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Chapter 1. Introduction






1.1. Background of thermal energy harvesting

1.1.1. Global thermal energy potential

The thermal energy in the environment is abundantly available from solar energy,
geothermal and industrial sources.[!! With the increase in global energy consumption, a
large amount of thermal energy is discharged into the environment without being
effectively or economically used.?! As a renewable energy source, energy production
from thermal energy is considered to be one of the key instruments to restrain the

growth of global energy demands and thereby abate greenhouse gas emissions.[*+*]

Generally, the energy conversion process chain from the primary energy carrier to
the final energy use is subject to considerable losses. In the global industrial primary
energy utilization, 63% of the energy is lost in the process of combustion and heat
transfer.>) The major loss can be defined as ‘waste heat’ , and is determined to be a
very considerable source of energy.[®! Researchers classify effectively utilized energy
in the end use as energy services, and the lost part is distinguished as rejected energy!?!.
According to statistics from Lawrence Livermore National Laboratory, in all energy
sectors, including industry, Japan’s rejected energy still accounts for close to 60%.!" In
the United States in 2020, this rejected energy data representing waste heat emissions
is also as high as 66%.%] Not only in the industrial sector, but also in the commercial,
residential and transportation sectors also show huge energy losses. It is estimated that
the largest source of waste heat in the energy consumption process chain around the

world is power generation (Figure 1-1).?! It turns out that the global energy loses about



72% after consuming the primary energy carrier, and this part of the energy is

discharged into the environment as waste heat.

~ Petroleum s 19.943
140.958 Transportation Energy Services
100.458 1.074 85.019
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T TS 2 48.874
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0248 S Electricity
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Figure 1-1. Estimated world energy consumption in petajoule (PJ). The PJ is equal to
one quadrillion (10'°) joules.
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The process of generating waste heat has many forms, and all of them appear in
the conversion of energy. The actual energy conversion device has a theoretical
efficiency limit, and the energy balance between energy input and energy services is
the theoretical basis for analyzing waste heat generation (Figure 1-2).1°! The energy loss
can be summarized into three main categories, namely exhaust loss, effluent loss and
other losses. Exhaust loss refers to flue gas or vapor exhaust. The effluent loss mainly
comes from the coolant with water or air. Other losses include radiation, convection,
conduction, friction, electrical resistance, transmission, etc.[”’ The existence form of

waste heat is determined by the way of energy loss.

Energy input

)

Individual |—> Exhaust Ioss}
MeL

overall }—> Effluent loss
Process L s Other losses HoL

!

Energy service negs

Figure 1-2. Energy balance and loss path in the energy conversion process.

In the process of energy conversion, either efficiency #i or loss u; can be calculated

by first law of thermodynamics (Eq. 1-1).

energy input (energy stream i
1 or W = gy input (energy ) Eq. 1-1

energy output




It can be known by calculation that the energy loss has a share of 51% for industrial,
60% for commercial, 49% for residential and 81% for transportation sector (Figure 1-
1). For the electricity generation sector with the largest energy loss, if 1% of the waste
heat in the energy conversion process can be recovered (a practical waste heat harvest
target), then 3.7x10!! kWh of electric energy can be recycled for direct use or storage.
Recent studies have also confirmed that it is feasible and necessary to effectively

harvest waste heat to improve energy conversion efficiency.[!%-{12]

However, the challenge in harvesting waste heat is that it happens in different ways
and under different circumstances. The factors involved include the temperature range,
the continuity of waste heat, and the form of heat transfer (radiation, convection, or
conduction). Among them, the most important factor that affects whether waste heat
can be practically harvested is its temperature range or ‘quality’.['*) The other two
factors also affect the complexity or cost-effectiveness of waste heat harvesting. The
quality of heat is a characteristic of its ability to work or usefulness. As explained by
Carnot efficiency, the efficiency of thermal processing production is directly
proportional to the temperature difference.l'*! A higher temperature leads to a higher
temperature difference and is therefore classified as a higher quality heat source. As

shown in Table 1-1, thermal quality can be classified.



