on the Nafion surface was observed,

compared to the reference spectra of Co(bpy)sClz and Co(bpy)sCls.
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Figure 3.15. As absorption began from the surface of Nafion, surface sensitive XPS could be
considered a valid technique to prove the trace of the absorption, if any. 3s peaks of Fe and Co
were selected despite the relatively weak intensities, because the primary Fe 2p and Co 2p regions
emit multiple peaks from each oxidation state®, potentially complicating the follow-up analysis.
(@ — (b) display respective reference spectra of Co(bpy)sClz, Co(bpy)sCls, KsFe(CN)s, and
K4Fe(CN)s powders, along with 60 mM Co(bpy)s?***aq)-soaked Nafion and 60 mM Fe(CN)e*"*
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@g)-Soaked Nafion. While no Fe element remained on the surface of Nafion, a fingerprint of Co

element was detected.

Based on the evidences obtained so far, a detailed mechanism on degradation on ionic
conductivity of Nafion can be proposed, as shown in Figure 3.16. At this point, it was proven that
(i) Co(bpy)s?*"®* species and their decomposed products strongly and irreversibly bound to Nafion
via a chemical process, (ii) there is a strong positive correlation between the absorption of
Co(bpy)s®***-derived species into the Nafion and the deteriorated ionic conduction through it.
Combined with those observations, it should be additionally considered that the cation conductive
channels of Nafion are negatively charged. SO3™ groups are mainly populated on walls of the
channels'®8, whereas Co(bpy)s>***-originated species are positively charged and multivalent.
Therefore, (i) the multivalent Co(bpy)s?** species in water would first diffuse into negatively
charged conducting channels of Nafion, and (ii) they would form ionic strong bonding with the
channels by Coulombic attraction. At the same time, self-decomposition of Co(bpy)s>*** species
into another multivalent Co-based cations®®8, and their binding with the Nafion conduction
channels would be also possible. After these processes, removal of those highly charged cations
from Nafion would become irreversible, because of the strong binding. The fixation of Co-based
cations is likely to clog the cation conducting channels, because K* ions would be repelled by the
sessile Co(bpy)s?***-derived cations. This proposed model can couple the absorption of
Co(bpy)s®***-originated species with the serious compromise in ionic conductivity through the

Nafion.
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Figure 3.16. Nafion conducts cations through interconnected negatively charged channels'®8, In
this model, the multivalent Co(bpy)s?*** cations (red circles) or their decomposed products with
positive charge (orange circles) were strongly bound by Coulombic attraction in the negatively
charged cation conducting channels within the Nafion. This in turn would hamper diffusion of K*
ions through the channels, because the ‘stuck’ cobalt-based ions in the channels would repulse the
entering K* ions by Coulombic repulsion force. Figure redrawn based on Thermocontrolled
benzylimine—benzaldimine rearrangement over Nafion-H catalysts for efficient entry into a-

trifluoromethylbenzylamines and used with permission from Elsevier®.

3.3.5. Self-Decomposition of Co(bpy)s**aq) as Another Limiting Factor for Lifetime
of the Electrochemical Heat Harvester
As shown in Figure 3.14 (a) — (b), the UV-Vis absorption spectra of Co(bpy)s?*"**—soaked
Nafion were unequal to the reference spectra. This strongly suggested Co(bpy)s?*** chemical
reactions with Nafion or self-decomposition of Co(bpy)s?*** influenced the UV-Vis absorption
pattern. To narrow down the possibilities, UV-Vis measurements were implemented to discover
existence of self-decomposition. In order to allow abundant time for possible self-decomposition
reaction, the 60 mM solutions of redox-species (Co(bpy)zClz(ag), Co(bpy)zClaag), KasFe(CN)s(aq),
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and KsFe(CN)s(aq)) Were stored for 2.5 months. Dark and ambient environment was consistently
maintained during the storage to exclude potential side effects by heat and light. To minimize
unwanted effects from evaporation of water during the storage, the solution containing scintillation
vials were further sealed by parafilm wrapping. The absorption spectra of the aged specimen
solutions will be cross-checked by reference UV-Vis spectra from the fresh solutions with
nominally identical compositions.

Figure 3.17 (a) — (d) display variations in the UV-Vis spectra during the 2.5 months of
storage. All characterized solutions were contained in zero absorption cuvettes, in order to accept
the absorption patterns purely from the specimen solutions. Whereas Co(bpy)3Cla(g), KsFe(CN)s(ag),
and KsFe(CN)s@g) solutions preserved the UV-Vis absorption patterns after the aging, only the
absorption spectra of the Co(bpy)sClzg) solution significantly transformed over time. The fresh
Co(bpy)sCla@g) solution had particularly weak absorption, but after 2.5 months of storage, the
absorption intensified at an altered outset. This fact suggests that Co(bpy)sCl. in water experienced
fundamental change in chemical state without external stimuli. This can be alternatively indicated
as self-decomposition. As possibilities that the decomposition processes were driven by heat and
light were circumvented by stocking the specimen solutions at room temperature under dark
circumstance, one of the last candidates that may have catalyzed the self-decomposition was
oxygen in the air.

An additive which may delay the self-decomposition of the Co(bpy)s** species®*38, 2,2'-
bipyridine (bpy) was added to the 60 mM Co(bpy)sClzeg) solution. However, this additive could
not bring any difference in the UV-Vis absorption spectra, which means the co-existent bpy could
not inhibit or at least hardly reverted the self-decomposition reaction of Co(bpy)sCl. in water. This
conclusion may be extended to suggestions on the decomposition mechanism of Co(bpy)sCl2 in
water: either (i) the self-decomposition reaction is not relevant to splitting of bpy from the
Co(bpy)s?* ion or (ii) detachment of bpy is thermodynamically irreversible, or (iii) influence by

small amount of bpy is limited due to its tiny solubility in water at room temperature (64 mg/mL)*.

143



(a) —— 60 mM Co(bpy),Cl, , - Fresh (b) —— 60 mM Co(Bpy),Cl, , - Fresh
—— 60 mM Co(bpy),Cl, + bpy , - 2.5 Months Old —— 60 mM Co(bpy),Cl, + bpy ,,, - 2.5 Months Old
60 mM Co(bpy).Cl, @25 Months Old 60 mM Co(bpy),Cl, , - 2.5 Months Old
5 5
< <
c c
2 S
a a
S S
[%2] %]
Qo Qo
< <
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(c) (d)
— 60 mM K,Fe(CN), . Fresh = 60 mM K,Fe(CN), . Fresh
= 60 mM K,Fe(CN), @~ 2 Months Old| = 60 mM K,Fe(CN), @25 Months Old|
3 5
< <
c c
o p=t
g g [
o o
12} 2]
Ke) o)
< << - \
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3.17. (a) — (d) UV-Vis absorption spectra of fresh and aged 60 mM solutions of the redox
active species, namely Co(bpy)sClaag), Co(bpy)sClsag), KsFe(CN)sag), and KsFe(CN)sag). 2,2'-
bipyridine (bpy) neutral molecule was deliberately added to Co(bpy)sCla@qg) and Co(bpy)sClaaq)
solutions, to examine if they could delay the self-decomposition of Co(bpy)s®* or Co(bpy)s*

species, if there existed such chemical degradation.

Effects of the self-decomposition of Co(bpy)sClag) along with Co(bpy)s?*/* aq) absorption
into Nafion were reflected as gradual decrease of OCV at a cell comprised of 60 mM Co(bpy)s?*3*
g | K*-conducting Nafion | 60 mM Fe(CN)s®"* () (Figure 3.18). In order to remove unexpected
side effects, the temperature was kept at room temperature and light was shielded. As the OCV of
the cell relies on molar concentration ratios among all redox-active species, both the self-
decomposition Co(bpy)sClaag and immobilization of Co(bpy)s?*** (aq) due to the absorption into
the Nafion led to change of OCV (Figure 3.18). Both mechanisms serve as ‘sinks’ for
Co(bpy)s®*®* ) species from the aqueous anolyte. This also implies that charge capacity of the

electrochemical heat harvester would decay as time elapses, as will be demonstrated later.
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Figure 3.18. Degradation of OCV of the cell (shown as inset) over time, under dark and room

temperature condition.

3.3.6. Polyelectrolyte Coatings on the Nafion as a Countermeasure to Its lonic
Conductivity Deterioration

Degradation of the Nafion membrane by absorption of Co(bpy)s®***@q Species was
confirmed by XPS and UV-Vis spectroscopy. However, in order for the cell to operate, K* ion
should still remain permeable while Co(bpy)s?*/**q species should be blocked and stay in the
electrolyte. It is difficult to replace Nafion into other material, because superionic conductivity of
Nafion®* cannot be easily matched by other materials; which contribute to the minimization of the
cell internal resistance.

Instead, plans were considered in order to augment Nafion, so that it may not be contacted
by the Co(bpy)s®*** g species. Accordingly, several filtration mechanism could be proposed to

exclude Co(bpy)s***@q selectively, focusing on the main differences between K* and
145



Co(bpy)s®*** aq) species. The major differences between those two species were valency and ionic
size.

The selection among two differently charged cations is often feasible by ion exchange
membranes. The ion exchange membranes are mostly polymers*#?, to which Nafion belongs.
From this hint, it can be drawn that solely relying on valency is not applicable to resolve this issue,
because the any ion exchange membrane will result in fixation of Co(bpy)s®*®* aq) Species from the
electrolyte, similar to the Nafion. Both Co(bpy)s?***(aq) species and the newly introduced ion
exchange membrane would be ‘consumed’ together, because it would absorb multivalent ions from
the solution by definition. This process is irreversible, unless the cell is opened and special
desorption procedures are performed. In other words, without dissecting the electrochemical heat
harvester, the membranes would not be recovered to the initial pristine state. Furthermore, their
ionic conductivity is likely to be much less than that of the Nafion. Therefore, valency-based
exclusion of Co(bpy)s?*** g would be impractical.

When size-based exclusion is chosen as a tactics to prohibit contact of Nafion by
Co(bpy)s®*®* g species, relatively wider options become available. They can be zeolite-class
materials coating on Nafion or free standing membranes*-*, polyelectrolyte coating*®->2 on Nafion,
or self-standing cellulose-type polymeric membranes, such as cellophane®?>*. Among them,
zeolite materials were firstly removed from the list, because they are brittle crystalline ceramics.
It also means they can be easily fractured during the handling, and through which Co(bpy)s?*"** g
can diffuse readily. Moreover, when they are coated on Nafion, the process would involve
expensive deposition techniques to ensure conformity (i.e. pinhole free coating), such as chemical
vapor deposition (CVD)*°.

For this reason, cheap polyelectrolyte coatings on Nafion via inexpensive layer-by-layer
(LbL) processes were decided, as they were proven capable of realizing size-based exclusion®¢-%,
Polyelectrolytes are polymers attaching dissociable groups, which can be viewed as combination
of polymer and salt in a single molecule®. Hence, they become to have charge when they are
dissolved in solvents, such as water. LbL process is a deposition technique, where alternating
layers of oppositely charged polyelectrolytes are stacked step-by-step, with washing steps in
between. After the deposition, nanopores spontaneously formed in the polyelectrolyte film have

particular range of the pore size, which can be controlled by selection of polyelectrolyte species.
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Figure 3.19 (a) — (b) demonstrate why selection of polyelectrolyte species affects the
nanopore size*®®’, and selectivity between two dissimilar species based on size. First, the
descriptor that determines nanopore size of the polyelectrolyte films should be defined:

Charge density of a polyelectrolyte = Charge that each monomer has when dissociated / Number
of carbon atoms in a monomer of each polyelectrolyte (3.1)

The charge density and polyelectrolyte species cannot be decoupled, because it is an innate
characteristic of each polyelectrolyte. In other words, if the polyelectrolyte species are substituted
from one to another, then it is possible to alter the resultant nanopore size.

Polyelectrolyte films fabricated only with high charge polyelectrolytes are illustrated
schematically as Figure 3.19 (a), and only with low charge polyelectrolytes are depicted
schematically as Figure 3.19 (b). When polyelectrolytes with high charge densities are combined
as a film, it results in small mean nanopore size. On the contrary, when polyelectrolytes with low
charge densities are built as a film, it leads to large average nanopore size. Figure 3.19 (a) — (b)
reflect these facts very intuitively. Medium nanopore size is expected when a polyelectrolyte with
low charge density and another polyelectrolyte with high charge density are LbL deposited
together. Ideally, for the selective permeation, the size of nanopores should be larger than the ions
that should be conducted. The nanopore size should be smaller than the ions that should be
impermeable. It is noteworthy that polyelectrolyte films are not selective for the valency and the
signs of the species in the solution (+ or —or 0). Therefore, neutral molecules can also be selectively

filtered via this ‘molecular sieve’°6-57:60,
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Figure 3.19. Charge densities of polyelectrolytes lead to different sizes of nanopores in their
resultant polyelectrolyte films. (a) Combination of polyelectrolytes with high charge densities

concludes in smaller nanopore sizes. (b) Combination of polyelectrolytes with low charge densities
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causes smaller nanopore sizes. Figure redrawn based on Selective transport of ions and molecules
across layer-by-layer assembled membranes of polyelectrolytes, p-sulfonato-calix[n]arenes and

Prussian Blue-type complex salts and used with permission from Elsevier®®.

Another important factor that can influence the quality of selective filtration would be the
thickness of the polyelectrolyte film. Thickness growth of polyelectrolyte coating can be tuned by
(i) repetition of LbL processes, (ii) ionic strength (i.e. supporting salt concentration) of the
solutions used in the LbL processes, and (iii) pH of the solutions used in the LbL processes.