Table 1-1. Thermal energy grades. [*]

High quality 923 K (650 °C) and above
Medium quality 503 K (230 °C) — 923 K (650 °C)
Low quality 393 K (120 °C) - 503 K (230 °C)
Ultra-low quality less than 393 K (120 °C).

Theoretically, the higher the grade of waste heat, the easier it is to harvest with
high efficiency. However, ultra-low-quality waste heat below 100°C is considered the
most fertile field for research and development. Based on the statistical data of the
above-mentioned world energy consumption process chain, the researchers
investigated the temperature distribution of waste heat in various sectors (Figure 1-3).1]
All sectors, especially the commercial sector, show relatively large amounts of ultra-
low-quality waste heat (<100 °C). As for the residential sector and power generation,
there is no high-quality waste heat (=300 °C). The transportation sector does not
generate low-quality and medium-quality waste heat (100-299 °C). Overall, the
proportion of ultra-low-grade waste heat is 63%. In addition, low-quality waste heat
not only exists in the conversion process of primary energy, but also exists in a large
amount in a widely form. For example, the human body is an important source of low-
quality waste heat, which is responsible for the continuous production of heat through

metabolic functions!'>). The human body releases about 100-525 W of heat, which is

7



continuous and widespread!'®. Depending on the practical use situation, these

widespread waste heat still have a high harvest value.

Waste heat temperature ERILKS 100-299°C | >299°C

World

Electricity

Industrial

Commercial

Residential

Transportation

Sectoral Shares (in %)

Figure 1-3. Sectoral shares of waste heat distribution in world energy consumption.

The most economical and practical waste heat recovery is for preheating.['') The
waste heat in the high temperature range can be used for mechanical power, while the
thermal energy in low temperature range is usually used for water heating or space
heating processes. However, this harvesting method requires specific facilities to be set
up depending on the environment. It is more desirable to convert thermal energy into
electrical energy that is easier to store and use. Currently, a variety of methods can be
used to perform electrical energy generation from high-quality waste heat. Mainstream

17]

technologies include thermal cycle!!”), turbine power generation!!®! and external



combustion gas turbine!'”.. Among them, thermal power cycles, such as the Rankine
cycle (RC), Kalina cycle, and inverted Brayton cycle (IBC), treat the working fluid as
an energy carrier and use waste heat to convert the working fluid from liquid to gas.!?!
The highest efficiency of harvesting high-quality waste heat and medium-quality waste
heat using these methods can reach 25.3% and 38.2%, respectively.!' However, these
methods are completely inapplicable or extremely inefficient for low-quality waste
heat.[*M5] Therefore, the development of a universal and efficient technology for

converting low-quality waste heat into electrical energy is highly required (Figure 1-4).

Ambient temperature

nmn——
U—

Ultra-low-quality
waste heat (<100 °C)

3

w

Figure 1-4. Energy loss recycling of converting waste heat into electrical energy



Waste heat emission reduction is conducive to the development of a harmonious
society and promotes the adjustment of economic structure and the transformation of
growth patterns. It is an inevitable choice to establish a resource-saving and

L1201 Furthermore, the widespread waste heat is a kind of

environment-friendly society.!
renewable energy, which is essential for the promotion of sustainable development
goals (SDGs). Its potential as an alternative source of electricity is considerable.l At
present, there are still unprecedented challenges in the research of multiple fields related
to high-efficiency waste heat harvesting. To carry out thermoelectric conversion for the
vast and huge global waste heat potential, and to make it practical and commercial, it
is necessary to effectively harvest the ultra-low-quality waste heat, which accounts for
the highest proportion. Therefore, it is very important to develop a novel and

environmentally friendly solution for converting low temperature range thermal energy

into electrical energy.