The repetition of LbL process monotonically increases the thickness of the polyelectrolyte
coating. However, solely relying on this mechanism to grow polyelectrolyte films would be time
consuming.

For this reason, the growth rate of the polyelectrolyte films is usually increased by higher
ionic strength (supporting salt concentration). As explained earlier, the polyelectrolyte has
properties of both polymer and salt. The polymeric nature induces the entanglement of the
polyelectrolyte chains, due to hydrophobic attraction among the chains. On the contrary, the salt-
like nature of the polyelectrolytes fosters repulsion among the chains with the same sign of charges.
The role of supporting salt is providing ions which functions as electrostatic shields. Hence, when
the ionic strength is low, the repulsion among a single species of polyelectrolyte chains is more
pronounced, as the Coulombic repulsion is not shielded. This circumstance leads to
disentanglement of the polyelectrolytes (Left hand side of Figure 3.20). When the ionic strength
is high in the LbL solution, the ions from ionization of the supporting salt buffer the Coulombic
repulsion among the same charged functional groups, promoting the coiling of polyelectrolytes
(Right hand side of Figure 3.20). As can be intuitively understood from Figure 3.20, the higher
ionic strength fosters growth rate of the polyelectrolyte film during the LbL procedures.
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Figure 3.20. Illustration on the effect of ionic strength on polyelectrolyte entanglement. At low

ionic strength, charged functional groups at polyelectrolyte repel each other, fostering
disentanglement. At higher ionic strength, the presence of ions weakens the electrostatic repulsion
between the charged segments, thereby promoting the entanglement. Figure from Dynamics of
polyelectrolyte adsorption and colloidal flocculation upon mixing studied using mono-dispersed

polystyrene latex particles and used with permission from the Elsevier®?.

The last factor is pH of the LbL solutions. pH is expected to influence only the weak
polyelectrolytes, because the weak polyelectrolytes need H* or OH to dissociate and have charge!®-
22 In comparison, strong polyelectrolytes dissociate regardless of pH, because their dissociation
mechanism does not participate H* or OH" in the process'®?2. When weak polyelectrolytes are
incorporated in the film, then they can construct stable coatings only if they can dissociate under
appropriate pH. It is noteworthy that concept of weak / strong polyelectrolyte is different from the
concept of charge density.

It was already proven that a polyelectrolyte coating composed of PAH* and PSS on Nafion
can selectively permeate K*, while hindering Mg?* transport across the Nafion membrane in
water®®, because size of Mg?" is larger. This feature is particularly favorable for this
electrochemical heat harvester system, because the requirement for this study is same as this
previous report: only K* should be permeable, while larger Co(bpy)s?*** @) Species should be
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excluded, just like Mg?*. For this reason, selective filtration by polyelectrolyte coatings with
similar compositions on Nafion membrane will be examined, together with optimization on the

coatings.

3.3.7. Optimization of the Polyelectrolyte Coatings on Nafion for Prevention of the
Co(bpy)s**3* Absorption

Degradation of ionic conductivity of Nafion is a grave issue which would restrict
effectiveness of the electrochemical heat harvester (Equation 1.13). The reason for this
phenomenon was modeled to be absorption of highly charged Co(bpy)s®***-derived species into
negatively charged cation conducting channels in the Nafion membrane, thereby blocking passage
of K* cations through the Nafion. In order to resolve this issue, polyelectrolyte coatings on the
Nafion membrane was proposed as a countermeasure. They would selectively pass K* cation to
the Nafion surface, while selectively hampering the passage of Co(bpy)s?*"** species. Moreover,
the polyelectrolyte films on the Nafion are proven conformal®262, so that Co(bpy)s?*/** species
cannot bypass the coatings.

As informed earlier, there are three important factors which govern growth of
polyelectrolyte coating: (i) number of repetitions on the polyelectrolyte coating procedures, (ii)
supporting salt concentration, and (iii) pH for weak polyelectrolytes such as PAH*. For the firstly
examined polyelectrolyte coating, (PAH*/PSS),, all of those 3 variables were expected to
influence its growth and performance. Their effects were investigated one by one, while holding
other two variables constant. The following serial experiments were oriented toward optimization
of the polyelectrolyte coating with best selective filtration of Co(bpy)s?***(q) species. This
capability was characterized by how much time was required to reach 20 mV of overpotential,
because overpotential higher than 20 mV would bring about considerably deteriorated energy
output and conversion efficiency of the electrochemical heat harvester (Equation 1.13). More
detailed information about the measurements can be found in Section 3.2.4.

The effect of number of repetitions on the (PAH'/PSSY), coating procedures were
illustrated in Figure 3.21. The LbL deposition was consistently performed in pH = 1 and [NaCl]
= 1.0 M solutions. Time to reach the 20 mV overpotential line could be most delayed when the
LbL coating procedure was repeated for 3.5 times (n = 3.5 at the (PAH*/PSS"), notation). The short
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life expectancy of (PAH'/PSS’)15 was attributed to excessively thin thickness of the coating,
therefore the coating hardly could block Co(bpy)s?*3*@q. Otherwise, there still were huge
enhancements on the life expectancy of the Nafion by (PAH*/PSS"), coating; 3 hours of life
expectancy of the bare Nafion improved to more than 50 hours by the (PAH*/PSS"), coating. These
results propose that (PAH*/PSS’), coating could at least substantially postpone the diffusion of
Co(bpy)s?*"** ) Species through the coating.
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Figure 3.21. Lifetime of the (PAH*/PSS’),-coated Nafion membranes as a function of different
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repetitions of the LbL deposition. The LbL polyelectrolyte deposition procudures were
consistently carried out at pH = 1 and [NaCl] = 1.0 M environments. 20 mV overpotential was

adopted as a criterion to determine if the cell would be still usable practically, because
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overpotential higher than 20 mV would result in critical decrease in the conversion efficiency
(Equation 1.13).

As the number of repetitions on the (PAH*/PSS’), coating was optimized, another
parameter, pH was optimized in Figure 3.22. This time, pH of the LbL deposition solution was
tuned, while keeping the number of repetitions on the (PAH*/PSS"), coating as 3.5 and supporting
NaCl concentration at 1.0 M. Figure 3.22 indicates that (PAH'/PSS’), coatings with higher
lifetime of Nafion were generally formed in acidic environments of the LbL coating solutions.
This result is consistent with the theory, because the weak polyelectrolyte, PAH" requires proton
in order to dissociate and possess positive charge; otherwise, it cannot dissociate and would remain
neutral, so that Coulombic attraction-reliant LbL coating cannot be effective. The optimal

condition of pH ranges between 1 and 2.
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Figure 3.22. Lifetime of the (PAH*/PSS’)s-coated Nafion membranes as a function of pH during
the LbL deposition solutions. The LbL polyelectrolyte deposition was consistently repeated for
3.5 times and the supporting NaCl concentration was fixed at 1.0 M. 20 mV overpotential was
adopted as a criterion to determine if the cell would be still usable practically, because
overpotential higher than 20 mV would result in critical decrease in the conversion efficiency
(Equation 1.13).

Figure 3.23 (a) — (b) reflect peculiar observations during the optimization of (PAH*/PSS"),
coating by NaCl concentration ([NaCl]). At this set of experiments, both pH and the number of
repetitions on the (PAH*/PSS), coating were kept 1 and n = 3.5 respectively. When [NaCl] = 0
M, (PAH'/PSS’), on Nafion behaved as if the film did not exist, because the Nafion degraded as
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quick as the bare Nafion. In the contrast, under another [NaCl] = 5.0 M, very close to the solubility
limit® in water at room temperature, the overpotential exceeded 12 V from the start, and stayed
there. The OCV readings of the cell at the room temperature were unstable (Figure 3.23 (b)), as if
the catholyte and the anolyte were separated by an ionic insulator. In comparison, the cells with
the same configurations except for the coating exhibited very steady OCV readings, as hinted in
Figure 3.18. As Nafion is a superionic conductor at room temperature®*, (PAH*/PSS"), coated at
[NaCl] = 5.0 M would be solely responsible for the vibrating OCV readings and very high
overpotentials captured in Figure 3.23 (a) — (b).

The particularities at the two extreme NaCl concentrations could be explained within the
framework stated in Section 3.3.6. The polyelectrolytes possess both properties of polymers and
salts; therefore they experience two contradictory driving forces on their structures. The first one
is attraction among the carbon backbones by hydrophobic attractions, while opposite one is
Coulombic repulsion among the ionized functional groups with identical charges in the same
polyelectrolyte species®®®’. The supporting salt concentration regulates priority of one driving
force over another. When the supporting salt concentration is high, then the repulsion between the
identically charged functional groups can be moderated due to the screening effect. Therefore, the
polyelectrolytes tend to coil under that circumstance, promoting the growth rate of the LbL
deposited polyelectrolyte film. On the contrary, at low supporting salt concentration, the
polyelectrolyte chains disentangle and the growth of polyelectrolyte layer becomes slower
correspondingly.

According to this logic, the quick compromise on ionic conductivity for the (PAH*/PSS )35
deposited at [NaCl] = 0 M could be understood due to almost nearly zero film thickness. The
unstable OCV and very high overpotential for (PAH*/PSS’)s 5 deposited at [NaCl] = 5.0 M could
be attributed to extremely large thickness, virtually impermeable to any ions. Hence, the Nafion

with such coating became an ionic insulator.
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Figure 3.23. (a) Overpotential at C/2.68 of current when (PAH*/PSS’)35 coating was deposited at
pH =1 at two extreme supporting NaCl concentrations: 0 M and 5.0 M. (b) OCV of the testing
cell with (PAH*/PSS")s5-coated Nafion, of which deposition was carried out at pH = 1 and [NaCl]
= 5.0 M. OCV fluctuated, even though no stimuli like mechanical vibration, temperature swing,
or light was applied to the cell. The Nafion with the coating acted as if it was an ionic insulator

separating the catholyte and the anolyte.

Other [NaCl] conditions for the LbL deposition were also tested, following the same
experimental steps. The results were summarized in Figure 3.24, showing that higher [NaCl]
monotonically led to better selective filtering capability of Co(bpy)s?*/** 4q) species, except for the
highest [NaCl] = 5.0 M. The optimal (PAH*/PSS"), coating was formed at the second highest
[NaCl] = 1.0 M, adequately thick to exclude (PAH*/PSS"),, while still permeating K™ cations, so
that the Nafion coated with the (PAH*/PSS"), could remain ionically conductive.
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Figure 3.24. Lifetime of the (PAH*/PSS")s-coated Nafion membranes as a function of supporting
NaCl concentration during the LbL deposition. The LbL polyelectrolyte deposition was repeated
for 3.5 times and the pH was fixed at 1.0 M during the deposition process. 20 mV overpotential
was adopted as a criterion to determine if the cell would be still usable practically, because
overpotential higher than 20 mV would result in critical decrease in the conversion efficiency
(Equation 1.13).

3.3.8. (PDADMAC*/PSS’)n Coating on Nafion for Prevention of the Co(bpy)s2*/3*
Absorption
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As (PDADMAC/PSS)n is only comprised of strong polyelectrolytes of which dissociation
should be independent from pH, effect of only two parameters were investigated for the
optimization: [NaCl] and number of repetitions during the polyelectrolyte coating procedures (i.e.
n in (PDADMAC?/PSS),). (PDADMAC*/PSS), could only result in little increase on life
expectancy of the Nafion. Even if the growth rate was maximized by employing a NaCl
concentration near the solubility limit ([NaCl] = 5.0 M) and by repeating the LbL for 7.5 times,
such (PDADMAC?/PSS"), coating could not protect the Nafion from contacting Co(bpy)s***(ag)
species. This means that both K¥ag and Co(bpy)s>”**@q penetrated through the
(PDADMACY/PSS), film without considerable restriction. In comparison, (PAH/PSS)3s
deposited at the same [NaCl] environment was so thick to prevent all passage of ions (Figure 3.23
(@) — (b)). This gap between the selectivity of (PAH*/PSS"), coatings and (PDADMAC*/PSS"),

coatings will be explained later, from a mechanistic viewpoint.

158



=
N

O [NaCl[=05M

(PDADMAC*/PSS’),, O maci=s0m
O

SN
&)

O O

D — O
2- Lifetime Rangeof O

Bare Nafion

2 4 6 8
n in (PDADMAC'/PSS)).

Figure 3.25. Lifetime of the (PDADMACT/PSS")s-coated Nafion membranes as a function of
repetitions of the LbL process and supporting NaCl concentrations. Because dissociation processes
of both PDADMAC™ and PSS™ do not involve H* or OH", influence by pH was expected minimal,

0 Fa

o

Time to Reach 20 mV Overpotential (h)

therefore its effect was not investigated. 20 mV overpotential was adopted as a criterion to
determine if the cell would be still usable practically, because overpotential higher than 20 mV

would result in critical decrease in the conversion efficiency (Equation 1.13).

3.3.9. Origins of the Selective Permeation through the Polyelectrolyte Coatings
Origin of selectivity in polyelectrolyte coatings are often size-based exclusion®®8, as
described in the Section 3.3.6. It clearly indicated that charge densities of polyelectrolytes used in
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LbL process determine mean sizes of nanopores®®*’ in the resultant film, thereby influencing the
selectivity (Figure 3.19).

In order to apply this principle for analysis of different selectivity of (PAH*/PSS"), and
(PDADMAC*/PSS")n, the number of carbons in each monomer of respective polyelectrolytes were
counted and summarized in Table 3.1. Only PAH" has high charge density (Equation 3.1) owing
to small number of carbon atoms in its monomer unit, whereas both PDADMAC™ and PSS™ possess
small charge densities. As a result, (PAH*/PSS), film would have smaller sizes of nanopores than
those of (PDADMAC*/PSS")n. This would cause dissimilar size-based filtration capability.