10



1.1.2. Thermoelectric conversion techniques

Thermal energy and electricity are two forms of energy at opposite ends of a
spectrum. Thermal energy is ubiquitous, but the quality is low, whereas electricity is
versatile, but its generation is demanding. Different from using thermodynamic
machines to convert thermal energy into mechanical energy (Rankine cycles), the direct
conversion process from thermal energy to electrical energy is called thermoelectric
conversion. From a thermodynamic point of view, the conversion of low-grade energy
(waste heat) to high-grade energy (electric energy) is difficult. Its limit efficiency
(Carnot efficiency) can be confirmed by the theory of thermodynamics.>H!'4! However,
with continuous advancements in scientific research, many effective and feasible waste
heat harvesting measures have been established. These are briefly described in the

following and summarized in Table 1-2.

Thermophotovoltaic System (TPV). It is the direct conversion process from heat
to electricity via emitted photons. A typical thermophotovoltaic system consists of a
thermal emitter and a photovoltaic diode cell®!l. It is mainly used to harvest waste heat
in the form of high-temperature radiation. However, due to the need for auxiliary
devices such as transmitters and filters, a large amount of optical energy loss occurs in
the process. Moreover, as the temperature of the heat source decreases, the radiant
energy emitted to the TPV battery will be greatly reduced?. Therefore, this technology

is difficult to recover low and ultra-low-quality waste heat.

11



Thermionic Generation (TIG). It is a more direct method in which electrons are
released from the electrodes due to high temperature to generate electrical energy. It
has attracted much attention due to its simplicity and compactness. However, ordinary
metal cathodes cannot produce sufficient electron emission.**] Therefore, this
technology most of the time requires the use of expensive electrode materials and
maintains the operation in a vacuum state.**! This brings a lot of inconvenience to its

practical application.

Thermoelectric Generation (TEG). This technology is based on the
characteristics of semiconductors, which generate electric potential due to temperature
differences (Seebeck effect).*) TEG materials are currently commercialized and can
be integrated into a variety of thermoelectric conversion systems. It can harvest a wide
range of waste heat, while the recovery efficiency for low and ultra-low-quality waste

heat is extremely low.[?°!

Pyroelectric Generation (PEG). It can use nano-structured pyroelectric materials
to convert external temperature change over time into electrical energy. Unlike TEG,
where a stable and continuous spatial temperature gradient is needed, this technology
allows to displace electrical charges from temporal temperature changes by using a
suitable material or device.['!l The efficiency and output power can be much larger by
using PEG than TEG methods. A research shows it may reach an efficiency up to 50%

[27]

of Carnot efficiency. However, PEG also requires the use of expensive

semiconductor materials, and its power capacity needs to be improved.?®!

12



Osmotic Heat Engine (OHE). This technology uses thermal energy to control the
osmosis process to convert salinity gradients into electrical energy. Literature studies
have shown that using a mixture of volatile ammonia and carbon dioxide and adopting
heat at a temperature of 50°C can produce a power density of more than 200 W/m?.[*"]
This technology is suitable for the recovery of large-scale ultra-low-quality waste heat.
However, its permeable membrane system and heat exchange equipment require high
costs.[*% Similar technologies include Pressure-retarded osmosis (PRO)!! and Reverse
electrodialysis technology (RED)2, which also face the same problem of high device

cost.

Thermally Recharged Battery (TRB). The TRB is a kind of flow battery fed by
solutions which can be regenerated by utilizing a thermal process when exhausted. The
method of organic solvent distillation is usually used to regenerate the electrolyte of the
flow battery.l*3] This technology has several advantages, such as a simple and easy-to-
expandable device, and only requires relatively inexpensive reactants and electrode
materials.**] However, the maintenance cost of the device and the risk of toxic solvent

leakage have become obstacles to its widespread practical use.l*”!