Carbons in a monomer per unit charge | Charge Density

PAH* 3 High
PDADMAC® | 8 Low
PSS- 10 Low

Table 3.1. Number of carbon atoms in monomers and consequent charge densities of the

individual polyelectrolytes.

Figure 3.26 (a) — (b) graphically depict the origins of the selectivity difference between
(PAH*/PSS’), and (PDADMAC*/PSS)n. Given that hydrated ionic radii of K* and Co(bpy)s?*/3*
are 0.28 nm®8 and 0.68 nm®° respectively, the 0.67 nm-large nanopores® in (PAH*/PSS’), can only
permeate much smaller K* ions, while blocking major portion of marginally larger Co(bpy)s?*/*
ions. The eventual increase in overpotential over time at the electrochemical heat harvester can be
because small portion of the nanopores in (PAH*/PSS), is wider than the hydrated Co(bpy)s?*/3*
ionic size. In the contrast, the mean size of nanopores in (PDADMAC*/PSS), film (0.82 nm®®) is
slightly larger than Co(bpy)s>*** ions, hence this film allow passage of all ions indiscriminately.
This explains why (PDADMAC*/PSS’)—coated Nafion does not have meaningfully improved
lifetime over that of the bare Nafion.

The best polyelectrolyte coating on the Nafion to counter the ionic conductivity
degradation is (PAH*/PSS")s5 film, deposited under pH = 1 — 2 and [NaCl] = 1.0 M conditions.
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This optimized coating on Nafion will be further examined under thermodynamic cycling, to check

if this coating would be still effective even at the elevated temperature 60 °C.

Fe(CN)63'/4'(aq) Fe(CN)63'/4'(aq)
(PAH*/PSS"),, (PDADMAC*/PSS),,
Nafion Nafion
(PAH*/PSSY),, (PDADMAC*/PSS),
Co(bpy)32+/3+(aq) Co(bpy)32+/3+(aq)

Figure 3.26. A suggested model to interpret difference between Co(bpy)s?*3* filtering capabilities
of (PAH*/PSS’), and (PDADMAC*/PSS’), coatings on Nafion membranes. Dissimilar sizes of
nanopores in those coatings are regarded the determinant.

3.3.10. Effect of (PAH*/PSS’)n on Cyclability of the Electrochemical Heat Harvester

Cyclability of two different electrochemical harvesters with and without the optimal
(PAHY/PSS"), film on the Nafion membranes were inspected. Except for this difference in the
coating on the Nafion, the cell configurations were identical, as shown in Figure 3.8 (a). They
went through heat harvesting thermodynamic cycles composed of 4 distinct steps (Figure 3.27 (a)
—(d)). Step (i) was a galvanostatic discharge process at 20 °C until the cell voltage becomes zero.
This stage was carried out as soon as the electrochemical heat harvester was completely assembled.
Step (ii) was thermal recharging process at open circuit condition. This process utilized shift in
electrochemical equilibrium by the elevation of the surrounding temperature to 60 °C, which was

expressed as variation in the OCV from 0 mV to ~ -80 mV. Step (iii) was another galvanostatic
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discharge process at 60 °C until the cell voltage became zero again. The signs of the voltage and
the applied current were inverted from step (i), while preserving the absolute values. Lastly, the
electrochemical heat harvester was thermally recharged by returning the surrounding temperature
back to 20 °C under open circuit condition at step (iv). This process brought the electrochemical
heat harvester to a state identical to the very initial state.

Figure 3.27 (a) — (b) compares the very first time-dependent heat harvesting
thermodynamic cycles from the two cells incorporating Nafion membranes with and without the
optimal (PAH*/PSS"), coating. Their profiles were similar to each other due to the almost identical
cell configurations, and the same thermodynamic cycling conditions. However, at the outset of the
2"d thermodynamic cycle, for the cell with bare Nafion, the overpotential right after the step (iv)
became markedly higher. The overpotential was even larger than the thermally harvested voltage,
+ 80 mV (Figure 3.27 (a)). On the contrary, the cell incorporating the optimally coated
(PAH*/PSS’), on Nafion could transit to the 2" cycle without hugely grown overpotential. This
demonstrated the merit of the polyelectrolyte coating under the real thermodynamic cycles.

Figure 3.27 (c) — (d) depict relationship between cell voltage and charge at each step
forming the heat harvesting thermodynamic cycle. These plots displayed the roles of each
constituting steps more clearly. Moreover, they proved that the four steps formed nearly enclosed

loops, a characteristic of thermodynamic cycles.
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Figure 3.27. The initial autonomous heat harvesting thermodynamic cycles of the cells with the
60 mM Co(bpy)s?*** g anolyte and the 60 mM Fe(CN)g®’* (g catholyte in equal volumes.
However, the cells include Nafion with different conditions: (a), (c) Nafion with the optimal
(PAH'/PSS")35 coating and (b), (d) Nafion without any polyelectrolyte coating. (a) — (b) depicts
change in voltage over real time, while (c) — (d) shows relation between the cell voltage and charge
at each stage of the heat harvesting thermodynamic cycle. Significantly grown overpotential at the

beginning of the 2" cycle was observed at only at (a), where bare Nafion was in the cell.

Figure 3.28 demonstrates the enhanced cyclability of the electrochemical heat harvester
with the optimal (PAH*/PSS"), coating on Nafion. The cell and testing conditions were entirely
identical to the thermodynamic cycles represented in Figure 3.27 (b) and (d). During more than
10 thermodynamic cycles, overpotential could be retained less than 5 mV out of +80 mV thermally
harvested voltages. However, the gradual decomposition of Co(bpy)s?* species discussed in

Section 3.3.5 caused slowly fading charge capacity after the repeated thermodynamic cycles.
163



150

L. 4 1 1 T |
A
100 b
< 50- 1 |
E .
| 1 1
g 0 N NN AINYN
© 1 1 1 1 1 1 1
5 SERERIERIEE BB
> =0 N N N
100- B A N R
i i i | i i i
150 R I R N N N
0 20 30 40
Time (h)

Figure 3.28. 10 consecutive autonomous heat harvesting thermodynamic cycles of a cell
configured with 60 mM Co(bpy)s?*®* ) | the optimal (PAH*/PSS")ss-coating on Nafion | 60 mM
Fe(CN)s*"* @ag). Each grey dashed vertical line corresponds to end of a thermodynamic cycle and

onset of the new one. The grey arrow represents a time period for a single thermodynamic cycle.

3.3.11. Effect of Concentrations of the Redox Couples on Energy, Power, and Charge
Output
As explained in Section 3.3.3, the solubility limit of Co(bpy)s®***@g in water (60 mM
maximum) is the major reason for this concentration dependency tests. As can be easily expected,
when the concentrations of the redox-active species were tuned, energy, power, and charge
capacities exhibited approximate proportionality with the concentrations, until 60 mM
concentration was reached (Figure 3.29 (a) — (¢)). It is noteworthy that concentrations and volumes
of both Co(bpy)s?*®* aq) and Fe(CN)s®"* g in the cell were equal consistently throughout the entire
examinations. When the concentration was aimed at 70 mM, the Co(bpy)s®*®*aq) solution started

to precipitate. This observation was helpful to understand a sudden decrease of all 3 performances,
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because water may have preference among those two. If this was the case, the molar amount of
Co(bpy)s®* and Co(bpy)s®* in the anolyte would not be equal anymore, hence the cell would deviate
from the optimal configuration, leading to a compromise in all performances. When the
concentrations of both Co(bpy)s**** g and Fe(CN)s*"* g Were 60 mM, the average volumetric
energy, power, and charge capacities during a thermodynamic cycle were optimized to 132.1
mJ/mL, 13.95 uyW/mL, and 2.84 C/mL, respectively.
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Figure 3.29. The dashed vertical line represents the solubility limit of Co(bpy)s?*** species in
water at room temperature. (a) Volumetric energy capacity harnessed by the electrochemical heat
harvester during a thermodynamic cycle. (b) Volumetric power density produced by the
electrochemical heat harvester during a thermodynamic cycle. (c) Volumetric charge capacity
exchanged during a thermodynamic cycle. The inset formulae inform how the performances in the
graphs were calculated. The normalization into volumetric capacities accounted combined
volumes of the catholyte and the anolyte all together. All 3 performances showed maxima at 60

mM concentration.

3.3.12. Conversion Efficiency of the Electrochemical Heat Harvester

The conversion efficiency is defined as ratio between the output electrical energy and the
input heat energy during a thermodynamic cycle™. As a result, the conversion efficiency can be
expressed as Equation 1.13 in Section 1.3.2.
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At the optimal concentration of 60 mM, the volumetric energy output capacity for a
thermodynamic cycle was 132.1 mJ/mL (|a|gAT — E,;oss term). Multiplication of heat capacity of
the system and the temperature difference was projected 130.9 J/mL (C,AT term), and |a|qTy term
was estimated 2.74 J/mL. Thus, the ratio between these values produced a relatively low
conversion efficiency, 0.10 %. This low efficiency was mainly attributed to high heat capacity of
water. When additional contributions from the Nafion membrane and the redox-active species to
the total heat capacity of the system (C,), the actual efficiency can become even less than 0.10 %.
However, the mass of water content in the system could not be easily discarded, as it would be
also proportional to the charge capacity term (q) of the system. Decreasing the electrolyte amount
of the system would diminish the charge capacity (q) and the heat capacity (Cp,) simultaneously.

However, this efficiency under the thermodynamic cycles is still much larger than heat
conversion efficiency under thermal gradient operating in a continuous mode (Figure 1.15 in
Section 1.3.2, and Equation 1.5). Assuming the same electrochemical thermopower (|a| = 2.9
mV/K) and ionic conductivity (7.50 x 10° S/cm, measured by EIS technique), the efficiency is
projected as low as 9.42 x 107 %. For this assessment, the thermal conductivity of such system
was presumed same as that of liquid water (0.63 W/m-K') under the atmospheric pressure and the
average temperature 40 °C. This efficiency is more than an order of magnitude less than the
achieved efficiency in this study, under the thermodynamic cycling operation. This conclusion can
be extended to other potential electrochemical heat harvesting systems which have similar degree
of ionic conductivities; for such electrochemical systems, thermodynamic cyclic operation can

better harness heat into electricity.
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3.4. Conclusion

In this chapter, we characterized electrochemical potentials and their dependencies on
temperature of several aqueous redox couples for electrochemical heat harvesting application.
Only Co(bpy)s?*'®*aq) and Fe(CN)s"* g Were determined to fulfill the requirements to build an
autonomous electrochemical heat harvester, without need for recharging by external electrical
power source during heat harvesting thermodynamic cycles. As half-cell potentials of those two
redox couples intersect around 40 °C, operating temperature range of the electrochemical heat
harvester was designated as 20 °C — 60 °C, to match the midpoint of the operating temperature
range to the intersecting temperature. Carbon cloth was elected as electrodes for the system to
guarantee the high electronic conductivity and best power capability by its high surface area.
Nafion membrane was adopted in order to prevent internal short-circuit by mixing between the
anolyte and the catholyte or direct contact between the carbon cloth electrodes, while still enabling
permeation of K™ cations for charge balance accompanied by the redox reactions. It was identified
by XPS and UV-Vis spectroscopy that absorption of Co(bpy)s®***(aq) species into Nafion brought
serious damage in ionic conduction. The sustainability of the ionic conductance through the Nafion
membrane was critical to maintain the energy output and efficiency performances of the
electrochemical heat harvester over long duration. The optimal (PAH*/PSS"), coating on Nafion
deposited via LbL procedures turned out to cure this issue by selective exclusion of
Co(bpy)s?*"®* ) Species. This film on Nafion was composed of PAH* and PSS™ polyelectrolytes,
and possessed spontaneously formed nanopores in it. Because the average size of the nanopores
were smaller than that of Co(bpy)s®***(aq) species, the nanopores could substantially suspend the
diffusion of Co(bpy)s?*'** aq) Species through the (PAH*/PSS")n. By this coating, the heat harvesting
thermodynamic cycles without high overpotential could run for 10 cycles, because degradation of
Nafion ionic conductivity by Co(bpy)s?*"®*(q) species could be suppressed for an extended time
period. However, the charge capacity of the electrochemical heat harvester gradually faded over
time, due to self-decomposition of a redox-active species, Co(bpy)s>*. The projected conversion
efficiency of this electrochemical heat harvester was around 0.10 %. The relatively low efficiency
was mostly attributed to the high heat capacity of water, of which mass could not be decoupled
with the charge capacity and energy output of this prototype. The next chapter will address this
issue by an alternatively designed electrochemical heat harvester.

167



168



References

10

11

Hu, R. et al. Harvesting Waste Thermal Energy Using a Carbon-Nanotube-Based Thermo-
Electrochemical Cell. Nano letters 10, 838-846, doi:10.1021/n1903267n (2010).

Salazar, P. F., Stephens, S. T., Kazim, A. H., Pringle, J. M. & Cola, B. A. Enhanced thermo-
electrochemical power using carbon nanotube additives in ionic liquid redox electrolytes.
Journal of Materials Chemistry A 2, 20676-20682, doi:10.1039/c4ta04749d (2014).
Salazar, P. F., Kumar, S. & Cola, B. A. Nitrogen- and Boron-Doped Carbon Nanotube
Electrodes in a Thermo-Electrochemical Cell. Journal of The Electrochemical Society 159,
B483-B488, d0i:10.1149/2.043205jes (2012).

Hudak, N. S. & Amatucci, G. G. Energy Harvesting and Storage with Lithium-lon
Thermogalvanic Cells. Journal of The Electrochemical Society 158, A572,
d0i:10.1149/1.3568820 (2011).

S., R. M. et al. Carbon Nanotube — Reduced Graphene Oxide Composites for Thermal
Energy  Harvesting  Applications.  Advanced  Materials 25, 6602-6606,
doi:doi:10.1002/adma.201303295 (2013).

Yang, Y. et al. Charging-free electrochemical system for harvesting low-grade thermal
energy. Proceedings of the National Academy of Sciences of the United States of America
111, 17011-17016, doi:10.1073/pnas.1415097111 (2014).

Lee, S. W. et al. An electrochemical system for efficiently harvesting low-grade heat
energy. Nature communications 5, 3942, doi:10.1038/ncomms4942 (2014).

Kim, S. L., Lin, H. T. & Yu, C. Thermally Chargeable Solid-State Supercapacitor.
Advanced Energy Materials 6, 1600546-n/a, doi:10.1002/aenm.201600546 (2016).

Zhao, D. et al. lonic thermoelectric supercapacitors. Energy & Environmental Science 9,
1450-1457, doi:10.1039/c6ee00121a (2016).

Ail, U. et al. Thermoelectric Properties of Polymeric Mixed Conductors. Advanced
Functional Materials 26, 6288-6296, doi:10.1002/adfm.201601106 (2016).

Szakalos, P., Hultquist, G. & Wikmark, G. Corrosion of Copper by Water. Electrochemical
and Solid-State Letters 10, C63-C67, doi:10.1149/1.2772085 (2007).

169



12

13

14

15

16

17

18

19

20

21

170

De Almeida, S. H. & Kawano, Y. Ultraviolet-visible spectra of Nafion membrane.
European Polymer Journal 33, 1307-1311, doi:https://doi.org/10.1016/S0014-
3057(96)00217-0 (1997).

Powell, C. J. & Jablonski, A. Surface sensitivity of X-ray photoelectron spectroscopy.
Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 601, 54-65,
doi:https://doi.org/10.1016/j.nima.2008.12.103 (2009).

Decher, G. Fuzzy Nanoassemblies: Toward Layered Polymeric Multicomposites. Science
277, 1232-1237, doi:10.1126/science.277.5330.1232 (1997).

Gero, D. & Jong-Dal, H. Buildup of ultrathin multilayer films by a self-assembly process,
1 consecutive adsorption of anionic and cationic bipolar amphiphiles on charged surfaces.
Makromolekulare Chemie. Macromolecular Symposia 46, 321-327,
doi:doi:10.1002/masy.19910460145 (1991).

D, G. T, E, M G. &C., W. F. The morphology in nafion perfluorinated membrane
products, as determined by wide- and small-angle x-ray studies. Journal of Polymer
Science: Polymer Physics Edition 19, 1687-1704, doi:doi:10.1002/pol.1981.180191103
(1981).

Heitner-Wirguin, C. Recent advances in perfluorinated ionomer membranes: structure,
properties and applications. Journal of Membrane Science 120, 1-33,
doi:https://doi.org/10.1016/0376-7388(96)00155-X (1996).

Mauritz, K. A. & Moore, R. B. State of Understanding of Nafion. Chemical reviews 104,
4535-4586, d0i:10.1021/cr0207123 (2004).

Wu, B. et al. Reorganization of hydrogen bond network makes strong polyelectrolyte
brushes pH-responsive. Science Advances 2, doi:10.1126/sciadv.1600579 (2016).

Stuart, M. A. C. et al. Emerging applications of stimuli-responsive polymer materials.
Nature materials 9, 101, doi:10.1038/nmat2614 (2010).

Mura, S., Nicolas, J. & Couvreur, P. Stimuli-responsive nanocarriers for drug delivery.
Nature materials 12, 991, doi:10.1038/nmat3776 (2013).



22

23

24

25

26

27

28

29

30

31

32

Cobo, I., Li, M., Sumerlin, B. S. & Perrier, S. Smart hybrid materials by conjugation of
responsive  polymers to biomacromolecules. Nature materials 14, 143,
d0i:10.1038/nmat4106 (2014).

Anantharamulu, N. et al. A wide-ranging review on Nasicon type materials. Journal of
Materials Science 46, 2821-2837, doi:10.1007/s10853-011-5302-5 (2011).

Fergus, J. W. lon transport in sodium ion conducting solid electrolytes. Solid State lonics
227, 102-112, doi:https://doi.org/10.1016/j.ssi.2012.09.019 (2012).

Whittingham, M. S. & Huggins, R. A. Measurement of Sodium lon Transport in Beta
Alumina Using Reversible Solid Electrodes. The Journal of chemical physics 54, 414-416,
d0i:10.1063/1.1674623 (1971).

Yung-Fang Yu, Y. & Kummer, J. T. lon exchange properties of and rates of ionic diffusion
in beta-alumina. Journal of Inorganic and Nuclear Chemistry 29, 2453-2475,
doi:https://doi.org/10.1016/0022-1902(67)80301-4 (1967).

Bachman, J. C. et al. Inorganic Solid-State Electrolytes for Lithium Batteries: Mechanisms
and Properties Governing lon Conduction. Chemical reviews 116, 140-162,
doi:10.1021/acs.chemrev.5b00563 (2016).

Knauth, P. Inorganic solid Li ion conductors: An overview. Solid State lonics 180, 911-
916, d0i:10.1016/j.s5i.2009.03.022 (2009).

Deng, Y. et al. Structural and Mechanistic Insights into Fast Lithium-lon Conduction in
Li4SiO4-Li3P0O4 Solid Electrolytes. Journal of the American Chemical Society 137, 9136-
9145, doi:10.1021/jacs.5b04444 (2015).

Murayama, M. et al. Synthesis of New Lithium lonic Conductor Thio-LISICON—L.ithium
Silicon Sulfides System. Journal of Solid State Chemistry 168, 140-148,
doi:https://doi.org/10.1006/jssc.2002.9701 (2002).

Tachez, M., Malugani, J.-P., Mercier, R. & Robert, G. lonic conductivity of and phase
transition in lithium thiophosphate Li3PS4. Solid State lonics 14, 181-185,
doi:https://doi.org/10.1016/0167-2738(84)90097-3 (1984).

Kanno, R. & Murayama , M. Lithium lonic Conductor Thio-LISICON: The
Li2 S -GeS2- P2S5 System. Journal of The Electrochemical Society 148, A742-A746,
d0i:10.1149/1.1379028 (2001).

171



33

34

35

36

37

38

39

40

41

42

172

Kamaya, N. et al. A lithium superionic conductor. Nature materials 10, 682,
d0i:10.1038/nmat3066 (2011).

Colomban, P. Proton conductors : solids, membranes, and gels--materials and devices.
(Cambridge ; New York : Cambridge University Press, 1992., 1992).

Biesinger, M. C. et al. Resolving surface chemical states in XPS analysis of first row
transition metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni. Applied Surface Science
257, 2717-2730, doi:https://doi.org/10.1016/j.apsusc.2010.10.051 (2011).

Yang, W., Hao, Y., Ghamgosar, P. & Boschloo, G. Thermal Stability Study of Dye-
Sensitized Solar Cells with Cobalt Bipyridyl—based Electrolytes. Electrochimica Acta 213,
879-886, doi:https://doi.org/10.1016/j.electacta.2016.07.112 (2016).

Gao, J., Bhagavathi Achari, M. & Kloo, L. Long-term stability for cobalt-based dye-
sensitized solar cells obtained by electrolyte optimization. Chemical Communications 50,
6249-6251, doi:10.1039/c4cc00698d (2014).

Jiang, R. et al. 2000 hours photostability testing of dye sensitised solar cells using a cobalt
bipyridine electrolyte. Journal of Materials Chemistry A 2, 4751-4757,
d0i:10.1039/c4ta00402g (2014).

Prakash, G. K. S. et al. Thermocontrolled benzylimine—benzaldimine rearrangement over
Nafion-H catalysts for efficient entry into a-trifluoromethylbenzylamines. Tetrahedron
Letters 53, 607-611, doi:https://doi.org/10.1016/j.tetlet.2011.11.088 (2012).

Burgess, J. & Haines, R. I. Solubility of 2,2'-bipyridyl in binary aqueous solvent mixtures.
Chemistry & Industry, 289-289 (1980).

Logette, S., Eysseric, C., Pourcelly, G., Lindheimer, A. & Gavach, C. Selective
permeability of a perfluorosulphonic membrane to different valency cations. lon-exchange
isotherms and Kkinetic aspects. Journal of Membrane Science 144, 259-274,
doi:https://doi.org/10.1016/S0376-7388(98)00062-3 (1998).

Irvine, G. J., Rajesh, S., Georgiadis, M. & Phillip, W. A. lon Selective Permeation Through
Cellulose Acetate Membranes in Forward Osmaosis. Environmental Science & Technology
47, 13745-13753, d0i:10.1021/es403581t (2013).



43

44

45

46

47

48

49

50

51

52

Piera, E. et al. Separation of alcohols and alcohols/O2 mixtures using zeolite MFI
membranes. Journal of Membrane Science 142, 97-109,
doi:https://doi.org/10.1016/S0376-7388(97)00321-9 (1998).

McLeary, E. E., Jansen, J. C. & Kapteijn, F. Zeolite based films, membranes and membrane
reactors: Progress and prospects. Microporous and Mesoporous Materials 90, 198-220,
doi:https://doi.org/10.1016/j.micromeso.2005.10.050 (2006).

Brinker, C. J. et al. Sol-gel strategies for controlled porosity inorganic materials. Journal
of Membrane Science 94, 85-102, doi:https://doi.org/10.1016/0376-7388(93)E0129-8
(1994).

Nishiyama, N., Gora, L., Teplyakov, V., Kapteijn, F. & Moulijn, J. A. Evaluation of
reproducible high flux silicalite-1 membranes: gas permeation and separation
characterization.  Separation and Purification Technology 22-23, 295-307,
doi:https://doi.org/10.1016/S1383-5866(00)00152-0 (2001).

M., v. d. G. J, Freek, K. & A., M. J. Modeling permeation of binary mixtures through
zeolite membranes. AIChE Journal 45, 497-511, doi:doi:10.1002/aic.690450307 (1999).
Zhu, W., Kapteijn, F., Moulijn, J. A., den Exter, M. C. & Jansen, J. C. Shape Selectivity in
Adsorption on the All-Silica DD3R. Langmuir : the ACS journal of surfaces and colloids
16, 3322-3329, do0i:10.1021/1a9914007 (2000).

Cheng, C., Yaroshchuk, A. & Bruening, M. L. Fundamentals of Selective lon Transport
through Multilayer Polyelectrolyte Membranes. Langmuir : the ACS journal of surfaces
and colloids 29, 1885-1892, d0i:10.1021/1a304574e (2013).

Liu, X. & Bruening, M. L. Size-Selective Transport of Uncharged Solutes through
Multilayer Polyelectrolyte Membranes. Chemistry of Materials 16, 351-357,
d0i:10.1021/cm034559k (2004).

L., B. M. & M., S. D. Enhancing the lon-Transport Selectivity of Multilayer Polyelectrolyte
Membranes. Chemistry — A European Journal 8, 3832-3837, doi:doi:10.1002/1521-
3765(20020902)8:17<3832::AID-CHEM3832>3.0.C0;2-8 (2002).

Manning, G. S. Limiting laws and counterion condensation in polyelectrolyte solutions. 8.
Mixtures of counterions, species selectivity, and valence selectivity. The Journal of
Physical Chemistry 88, 6654-6661, doi:10.1021/j150670a030 (1984).

173



53

54

55

56

57

58

59

60

61

174

Hoshi, T. et al. Selective Permeation of Hydrogen Peroxide through Polyelectrolyte
Multilayer Films and Its Use for Amperometric Biosensors. Analytical Chemistry 73,
5310-5315, doi:10.1021/ac010605t (2001).

Tiara, P., Haizhou, Y. & Klaus-Viktor, P. Charge- and Size-Selective Molecular Separation
using  Ultrathin  Cellulose ~ Membranes. = ChemSusChem 9,  2908-2911,
doi:doi:10.1002/cssc.201600791 (2016).

Li, J. et al. Preparation and properties of ZSM-5 zeolite membrane obtained by low-
temperature ~ chemical  vapor  deposition. Desalination 147,  321-326,
doi:https://doi.org/10.1016/S0011-9164(02)00559-3 (2002).

Tieke, B., Toutianoush, A. & Jin, W. Selective transport of ions and molecules across layer-
by-layer assembled membranes of polyelectrolytes, p-sulfonato-calix[n]arenes and
Prussian Blue-type complex salts. Advances in Colloid and Interface Science 116, 121-131,
doi:https://doi.org/10.1016/j.cis.2005.05.003 (2005).

Jin, W., Toutianoush, A. & Tieke, B. Size- and charge-selective transport of aromatic
compounds across polyelectrolyte multilayer membranes. Applied Surface Science 246,
444-450, doi:https://doi.org/10.1016/j.apsusc.2004.11.067 (2005).

White, N., Misovich, M., Yaroshchuk, A. & Bruening, M. L. Coating of Nafion
Membranes with Polyelectrolyte Multilayers to Achieve High Monovalent/Divalent Cation
Electrodialysis Selectivities. ACS applied materials & interfaces 7, 6620-6628,
d0i:10.1021/am508945p (2015).

Budd, P. M. in Comprehensive Polymer Science and Supplements (eds Geoffrey Allen &
John C. Bevington) 215-230 (Pergamon, 1989).