Thermocell or Thermo-electrochemical Cell (TEC). Thermocells are batteries
constructed with the same electrochemical redox pair on both electrodes and operate at
different temperatures. When a thermal gradient is applied, the thermocell can
continuously generate electricity without generating emissions or consuming any

materials.*®! The electric energy produced by this technology per unit thermal gradient

13



depends on the entropy change of the redox reaction.[*” This simple setup and the use
of inexpensive materials have stimulated its application in ultra-low-quality waste heat

harvesting.

14



Table 1-2. Current technologies to directly convert waste heat to electricity.

Technology Typical sources of waste heat Ref

Thermophotovoltaic | High-quality waste heat. Heat source above a certain | [*%]

System (TPV) temperature is required to generate photons.

Thermionic High-quality waste heat. Heat source above a certain | 3

Generation (TIG) temperature is required to generate electrons.

Thermoelectric Medium and high-quality waste heat. A stable and | *!

Generation (TEG) continuous heat source is required to maintain the
temperature gradient.

Pyroelectric Medium and high-quality waste heat. The change of | ?7!

Generation (PEG) heat source over time is required.

Osmotic Heat Engine

(OHE)

Low and Ultra-low-quality waste heat. High input is

required for water and organic solute vaporization.

[29]

Thermally Recharged

Battery (TRB)

Low and Ultra-low-quality waste heat. High input is

required for distillation process.

Thermocells /Thermo-
electrochemical Cells

(TEC)

Low and Ultra-low-quality waste heat. A stable and
continuous heat source is required to maintain the

temperature gradient.

[36]
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Among all the technologies mentioned above, TEG and Thermocell have the
greatest potential for commercialization and practicality. This is because they can
efficiently convert a stable and continuous temperature gradient into electrical energy

3311401 Moreover, as discussed above, the difficulty

without generating any emissions.!
in harvesting waste heat is that thermal energy exists in a wide range of forms and
usually in different environments. The devices of these two technologies are relatively

simple and small4!-42]

, which greatly expands their application directions. The
following describes the development, mechanism, and performance evaluation of TEG.

The introduction of Thermocells will be detailed in the next section of this chapter.

As the biggest competitor of this research, TEG is the simplest technology
applicable to achieve the direct heat-to-electricity energy conversion.[**I143] The basic
principle of the TEG is based on the concept of the Seebeck effect of thermoelectric
materials discovered in the early 20th century. The generated open-circuit voltage Voc
(V) of TEG is directly proportional to the temperature gradient as shown

mathematically below*®):

Voo = S,AT Eq. 1-2

Where S. is the Seebeck coefficient (V K!) of the TEG materials and AT is the
temperature difference. The TEG system is a solid-state device composed of p-type and
n-type semiconductors, where the p-type has excess holes and the n-type has excess
electrons to carry current (Figure 1-5). When heat flows from the hot surface to the cold

surface through the TEG material, the free charge (electrons and holes) of the

16



semiconductor moves. This charge movement converts thermal energy into electrical
energy. This is called the Seebeck effect!*”). This effect stems from the material's ability
to generate current when subjected to a temperature gradient. The Seebeck coefficient,
Se, 1s a non-linear function of temperature and is specific to each different material and
crystal structure®®). Among standard TEG modules, semiconductors composed of
tellurium (Te), bismuth (Bi), antimony (Sb) or selenium (Se) have always been the most
widely used carrier materials.*”) The Seebeck coefficient largely depends on the
effective mass and mobility of carriers. The typical Seebeck coefficient of
commercially available n-type bismuth telluride (Bi>Tes) is -150 pV K!, while p-type

antimony telluride (Sb2Tes) is 101-161 pV K™! at room temperature. %51

Heat Source

Cool Side

Figure 1-5. A TEG device with n-type and p-type semiconductors electrically in series

and thermally in parallel.