Kilduff, J. E., Karanfil, T., Chin, Y.-P. & Weber, W. J. Adsorption of Natural Organic
Polyelectrolytes by Activated Carbon: A Size-Exclusion Chromatography Study.
Environmental Science & Technology 30, 1336-1343, do0i:10.1021/es950547r (1996).
Feng, L., Stuart, M. C. & Adachi, Y. Dynamics of polyelectrolyte adsorption and colloidal
flocculation upon mixing studied using mono-dispersed polystyrene latex particles.
Advances in Colloid and Interface Science 226, 101-114,
doi:https://doi.org/10.1016/j.cis.2015.09.004 (2015).



62

63

64

65

66

67

68

69

70

71

Wilson, J. T., Cui, W. & Chaikof, E. L. Layer-by-Layer Assembly of a Conformal
Nanothin PEG Coating for Intraportal Islet Transplantation. Nano letters 8, 1940-1948,
d0i:10.1021/n1080694q (2008).

Krogman, K. C., Lowery, J. L., Zacharia, N. S., Rutledge, G. C. & Hammond, P. T.
Spraying asymmetry into functional membranes layer-by-layer. Nature materials 8, 512,
doi:10.1038/nmat2430 (2009).

Pinho, S. P. & Macedo, E. A. Solubility of NaCl, NaBr, and KCI in Water, Methanol,
Ethanol, and Their Mixed Solvents. Journal of Chemical & Engineering Data 50, 29-32,
d0i:10.1021/je049922y (2005).

Seyrek, E., Hierrezuelo, J., Sadeghpour, A., Szilagyi, |. & Borkovec, M. Molecular mass
dependence of adsorbed amount and hydrodynamic thickness of polyelectrolyte layers.
Physical Chemistry Chemical Physics 13, 12716-12719, doi:10.1039/c1cp20654k (2011).
Netz, R. R. & Andelman, D. Neutral and charged polymers at interfaces. Physics Reports
380, 1-95, doi:https://doi.org/10.1016/S0370-1573(03)00118-2 (2003).

Claesson, P. M., Poptoshev, E., Blomberg, E. & Dedinaite, A. Polyelectrolyte-mediated
surface interactions. Advances in Colloid and Interface Science 114-115, 173-187,
doi:https://doi.org/10.1016/j.cis.2004.09.008 (2005).

Marcus, Y. lonic radii in aqueous solutions. Chemical reviews 88, 1475-1498,
d0i:10.1021/cr00090a003 (1988).

Hupp, J. T. & Weaver, M. J. Solvent, ligand, and ionic charge effects on reaction entropies
for simple transition-metal redox couples. Inorganic Chemistry 23, 3639-3644,
d0i:10.1021/ic00190a042 (1984).

Howell, J. R. & Buckius, R. O. Fundamentals of engineering thermodynamics. (New York :
McGraw-Hill, 2nd ed., 1992).

Huber, M. L. et al. New International Formulation for the Thermal Conductivity of H20.
Journal of Physical and Chemical Reference Data 41, 033102, doi:10.1063/1.4738955
(2012).

175



176



4.  Design of P2-NaxCoO:2 Based Na-ion Battery-type Electrochemical Heat Harvester

4.1. Introduction

Efficient conversion of low grade heat into electricity has been intensively investigated
mostly focusing on thermoelectrics. However, state-of-the-art thermoelectric materials in general
incorporate rare and expensive elements, hampering their widespread application in daily lives.
Electrochemical heat conversion has drawn scientific attention as one of alternatives to
thermoelectric technology, largely owing to its capability to easily reach thermopower more than
1 mV/K3, However, low ionic conductivity has compromised the potential improvement on
conversion efficiency due to large thermopower, when the electrochemical heat conversion
operated under thermal gradient'*®. Recent breakthrough addressed the efficiency issue by
transitioning the mode of operation into thermodynamic cycles like heat engines®?, achieving up
to 2.0 % of conversion efficiency between 20 °C and 60 °CS. If higher electrochemical
thermopowers can be accomplished in addition to this new design, then more advanced efficiency
would be achieved.

In this study, we invented a novel solid-state electrochemical heat harvesting system, in
order to address several issues discovered in the previous aqueous redox couple-based
electrochemical heat harvester. The first issue on coupling between the high heat capacity and the
charge capacity was resolved by replacing the aqueous redox couples into solid-state electrodes.
This new electrochemical heat harvester based on solid-state electrode did not need pricey Nafion.
Lastly, the electrochemical potentials of solid-state electrodes could be tuned continuously, so that
broader selection of candidate materials could be permitted for the electrochemical heat harvesting
application. As the growth of overpotential turned out the most critical drawback of the aqueous
redox couple-based electrochemical heat harvester, NaxCoO. was chosen as an electrode material
with both high electronic and ionic conductivity to minimize overpotential. Ball-milling on as-
synthesized P2-NaxCoO: led to complete disorder of the material. This process transformed the
crystal structure of NaxCoO- from P2-phase crystal into amorphous phase. The disruption of the
crystal structure resulted in loss of redox activity and eventually, huge enhancement on
electrochemical thermopower from -0.65 mV/K to 9.50 mV/K at 2.3 V vs. Na/Na*. In order to

fully exploit electrochemical thermopowers from both P2-NaxCoO2 and BM-NaxCoO3, dual cell
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stack was designed. The dual cell stack required a cell consisting P2-NaxCoO- cathode, Na metal
anode in 1 M NaClOyq in PC electrolyte, and another cell composed of BM-NaxCoO- cathode, Na
metal anode in 1 M NaClOys in PC electrolyte. Both cells were set at equal electrochemical potential
of 2.3 V vs. Na/Na" at the midpoint temperature (30 °C) of the intended temperature range (20 °C
— 40 °C), and they were serially connected in opposite directions. The voltages from each cell
canceled out, while adding up for the increased total thermopower of the dual cell stack. Up to
6.30 % of the conversion efficiency is expected, provided that the heat capacity of this
electrochemical harvester can be minimized. Such efforts can include minimization of the mass of
PC-based liquid electrolyte or alternative usage of solid-state electrolyte in thin films. This
research paved an exemplar framework for the more efficient future autonomous electrochemical

heat harvesters without need for external electrical power source.
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4.2,  Experimental Methods

4.2.1. Synthesis of P2-NaxCoO2 and Its Ball-milling Process

For synthesis of P2-NaxCoOz2, anhydrous Na>COs (Sigma-Aldrich, 222321, > 99.5 %) and
Co0304 (Beantown Chemical, 215780, 99.5 %) were thoroughly ground together by mortar and
pestle. The initial molar ratio of Na element to Co element was adjusted to 0.8. The mixture was
pressed into a 1-inch diameter pellet at 10 metric tons of uniaxial force for 30 minutes. The typical
mass of this pellet ranged between 2.0 g and 2.5 g. The pellet was firstly calcined at 850 °C for 24
hours under dry oxygen environment (Airgas, 99.5 %). This process enabled a solid-state reaction
between Na and Co precursors, thereby producing P2-NaxCoO,'112, After the first calcination, the
pellet was ground with mortar and pestle again and pressed into a 1-inch diameter pellet at the
same condition. The pellet was sintered at 850 °C for 24 hours under dry oxygen environment
once more, in order to encourage thorough chemical reaction among the residual precursors so that
the resultant pellet became purely composed of P2-NaxCoO>. After this second sintering process,
the pellet was ground with mortar and pestle and the resultant powder was stored in Ar-filled dry
glove box to prevent undesirable intercalation of water molecules into P2-NaxCoO- crystal by
humidity®3.

In order to induce structural disorder to the as-synthesized P2-NaxCoO,, ball-milling
process was carried out. Zirconia (ZrOz) balls with 1.0 mm diameter and P2-NaxCoO2 powder
were mixed in 10 to 1 mass ratio and put inside a zirconia ball-milling jar. The entire jar with the
balls and the powder was transferred into the Ar-filled, dry glove box and sealed inside a heat-
sealable plastic bag (Aldrich, Z183385). As a result, the ball-milling process could be executed in
an inert condition without unintended chemical reactions, such as intercalation of water from
ambient air. Ball-milling was performed at 550 RPM for 48 hours, in order to guarantee minimal
particle size and maximal disruption in the crystal structure. The notation of the consequent

material from the ball-milling procedure in this article is BM-NaxCoO:x.

4.2.2. Material Characterization of P2-NaxCoO2 and Ball-milled NaxCoO:2
In order to determine crystallinity of the two forms of NaxCoOz and possible impurity
phases in them, powder X-ray diffraction (XRD) technique was carried out. The measurements
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were executed in a Panalytical X'Pert Pro with Cu K o source (wavelength 0.15418 nm). The
powder was mounted on a silicon zero-background diffraction holder for the measurement.

Field emission scanning electron microscopy (FESEM, Zeiss, Ultra55) observed
morphologies and particle sizes of P2-NaxCoO. and BM-NaxCo00O.. The acceleration voltage was
20 kV, and metallic coating on the surface of powders were not conducted. In-lens detector

collected the micrograph images, by capturing backscattering of the incident electron beam.

4.2.3. Electrode Preparation

P2-NaxCoO: electrode was generated by mixing the as-synthesized P2-NaxCoO> powder,
KS6 synthetic graphite (TIMCAL), carbon black Super P (TIMCAL), and polyvinylidene fluoride
(PVDF, Kynar) binder under 80:5:5:10 mass ratio. BM-NaxCoO> electrode was fabricated from
9:1 w/w mixture of BM-NaxCoO, powder and PVDF. KS6 and Super P conducted electrons
necessary for redox reactions, while PVDF held the electronically conductive carbon and P2-
NaxCoO:2 on Al foil.

During the fabrication of both P2-NaxCoO and BM-NaxCoO: electrodes, mortar and pestle
firstly homogenized the powder. Then N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich 328634)
was applied into the mortar and pestle generate uniform slurry. The slurry was casted on cleaned
Al foil with a doctor blade. The residual NMP was completely dried firstly at 70 °C in air for 2
hours and secondly at 80 °C under vacuum overnight.

After the thorough evaporation of NMP and water from the electrodes, they were punched
into 10 mm-diameter disks and pressed with uniaxial force of 5 metric tons for about 10 minutes.
The purpose of pressing was to improve electronic connection between the Al foil substrates and

active materials. These fully processed electrodes were kept in Ar-filled dry glove box.

4.2.4. Cell Preparation

As-prepared P2-NaxCoO. and BM-NaxCoO> cathodic electrodes were weighed to estimate
the theoretical charge capacities and placed in 2016 coin cell cases. 2016 coin cell has 20 mm of
diameter and 1.6 mm of height after the completion. This is composed of passivated stainless steel
so that unintended electrochemical side reactions may not happen. GF/A Whatman® glass
microfiber filters (Aldrich, Z242152) were sliced into 19 mm-diameter disks in order to serve as
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separators preventing internal short-circuit. The separator was put on top of the cathode, and
sufficient volume of 1 M anhydrous NaClO4 (Alfa Aesar, 98.0 - 102.0%) in propylene carbonate
(PC, BASF, Selectilyte) electrolyte was applied. Na metal (Sigma-Aldrich, 28206) stored in the
Ar-filled dry glove box was comprehensively scratched with brush in order to strip native oxide
on the surface. The brushed Na metal was placed on the wet separator and then the lid was closed.
The assembly was finalized by a crimper, which realized airtight sealing, so that consequent

electrochemical characterizations could be implemented in air.

4.2.5. Characterization of Electrochemical Thermopowers under Isothermal
Condition

The electrochemical thermopowers of the solid-state electrodes were measured under
isothermal conditions (Figure 4.1). This means a full cell with a anode and a cathode were placed
at open circuit condition and put under different temperatures periodically, such as 10 °C, 20 °C,
30 °C, 40 °C for an hour at each temperature. The duration was empirically decided for stable
formation of steady-states. 2016 coin cell turned out suitable for this setup because its thin and
small geometry could facilitate thermal conduction through the cell, so that steady-states could be
founded readily.

Figure 4.1 (a) shows a photograph of the actual electrochemical thermopower
measurement setup. On the left, a programmable power source (Keithley 2400 SourceMeter),
which provided and controlled electrical power to the Peltier plates is shown. The Peltier plates
regulated the temperature of the enclosed coin cell periodically. The temperatures of the both sides
of the coin cell surfaces were monitored by two different branches of thermocouples (Figure 4.1
(b)). The thermal contacts between the cell surfaces and thermocouples were maintained by thin
Cu tape. The open circuit voltage (OCV) of the cell was recorded by a Biologic (model SP300 or
VSP300) potentiostat. The most notable feature of this thermopower measurement was that it
could detect the electrochemical thermopowers at specific state of charge (SoC) of the cathode

materials.
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Figure 4.1. A lab-customized equipment for electrochemical thermopower characterization under
isothermal conditions. At this setup, temperature of the cell is varied periodically, after steady-
states were established in the cell. (a) a photograph, and (b) schematics of the setup. Peltier plates
enveloping a 2016 coin cell controlled the heat flow toward/out of the cell. The temperature and
voltage responses were recorded by two independent thermocouples (TC 1 and TC 2) and a

potentiostat, respectively.

Figure 4.2 depicts a calibration measurement by a 2016 coin cell composed of LixCoO>
cathode, Li metal anode, and 1 M LiPFs in a 3:7 w/w ethylene carbonate (EC):ethyl methyl
carbonate (EMC) electrolyte (LP57, BASF, Selectilyte). The coin cell underwent a cycle of
galvanostatic (constant current) charge and discharge at C/20 rate (i.e. 20 hours were required to
remove or provide 1 mole of electrons from 1 mole of cobalt in LixCo0O,) between 3.6 V and 4.2
V vs. Li/Li*. By this procedure, it could be confirmed whether the cell performed normally. After
this performance-checking galvanostatic cycle, the cell was heated to 40 °C, and galvanostatically
charged to the desired SoC (3.9 V vs. Li/Li" in this case). 3.9 V vs. Li/Li* was deliberately selected
because this electrochemical potential corresponded to the plateau potential of LixCoOz. As self-
discharge effect is also pervasive in Li-ion batteries’*® just like other categories of batteries, it
lowers voltage over time. By adjusting the voltage of the cell at the plateau potential, effect of self-
discharge on voltage could be minimized, because change in SoC could affect voltage only very

limitedly. After these steps, the temperature was decreased by 10 °C every hour at open circuit
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condition. The OCV during this stage were recorded and compared with temperature profile. The
comparison between steady-state OCVs and temperatures show linear relationship, and the slope
of this line was the electrochemical thermopower of LixCoO; against Li metal, at 3.90 V vs. Li/Li".
The measured thermopower -0.4796 mV/K matched well with the previous report at the same
electrochemical potential ®8, As the measured thermopower contained two separate thermopower
contributions from both LixCoO. and Li (Equation 1.14), it could be further distinguished by

another thermopower measurement under thermal gradient, as will be clarified later.
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Figure 4.2. Calibration of the electrochemical thermopower measurement setup shown in Figure
4.1, using a 2016 coin cell containing LixCoO- cathode | LP57 electrolyte | Li metal anode. The
SoC of LixCoO> cathode was set at 3.90 V vs. Li/Li*. (a) Temperature and OCV profiles during
periodically accustomed current through the Peltier plates. One hour was permitted per step in
order to create steady-states for both OCV and temperature. The steady-states were confirmed by
flat profiles for both OCV and temperature. (b) OCV and temperature at steady-states exhibited
linearity, yielding -0.4796 mV/K electrochemical thermopower of LixCoO- at 3.90 V vs. Li/Li".
This thermopower represented the combined contributions of two electrochemical thermopowers

from Li metal anode and LixCoO; cathode (Equation 1.14)8,

4.2.6. Characterization of Electrochemical Thermopowers under Thermal Gradient
In order to assess the electrochemical thermopowers of solid-state redox couples, the most

straightforward measurements were considered: checking the voltage changes at different
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temperature gradients. To realize this, steady maintenance of thermal gradient was important,
along with chemical stability of the testing cell contacting the aqueous solution specimens. An
electrolyte container composed of Teflon was chosen, due to its good mechanical, chemical,
thermal stability and electrical insulation. The testing cell was sealed tightly by two Cu plates.
They were electronically and thermally conductive, enabling detection of the voltage and thorough
conduction of the heat flux.

In order to assemble all parts into an integrated testing cell (Figure 4.3 (a)), firstly two O-
rings composed of a chemically inert fluoropolymer elastomer (Viton rubber) were inserted at the
mouths of the Teflon body. Pieces of malleable and sticky Na metal and Li metal were cut in the
dry, Ar-filled glove box. They were fixed on the inner surfaces of Cu plates, and native surface
oxide layer was removed by brush. Then a Cu plate with the attached Li or Na metal was tightly
enclosed on the Teflon body. The closed end was put on a flat ground in the glove box, and
electrolyte was poured so that it could fill the internal space completely without any bubble. The
applied electrolyte was LP57 for Li metal and 1 M NaClO4 in PC for Na metal. Then another Cu
plate attaching either Li metal or Na metal was tightly closed to seal the testing cell. The
completely assembled testing cell was taken out of the glove box for measurements.

Two separate T-type thermocouples (Omega Engineering, 5TC-TT-T-40-36) were firmly
attached by electrically conductive Cu tapes (McMaster Carr, 76555A644) on the surface of each
Cu plate, in order to observe temperatures at the hot side and the cold side of the cell. Those
thermocouples were connected to a temperature data acquisition module (Omega Engineering, TC-
08), which converted signals from thermocouples into digital data. Wire leads from each Cu plate
were also connected to a Biologic (model SP300 or VSP300) potentiostat to record the voltage
difference between the hot end and the cold end. Peltier plates sandwiched the testing cell, and
periodically varied electrical current was supplied. A programmable electrical power source
(Tektronix, Keithley 2400 Sourcemeter) regulated the input current to the Peltier plates, hence
thermal gradient. The programmed current supply regulated the temperature gradient through the
testing cell (Figure 4.3 (b)). Lastly, a heavy metal block on top of the testing cell ensured thermal
conduction from the Peltier plates to the cell by a moderate mechanical pressure (Figure 4.3 (c)).
Once this set of procedures were carried out, then a electrochemical thermopower was ready to be

characterized.
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Figure 4.3. (a) Design of the testing cell for electrochemical thermopower characterization under

Cu Plate

thermal gradient. (b) Schematic representation of the testing cell under a thermal gradient by the
two surrounding Peltier plates. Temperatures at the hot end and the cold end, and voltage
difference between those ends were recorded. (c) A real photograph of the cell under experiment.
A heavy metal block applied mechanical pressure, in order to promote suitable electrical and

thermal contacts between the cell, Peltier plates, and thermocouples.

This setup for electrochemical thermopower characterization under thermal gradient is
proven effective for solid-state redox couples as well. Thermal gradient and voltage over time
profiles were represented at Figure 4.4 (a) — (b) for Li | LP57 | Li symmetric cell and (c) — (d) for
Na |1 M NaClO4 in PC | Na symmetric cell, respectively. As can be seen at Figure 4.4 (a) and (c),
both temperature difference and voltage successfully formed steady-states as evidenced by the
plateaus. Also, steady-states of voltage and temperature difference corresponded to each other.
This means that the voltage responses were prompt upon the thermal gradient stimuli, suggesting
their kinetics were not sluggish. Again, the slopes of those steady-state voltages and temperature
differences were electrochemical thermopowers of Li in LP57 and Na in 1 M NaClOs in PC,
respectively. From the half-cell electrochemical thermopower of Li in LP57 and the full cell
thermopower of Li | LP57 | LixCoO2 shown in Figure 4.2, pure thermopower of LixCoO> can be

obtained using Equation 1.14.
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Figure 4.4. Time-dependent AT and voltage profiles of (a) Li | LP57 | Li and (c) Na| 1 M NaClO4
in PC | Na symmetric cells under non-isothermal electrochemical thermopower measurements.
Currents flowing through the Peltier plates (Figure 4.3 (b)) were adjusted periodically to create
distinct steady-state plateaus of both AT and voltage. The time period for each plateau was
empirically determined to allow steady-states for both AT and voltage. Each steady-state values of
AT and voltage were averaged, and drawn against each other in (b) and (d) for Li | LP57 | Li
symmetric cell and Na | 1 M NaClOg in PC | Na symmetric cell, respectively. Both symmetric cells
exhibited completely linear relations to each other. The slopes of those lines were pure
electrochemical thermopowers of Li metal in LP57 and Na metal in 1 M NaClO4 in PC, without

influences of any cathode materials.

4.2.7. Other Electrochemical Measurement Techniques
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Cyclic voltammetry (CV) was carried out in a 2016 coin cell at room temperature. The
purpose of this examination was detection of the redox activities at working electrodes: P2-
NaxCo0 and BM-NaxCoO: in this study. Hence, testing cells consisting of Na metal as the counter
and reference electrode and P2-NaxCoO, and BM-NaxCoO> as working electrodes, and 1 M
NaClO4 in PC were assembled and connected to a Biologic (SP300 or VSP300) potentiostat. A
single sheet of separator (19 mm diameter, GF/A Whatman® glass microfiber filter, Aldrich,
Z242152) was inserted in between the Na metal and the working electrodes. The scan rate was set
at 0.1 mV/s in order to ensure clear detection of redox phenomena at the working electrodes, and
potential range was selected as 1.8 V- 3.6 Vor 2.0V —3.4 V vs. Na/Na".

For the galvanostatic charge and discharge cycling tests, the potentiostat and cell
configuration were the same as CV measurements. The cutoff voltage was selected as 2.0 V — 3.4
V vs. Na/Na*, and the constant currents for these experiments were adjusted by the phase and mass
loading of the cathode materials. Airtight cells were utilized for both electrochemical

characterizations.
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4.3. Results and Discussion

4.3.1. Advantages of Solid State Electrode Materials over Aqueous Redox Couples

for Electrochemical Heat Harvester Application

Several serious drawbacks at the previous electrochemical heat harvester based on the
aqueous redox couples could be resolved by moving its basis to solid-state electrode materials.
Aqueous redox couples needed costly ion selective membranes, such as Nafion, which were
expensive and eventually led to significantly increased overpotential by absorption of
Co(bpy)s®*®* species inside the membranes. Moreover, Co(bpy)s?* species in the electrolyte self-
decomposed over time, restricting shelf life of the electrochemical heat harvesters. Furthermore,
the charge capacity and heat capacity of the aqueous redox couple-based electrochemical heat
harvesters could not be decoupled, dragging down the conversion efficiency by the high heat
capacity of the indispensable electrolytes. Final issue at the aqueous redox couple-based
electrochemical heat harvesters was that there only existed limited redox couples with close
potentials to each other, therefore only a few aqueous redox couples could be utilized for
electrochemical heat harvesting applications.

Solid-state electrodes for the heat harvesting application can resolve most of these
problems, by shifting the electrochemical system design. In place of ion selective membrane, only
separator is needed in order to prevent the internal short-circuit. The separator can be almost any
materials that are porous and electronically insulating, but ionically permeating. Hence, cotton or
glass fiber, or chemically inert polymers can serve as separator component for this reason. Also, it
can allow a possibility to lower the heat capacity of the system, because the heat capacity from
liquid electrolyte can be reduced by minimization of the mass of liquid electrolyte or alternative
solid-state electrolytes with less heat capacity. Lastly, because the electrochemical potentials
become continuous, half-cell potentials can be tuned to meet the requirements for the
electrochemical heat harvester (refer to Section 1.3.3).

4.3.2. Selection Criteria of Solid State Electrode Material for Electrochemical Heat

Harvester Application
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As overpotential was the most serious issue that limited cyclability of the previous flow
battery-type electrochemical heat harvester (Section 3.3.4), it was primarily considered in the
selection of solid-state electrode material for this new version of electrochemical heat harvester.
P2-NaxCoO is chosen by considering this aspect, because it possesses both high electronic!®?°
and ionic conductivity? simultaneously. Among various co-existent phases of NaxCoO, at the
room temperature'?, P2-phase is particularly favorable, because this phase has the highest
reversibility during repeated electrochemical sodiation / desodiation??. Moreover, P2-phase in
general allows higher diffusivity of Na* ions in the crystal compared to the polymorphic O3-
phases?!, which means P2-phase has higher Na* ionic conductivity than O3-phases. This in turn
can suppress the E;,ss term in the efficiency formula (Equation 1.13), therefore can contribute to
an improved conversion efficiency. As usage of a lighter element Li is not expected to bring
advantages, usage of Na instead of more expensive Li can be more advantageous on cost.

A drawback of P2-NaxCoO: is that it has multiple voltage plateaus, of which widths are
often small** (Figure 4.5). The distribution of narrow plateaus over multiple electrochemical
potential range is a particular characteristic of all phases of NaxCoO, materialst**2, due to (i)
spontaneous clustering between Na* ions and Na* vacancies'?, and (ii) phase transition during the
charge and discharge®??, Each transition in the clustering structures of Na* ions in those crystals
or phases of those crystals correspond to the step-like feature in Figure 4.5'%221 As explained
earlier in this chapter, the self-discharge effect is persistent at battery systems in general and makes
it more difficult to sustain the electrochemical potential of a cell the same over time!*1>, However,
by placing the electrochemical potential at a plateau potential, effect of self-discharge on voltage
can be lessened, because change in SoC can influence voltage only very limitedly. For this reason,
the widest plateau at the electrochemical potential vs. SoC of P2-NaxCoO, was selected for
operation of the electrochemical heat harvester, namely 2.1 V — 2.3 V vs. Na/Na" (Figure 4.5).
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Figure 4.5. Equilibrium electrochemical potentials of P2-NaxCoO: as a function of Na content,

x!. The self-discharge effect is a grave engineering issue when constructing electrochemical heat
harvesters with solid-state electrodes. It constantly shifts the electrochemical potential, disabling
to keep the accurately defined electrochemical potential over time. The broadest plateau can
minimize the inevitable self-discharge on the potential. The widest plateau is located at 2.1 V —
2.3 V vs. Na/Na*. Figure from Electrochemical investigation of the P2-NaxCoO, phase diagram

and used with permission from the Nature Publishing Group'®.

4.3.3. Phase Transition of NaxCoO2 from P2- Phase into Amorphous by Ball-Milling
Figure 4.6 shows diffracted X-ray patterns of P2-NaxCoO> and its ball-milled product,
BM-NaxCo0O.. These data informed crystallinity and phase purity of these two powders. XRD
pattern of P2-NaxCoO: indicated that the as-synthesized P2-NaxCoO- was polycrystalline and free
from any detectable crystalline impurities. Also, the widths of all diffracted peaks from the P2-
NaxCoO> sample were narrow and their intensities were high, suggesting that as-synthesized P2-

NaxCoO2 had good crystallinity and large grain size. In the contrast, BM-NaxCoO: utterly lacked
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any diffracted X-ray signals. This transformation was the consequence of the high energy ball-
milling implemented in this study. The ball-milling process was strong enough to completely

diminish the crystallinity and transform the material into an entirely disordered phase.
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Figure 4.6. Powder X-ray diffraction (XRD) patterns of as-synthesized P2-NaxCoO; and BM-
NaxCo0..The P2-NaxCoO- diffraction pattern matched well with the previous study on the same
material*2. The ball-milling process proved effective on thoroughly removing crystallinity entirely
from P2-NaxCoO,, as BM-NaxCoO- was deprived of any diffracted peaks.

Effect of the high energy ball-milling procedure was also pronounced on particle size and
morphology of NaxCoO: before and after the process. Figure 4.7 illustrates morphology and
particle size of as-synthesized P2-NaxCoO, and BM-NaxCoO, respectively, measured by FESEM

technique. P2-NaxCoO- presented plate-like morphology and lateral particle size well above 5 um
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on average, consistent with the previous studies?®2*. In comparison, the shape of BM-NaxCoO;

transformed into porous and globular microstructures with particle size ranging around sub-pm.

Figure 4.7. Morphologies and particle sizes of (a) as-synthesized P2-NaxCoO., and (b) BM-

NaxCoO,. Particle size diminished and morphology transformed from plate-like shape into
globular and porous geometry after the high energy ball-milling process.

It is well-known that P2-NaxCoO. chemically reacts with either liquid or vapor water to
intercalate the water molecules in the gallery®®?®, staying there with pre-existent Na* ions. Figure
4.8 reveals the corresponding changes in the crystal structure through XRD measurements. The
weakened amplitudes of the diffracted peaks were pronounced at 26 = ~ 15°, ~ 32° and evolution
of a new peak at 26 = ~ 60° were observed. These obvious variations in the diffraction patterns
point out that chemical processes on P2-NaxCoO: occurred during the storage in air. This
observation justified why P2-NaxCoO: should have been stored in dry Ar-filled glove box, in order

to inhibit such unwanted side reactions.
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Figure 4.8. Effect of long term exposure to ambient humid air on phase purity of P2-NaxCoO..
Shrinkage of intensities of the peaks at 20 = ~ 15 ° and ~ 32 ° were observed. An unforeseen peak
in the red circle at 26 = ~ 60 ° indicates that new distinct phase appeared as a possible result of

chemical reaction during storage in air.

4.3.4. Modification of Electrochemical Charge Storage Mechanism of NaxCoO2 from
Battery to EDLC by the Phase Transition
The phase transition from P2-phase to amorphous phase of NaxCoO> removed redox
activity from P2-NaxCoO.. Figure 4.9 compares CV of P2-NaxCoO, and BM-NaxCoO> working
electrodes, of which role is identification of redox activity at working electrodes under particular
electrochemical potentials. If there are reversible redox reactions at the working electrodes at the
particular electrochemical potential, corresponding peaks (surge of current) should appear both at
oxidation stage (current > 0) and reduction stage (current < 0) almost symmetrically at that

potential. If a redox peak is detected only at the oxidation stage, the corresponding redox reaction
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is irreversible. When there is no redox reaction at a specific potential, then no redox peak appears
at all at that potential. The currents flowing through the working electrodes were normalized by
their geometric area.

P2-NaxCoO- displayed multiple and fully reversible redox reactions between 1.8 V — 3.6
V vs. Na/Na*. On the contrary, BM-NaxCoO- did not show any redox peaks stemming from redox
reactions between 2.0 V — 3.4 V vs. Na/Na®. This clarifies that BM-NaxCoO- was totally deprived
of redox activity anymore. Hence, if there is still remaining electrochemical charge storage
mechanism in this material, the mechanism would not be redox-based intercalation of Na* ions,
but rather electrical double layer capacitance (EDLC). In addition, it can be concluded that

thorough loss of crystallinity via ball-milling led to complete lack of redox capability as well.

60 _— P2-NaXCoO2
S — Ball-Milled Na CoO,
5
= 40+
<
2
Py
‘n 20+
c
()]
()
S 0
-
@)
-20

2.0 2.4 2.8

Potential (V vs. Na/Na")
Figure 4.9. Cyclic voltammetry (CV) of P2-NaxCoO. and BM-NaxCoO2 working electrodes at
room temperature. Both employed 1 M NaClOg in PC as electrolyte, and Na metal as reference

and counter electrode. A slow scan rate, 0.1 mV/s was consistently used for CV. The
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electrochemical potential ranges were set as 1.8 V — 3.6 V vs. Na/Na* for the P2-NaxCoO> working
electrode, and 2.0 V — 3.4 V vs. Na/Na* for the BM-NaxCoO> working electrode.

This change in redox activity was also reflected to charge capacities. In order to reveal
charge capacities of two different forms of NaxCoOz, galvanostatic cycling measurements were
performed between 2.0 V —3.4 V vs. Na/Na*. Small current was passed through the cells to clearly
discern steps and plateaus during the galvanostatic cycles. Figure 4.10 (a) evidently shows voltage
vs. capacity curve of P2-NaxCoO, with multiple steps and plateaus, precisely matching with
previous measurements from multiple research groups*'?*. The gravimetric charge capacity of P2-
NaxCoO- also showed agreement with previous reports in the same electrochemical potential
range?®2’. This agreement indirectly confirmed that the material was P2-phase. However, redox-
deficient BM-NaxCoO> did not behave like P2-NaxCoO,. The galvanostatic charge-discharge
curve wholly lost the peculiar steps and plateaus of P2-NaxCoO.. The almost straight charge-
discharge curve of BM-NaxCoO: reflected a particular property of supercapacitors. As another
consequence to the absence of redox activity, the capacity of the BM-NaxCoO: shrank by nearly
2 orders of magnitude. However, this material did store charge electrochemically, strongly
suggesting that the charge storage at BM-NaxCoO- solely relied on the electrical double layer
(EDL) effect. Thus, application of voltage would not intercalate or de-intercalate Na* ions from
the material; instead it would polarize the surface of BM-NaxCoO: electrode and adsorb ions from
the electrolyte. Another notable point here would be whether the coupled transitions in crystallinity
and redox activity would lead to enhancement on the thermopower, following the same trend

shown in Figure 1.14. This will be clarified next.
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Figure 4.10. (a) Galvanostatic (constant current) charge curves of P2-NaxCoO; and BM-NaxCoO>
at room temperature. (b) The enlarged galvanostatic charge curve of BM-NaxCoO. at room
temperature. The grey curves in (a) and (b) reflect the same experimental result. The anode was
Na metal and the electrolyte was 1 M NaClO4 in PC for both cells. For P2-NaxCoO, current
corresponding to C/100 (100 hours were required to remove or provide 1 mole of electrons from
1 mole of cobalt in P2-NaxCo0O2) were used. For BM-NaxCo0O3, +1 uA was used, because C-rate

would be only valid for redox-active materials.

4.3.5. Enhancement of Electrochemical Thermopowers by the Phase Transition and

the Modified Electrochemical Charge Storage Mechanism

Electrochemical thermopowers of P2-NaxCoO; and BM-NaxCoO; were characterized, in
order to determine the effect of the transitions in phase and electrochemical behaviors. Because
2.3 V vs. Na/Na* was chosen as the operating electrochemical potential due to widest plateau
profile, SoCs of P2-NaxCoO and BM-NaxCoO- were tuned accordingly, abiding to the procedures
described in Section 4.2.5.

Figure 4.11 (a) — (b) illustrates how OCVs and temperatures varied over time for different
cells. Basically, the temperatures were controlled stimuli, and the corresponding OCVs were
reaction to them. As intended, stable steady-state profiles of both temperatures and OCVs were
obtained for all tested 2016 coin cells, enveloping P2-NaxCoO> and BM-NaxCoO> with Na metal

196



anode in 1 M NaClO4 in PC electrolyte. Those steady-state values were charted against each other
in Figure 4.11 (c).

Figure 4.11 (c) demonstrates that electrochemical thermopower measurements were
reproducible at multiple P2-NaxCoO. | 1 M NaClO4 in PC | Na cells. The electrochemical
thermopower of NaxCoO: evolved from -0.65 mV/K of the P2-NaxCoO- to 9.50 mV/K of the BM-
NaxCoO». Thus, it can be concluded that enhancement in electrochemical thermopowers was
closely correlated to transformation in charge electrochemical storage mechanism, invoked by the
phase transition. This observation is also consistent with the trend in electrochemical
thermopowers in Figure 1.14, which displayed that supercapacitors in general possess much larger

thermopower than conventional Li-ion battery materials.
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Figure 4.11. Time dependence of (a) temperature and (b) open circuit voltage (OCV) of the 2016
coin cells composed of P2-NaxCoO2 | 1 M NaClO4 in PC | Na, and BM-NaxCoO2 | 1 M NaClO4 in

PC | Na, respectively. The purpose of periodic temperature control was to observe the
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corresponding OCV variation. Electrochemical thermopowers of P2-NaxCoO2 and BM-NaxCoO-
were measured at the premeditated electrochemical potential, 2.3 V vs. Na/Na*. (c) Dependencies
of steady-state OCVs on steady-state temperatures. Again, the slopes represented the

electrochemical thermopowers.

4.3.6. Heat Harvesting Thermodynamic Cycles of the NaxCoO2-based Dual Cell
Stack

As BM-NaxCoO- proved large electrochemical thermopower reaching 9.50 mV/K, the next
step was to determine how to operate the NaxCoO-based system under autonomous
thermodynamic cycles (no need for recharging by external electricity in any stage of the
thermodynamic cycles). First requirement would be that the electrochemical heat harvester should
be freely maneuverable to set the SoC of P2-NaxCoO2 at 2.3 V vs. Na/Na*. For this reason, the
electrochemical heat harvester was obliged to have two independent cells, composed of P2-
NaxCoO, and BM-NaxCoO>, respectively. However, independent cell may sacrifice another
requirement for the autonomous electrochemical heat harvesting, because OCV of the
electrochemical harvester should be zero at the midpoint of operating temperature range.

In order to reconcile seemingly conflicting requirements, a dual cell stack was designed
(Figure 4.12 (a)), inspired by the previous work!8. The constituent cells for the dual cell stack
were (i) P2-NaxCoO2 | 1 M NaClO4 in PC | Na, and (ii) BM-NaxCoO2 | 1 M NaClO4 in PC | Na.
These two cells were set at the same electrochemical potentials, 2.3 V vs. Na/Na*. The serial
connection of these two cells toward the opposite direction could shift the voltage of the dual cell
stack to zero, fulfilling one of the requirements for designing the autonomous electrochemical heat
harvester (Section 1.3.3). This architecture operated as intended, consistent with the previous
report®8. It demonstrated that likewise stacked cells in serial connection could undergo heat
harvesting thermodynamic cycles'®. Furthermore, according to Equation 1.14, the dual cell stack
possessed synergized thermopower around 10 mV/K.

Figure 4.12 (b) summarized the preparation procedures for the thermodynamic cycles of
the dual cell stack. Firstly, SoC of each cell was adjusted to correspond to 2.3 V vs. Na/Na™ at the
midpoint of the intended operating temperature. Here, the operating temperature range

corresponded to 20 °C — 40 °C, and the midpoint was 30 °C. Then the cells were stacked together
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according to Figure 4.12 (a), and transferred to 20 °C environment under open circuit condition.
After the dual cell stack found thermal equilibrium with the surrounding, the thermodynamic cycle
described in Section 1.3.3 were initiated.

(a) () Half-cell v
Na Cell1 A

— 23V

P2-Na,Co0, @ =-0.63mV/K

‘Cell 1
_ BM-Na,CoO, Cell 2 ' <0
Cell2 7 23V : ! i

S - Na o = 9.50 mV/K

Resistor Load

T Ty
by thermodynamic cycles T, T

Figure 4.12. (a) Finalized design of the dual cell stack for the electrochemical heat harvesting
application incorporating different forms of NaxCoO.. The voltages of each cell (2.3 V in this case)
should nullify each other due to their opposite directions; therefore the combined voltage of the
dual cell stack can become 0. On the contrary, electrochemical thermopowers from each of them
can become enhanced, by following Equation 1.14. (b) Preparation to initiate the thermodynamic
cycles of the dual cell stack. At the midpoint of the chosen temperature range (Tm = 30 °C), the
open-circuit potentials of the constituent cells are set as 2.3 V vs. Na/Na* and stacked to face
against each other. Then the stack is transferred to pre-selected Tc = 20 °C under open circuit
condition, so that the heat harvesting thermodynamic cycle between Tc = 20 °C and Ty = 40 °C

can be initiated.

4.3.7. Energy Harvested during a Single Heat Harvesting Thermodynamic Cycle

and Projected Conversion Efficiency
As explained earlier, conversion efficiency is defined as the ratio of the produced useful
energy to total heat inflow into the conversion system, as shown in the Equation 1.13 in Section
1.3.2. Using the Equation 1.13, the efficiency of this system was estimated as a function of heat
capacity of the system (Figure 4.13). The lower bound and the upper bound were also projected

at Figure 4.13. Operating temperature range of 20 °C — 40 °C was used for the estimation, and the
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upper bound corresponded to the Carnot efficiency = 6.30 %. The lower bound was calculated by
presuming the two 2016 coin cells were totally filled with the most heat capacitive component, PC.
It should be noted that other cell parts were not regarded in the lower bound calculation. The actual
efficiency would be closer to the lower bound because most, but not all of the internal space in the
2016 coin cells were occupied with PC.

However, if electrolyte materials with lower heat capacities, such as polymeric?® and
ceramic?®% electrolytes are utilized in thin film arrangements in the future for faster ionic passage
and minimization of unnecessary heat capacity, the conversion efficiency is expected to shift

toward Carnot efficiency.
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Figure 4.13. Projected heat conversion efficiency of the electrochemical heat harvester. The upper
bound for the efficiency was Carnot efficiency = 6.30 % under operating temperature range of 20
°C — 40 °C. The lower bound for the efficiency was determined by assuming two 2016 coin cells

in the dual cell stack were completely filled with PC. The lower bound can be improved in more
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optimized future designs, where the highly heat capacitive PC is minimally contained, or PC is
replaced into a thin film, solid-state electrolyte.
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4.4. Conclusion

We fabricated an autonomous NaxCoO.-based electrochemical heat harvester which
operated without need for supply of external electricity. This device successfully addressed
majority of issues in the previous aqueous redox couple-based electrochemical heat harvester: cost,
overpotential, heat capacity, and limited number of active materials for electrochemical heat
harvesting. Ball-milling on as-synthesized P2-NaxCoO: led to complete disorder of the material.
This process transformed the crystal structure of NaxCoO> from P2-phase crystal into amorphous
phase. The disruption of the crystal structure resulted in loss of redox activity and eventually, huge
enhancement on electrochemical thermopower from -0.65 mV/K to 9.50 mV/K at 2.3 V vs. Na/Na".
A dual cell stack consisting of a rechargeable battery incorporating P2-NaxCoO> cathode, and an
EDLC containing amorphous NaxCoO. cathode was built for electrochemical heat harvesting. This
dual cell stack has the high thermopower reaching 10 mV/K, enabling efficiency up to 6.30 %
under working temperature range of 20 °C — 40 °C. To approach toward the maximum efficiency,
the heat capacity of the system should be strictly limited. This research presented an example, from

which more efficient autonomous electrochemical heat harvesters can be stemmed.
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5. Summary and Outlook

5.1.  Summary

During our research on improving thermoelectric power factors and quantitatively
understanding mechanisms behind the enhanced thermoelectric power factors, we fabricated
PEDOT:PSS / undoped Si and PEDOT:PSS / undoped Ge heterostructures. Modulation doping as
a power factor enhancement mechanism for Si / PEDOT:PSS heterojunction was proven by
comparing experiment and two different simulations with and without band alignment between
PEDOT:PSS and Si. For Ge / PEDOT:PSS heterostructures, valence band offset was
spectroscopically measured by Kraut’s method, and revealed hole migration from PEDOT:PSS to
undoped Ge. Thickness dependence of electrical conductivity, Seebeck coefficient, and power
factor was observed for both types of heterostructures. For the Si / PEDOT:PSS heterostructure,
thinner thicknesses of both PEDOT:PSS and Si resulted in the highest power factor. For the Ge /
PEDOT:PSS heterostructure, power factor showed maximum at the smallest PEDOT:PSS
thickness. Because modulation doping can only dope interfaces of Si and Ge, farther away from
the interface, hole concentrations in non-interfacial Si and Ge remain unchanged. Therefore,
volumes of Si and Ge far from interface could not contribute to improve electrical conductivity
and power factor. The maximum power factor for Si / PEDOT:PSS and Ge / PEDOT:PSS were
26.2 pW/m-K? and 154 pW/m-K?, respectively. These power factors were 17.5 and 47 fold larger
compared to that of bulk PEDOT:PSS. The methodology to explore thermoelectric properties of
PEDOT:PSS-based heterostructures can be extended to predict electronic properties of other thin
film heterostructures, such as transistors and photovoltaics.

During our research on the flow battery-based autonomous electrochemical heat harvester,
we explored aqueous redox couples with intersecting half-cell potentials, so that heat harvesting
cycle without need for recharging by external electrical energy can be designed. After searching
for multiple aqueous redox couples, it was revealed that only Co(bpy)s?*** anolyte (+1.2 mV/K)
and Fe(CN)e*"* catholyte (-1.7 mV/K) could fulfill the requirement. They were separated by
Nafion membrane to prevent short-circuit. The cells underwent thermodynamic cycles, which
consisted of (i) galvanostatic discharging to 0 mV at 20 °C, (ii) thermal recharging under open-

circuit condition at 60 °C, (iii) galvanostatic discharging to 0 mV at 60 °C, (iv) thermal recharging
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under open-circuit condition at 20 °C. The average volumetric energy, power, and charge
capacities during a thermodynamic cycle were 132.1 mJ/mL, 13.95 uW/mL, and 2.84 C/mL,
respectively. The heat to electricity conversion efficiency of the autonomous electrochemical heat
harvester was 0.10 % at 20 °C — 60 °C operating temperature range. This low efficiency was mainly
caused by high heat capacity of water. Another major issue of this autonomous electrochemical
heat harvester was substantial growth of overpotential over time because Co(bpy)s>*** species
were absorbed into Nafion. Within 4 hours after the cell fabrication, overpotential became larger
than thermally recharged voltage, making the autonomous electrochemical heat harvester
completely unusable. In order to address this issue, we coated Nafion surface by layer-by-layer
(LbL) deposited polyelectrolytes, so that large Co(bpy)s?*'** species could be selectively filtered
before it contacted to Nafion. Two different polyelectrolyte films composed of (PAH*/PSS), and
(PDADMACY/PSS’) were examined for this purpose. 3.5 repetitions of LbL deposition for
(PAH'/PSS), turned out optimal (n = 3.5). Also, it was revealed that the performance of
(PAH*/PSS"), depended on pH of LbL deposition solution. Because the weak electrolyte, PAH*
can be dissociated to have positive charge only in acidic environments?, (PAH*/PSS), could be
meaningfully LbL deposited only under acidic condition. Upon changing supporting salt
concentration during LbL process, selective filtering capability of Co(bpy)s?*** was greatly
affected. As polyelectrolytes are composed of hydrophobic carbon backbones and dissociable
functional groups, there are two different driving forces exerted in the polyelectrolytes. Attraction
between the carbon backbones causes coiling, whereas Coulombic repulsion between dissociated
functional groups with same charges results in disentanglement. The salt plays a key role in
shielding electrostatic repulsion among the functional groups. Therefore, the higher the supporting
salt concentration, the thicker the LbL deposited film. At solubility limit of the supporting NaCl
in water (5.0 M), (PAH'/PSS’)—coated Nafion membrane showed complete impermeability not
only to Co(bpy)s?*®*, but also to K*. Except for this extreme case, (PAH*/PSS’)ss showed best
Nafion protection capability at high NaCl concentration (1.0 M). In comparison,
(PDADMAC*/PSS")n could not inhibit Co(bpy)s>*** absorption into Nafion for a long time, at all
LbL deposition conditions, such as repetition and supporting NaCl concentration. pH-dependency
test was excluded, as both PDADMAC™ and PSS are strong polyelectrolytes, of which dissociation
is independent from H* or OH" concentrations. Why only (PAH*/PSS"), had Co(bpy)s>*** blocking
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capability was attributed to size-based exclusion. Polyelectrolyte films have nanoscale pores which
can filter out certain molecules or ions of which sizes are larger than the nanopores. The sizes of
nanopores are determined by charge density of polyelectrolytes, as the charge density governs how
tight oppositely charged polyelectrolytes can bind together. The definition of charge density of
polyelectrolytes is valence of functional group at the polylelectrolyte per number of carbons in the
constituent monomer. Charge densities of monomers of PAH", PSS, PDADMAC™ were +e per 3
carbons, -e per 10 carbons, and +e per 8 carbons, respectively. As PAH" had the highest charge
density among them, (PAH*/PSS), could possess nanopores as small as 0.67 nm, while nanopores
of (PDADMAC*/PSS"), were as large as 0.82 nm®#. Given that hydrated ionic radii of K* and
Co(bpy)s®*®* are 0.28 nm® and 0.68 nm® respectively, Co(bpy)s®*** should be filtered by
(PAH*/PSS)n films by size. (PDADMAC*/PSS"), could not exclude Co(bpy)s?** by size, causing
much shorter lifetime of Nafion. If polyelectrolytes with even higher charge densities, due to less
carbons in their monomers, are available, even smaller size of nanopores are expected. These
findings can be extended to where molecular or ionic filtration by size is needed.

Lastly, solid-state electrode-based autonomous electrochemical heat harvester was
explored in order to avoid issues from the previous version of flow-battery type autonomous
electrochemical heat harvester. This newer type of electrochemical heat harvester did not need
expensive Nafion, hence overpotential growth over time may be dodged. Their electrochemical
potential could be tuned continuously. Furthermore, higher conversion efficiency could be
achieved by removing water which costs high heat capacity. P2-NaxCoO_ was chosen for solid-
state electrode-based autonomous electrochemical heat harvester, because its high ionic and
electronic conductivity was expected to reduce the overpotential. Because plateau potential was
the necessary condition to keep the electrochemical potential steady upon inevitable self-discharge,
the widest plateau potential of P2-NaxCoO- at 2.3 V vs. Na/Na" was chosen as the operating
condition. Tuning the structural disorder of P2-NaxCoO> by ball-milling process led to huge
enhancement of electrochemical thermopower from -0.65 mV/K to +9.50 mV/K at 2.3 V vs.
Na/Na*. Stacking those 2 cells with P2-NaxCo0; and BM-NaxCoO> toward the opposite directions
was expected to produce total thermopower 10.15 mV/K at 0 V of the combined dual cell stack
voltage. Thus, a thermodynamic heat harvesting cycle without the need for charging by external

energy could be designed. The estimated efficiency of this autonomous electrochemical heat
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harvester reached up to 6.3 %, operating between 20 °C - 40 °C. This prototypical design of the
autonomous electrochemical heat harvester can further progress toward flexible and more efficient
electrochemical heat harvesters, provided highly conductive, less heat capacitive solid-state

electrolyte and printing technology are combined in optimized architectures.
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5.2. Outlook

5.2.1. PEDOT:PSS-based Heterostructured Thermoelectric Systems

We found that modulation doping can improve power factors in Si / PEDOT:PSS and Ge
| PEDOT:PSS systems. This operating principle can be more broadly applied for nanoscale
composites of thermoelectric systems. In order to maximize the effect of modulation doping on
thermoelectric performance enhancement, it is necessary to increase portion of interfaces in the
composite system, while maintaining electrical conduction pathway. Higher static dielectric
constant of modulation-doped material is also favorable, because it can enlarge Debye length,
facilitating diffusion of the charge carriers deeper into the modulation-doped material.

Another critical requirement is band alignment, which should be directed to foster charge
transfer at the interface. Assuming Mott-Schottky rule is followed at a heterojunction, valence
band edge of the modulation dopant material should be located farther from the vacuum level for
p-type modulation doping, whereas conduction band of modulation dopant material should be
closer to the vacuum level for n-type modulation doping. However, Mott-Schottky rule is often
violated; this rule of thumb may not be useful for practical heterojunctions to predict if modulation
doping can happen for a given heterojunction. As demonstrated in this thesis, spectroscopic band
offset measurements’® can function as the simplest indicator to modulation doping in generic
heterojunctions. Lastly, if other conductive polymers with high carrier concentration and different
electronic band structures are discovered, it may open unexplored possibilities to conductive
polymer / inorganic nanoscale composites with improved thermoelectric characteristics, along

with longstanding impacts on organic electronics in general.

5.2.2. Autonomous Electrochemical Heat Harvesters

In the earlier part of autonomous electrochemical heat harvester research, although LbL
deposition could protect Nafion from Co(bpy)s®*/®* absorption, LbL processing time was usually
long, which may restrict its widespread usage®. In order to bypass LbL process, other aqueous
redox species with intersecting half-cell potentials and the same sign of the charges can be explored.
For instance, if both catholyte and anolyte are only composed of negatively charged redox species,

then negatively charged Nafion will not absorb any of redox active species, and possibly
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overpotential growth issue can be avoided. Or both catholyte and anolyte can have positively
charged redox species only, and anion permeation membrane can be selected in place of the Nafion
to bypass the absorption issue.

Recent research revealed that thermopowers of solution-based redox couples can be further
enhanced up to -9.9 mV/K by relying not only on redox entropy, but also on phase transformation
entropy®®. This design principle of entropy incorporation from different physical origins can be
further developed in order to push thermopowers toward even higher degree.

Engineering difficulty in building autonomous electrochemical heat harvesters using solid-
state electrode materials situated on self-discharge, which complicated keeping the set voltages
steady over long time. The effect of self-discharge on potential can be minimized by utilizing
electrode materials with very flat plateau profile, such as LisxTisO12 and LixFePO4%%2, If
electronically insulating nature of those materials can be relieved by high carbon content in the
composite electrodes, they may become competitive candidates to engineer autonomous
electrochemical heat harvesters in the future.

Correlation between electrochemical mode of energy storage (e.g. secondary batteries /
supercapacitors) and electrochemical thermopowers is clear in Figure 5.1, which gathered
electrochemical thermopowers in the previous studies'®?” and this study. For NaxCoOz, the effect
of transition from the battery electrode material to the EDLC electrode material was also proven
drastic on redox activity and thermopower. The relationship between modes of electrochemical
energy storage and thermopowers may be generalized through more systematic investigations in

the future.
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Figure 5.1. A map of electrochemical thermopowers of various materials from previous reports®-
99106125134 The general trend here proposes that electrochemical thermopowers of EDLC
electrodes are higher than rechargeable battery electrodes, such as Li-ion battery and Na-ion
battery electrodes in general. From the left hand side, identities of the listed materials are as follows.
Li%3, LCO: LixCoO*182122 | j-Al: Lithium-Aluminum alloy?®, LVO: LixV,05!?226 | MO:
LixMn2042%%4%5  NMC 622: LixNiosMno2C00202?2, NMC 811: LixNio.sMno1C00.10,??, LFP:
LixFePO4?? in “Battery Electrodes’ category. PANI / Graphene Supercapacitor: polyaniline /
graphene electrode in supercapacitor?®, CNT EDLC: carbon nanotube electrode in EDLC®, Ni-
coated MWCNT: Nickel-coated multi-walled carbon nanotube in EDLC3!, Nanoporous Ni-alloy:
nanoporous Nickel-Copper alloy electrode in EDLC®*? in ‘EDLC Electrodes’ category,

respectively.
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