17



Typically, commercial TEG devices consist of multiple modules are electrically
connected in series and thermally connected in parallel to increase the output power
(Figure 1-6).'81 This can be used to compensate for the low voltage generated by a
single TEG module because it is able to generate n times the output voltage (if n is the
number of TEG modules in series) and a maximum electrical output power. Hsu et al.
invented a TEG system for automobile exhaust heat recovery. The system consists of
24 TEG modules and can provide =12W of electric power at A T = 30°C.1*?] Sano et al.
used a similar method to develop a very efficient multiple module (with a relative

efficiency of 15%).1°%

Hot Side

Interconnect Cold Side

Figure 1-6. Multiple TEG modules converting the thermal energy flow existing

between hot and cold junction into electrical energy.

Although there are many indicators to evaluate the capacity of TEG materials in

harvesting waste heat and converting them into electrical energy, the most important

18



parameter is the dimensionless figure of merit, ZT.5% It can help us determine the
efficiency of thermoelectric conversion, and it is also applicable to other thermoelectric
conversion technologies.® The maximum power-generation efficiency of a TEG
material, #, is defined as the output of electrical energy (P) divided by the thermal

energy (Q) supplied, as expressed:

P T -T 1+ZTp—1
n — 5 — ( ho; Cold) mTCOldl Eq 1_3
hot 1/:l-l'ZTm"l-ﬁ

where Thot and Toid are referred to temperatures of hot, cold sides of the TEG, and
Tm is the average temperature, respectively. Carnot efficiency is the ratio of the
temperature difference between the hot side and the cold side (Thot — Tcold) t0 Thot. The
coefficient of performance for TEG refrigeration adopts a slightly different expression,
which depends on thermoelectric properties of materials through the figure of merit, Z7.

The definition of Z7 is:

2T = %% Eq. 1-4

K

The ZT is determined by Seebeck coefficient (S.), as well as the electrical
conductivity (o), absolute temperature (7), and thermal conductivity (k). The S. value
is positive for p-type (hole) conduction and negative for n-type (electron) conduction.
The product of S, %o is usually referred to as the power factor. Note that the ZT in Eq.
1-3 is the average value of ZT between Thot and Tcold, Whereas the 7' in Eq. 1-4 refers to
a specific temperature. Generally, a higher ZT will result in a higher conversion

efficiency. From an efficiency point of view, a ZT, value ~2 to 4 is needed for a TEG

19



device to be a competitor with other thermoelectric conversion technologies.l*®

Although many materials have been studied in the past 40 years, according to
Wiedemann-Franz law, due to the strong interdependence between the three parameters
of electrical conductivity, thermal conductivity and Seebeck coefficient.*”] An increase
in electrical conductivity will result in an increase in thermal conductivity. However,
an increase in conductivity will also result in a decrease in Seebeck coefficient.
Therefore, the efficiency of TEG devices has not yet been improved (Figure 1-7). To

date, no TEG material has reached the target goal of Z7>3.558

p-type § n-type Na-doped PhTe
| PbTe-PbSe
PbTe-PbS

PbTe-SrTe SiGe
BiShTe Alloys Bj,,Sh.Tes
Bi2«Sb.Tes LBiSbTe: ZnSbh

PbSe-Cd

3 >
PbSnTe-
2.5f BiSbTe
2013

2F
h 1.5}¢

1t CsBiiTes

PbSe-Pbs
0.5} Cu-BiTeSe

280 350 420 490 560 630 700 770 850 920 990 1060 1130
Temperature (K)

Figure 1-7. Dimensionless thermoelectric figure of merit, Z7, as a function of operating
temperature and time (years). Important milestones are illustrated, adapted from refl"’

with additional data.
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Through research on the latest TEG technology, there are few practical examples
of high-efficiency TEG devices in the temperature range of low and ultra-low quality
waste heat. A summary of literature reviewed on low and ultra-low-quality waste heat
TEGs is presented in Table 1-3. All of its ZT is lower than 1, and the voltage generated
by a single TEG module is very low under a considerable temperature difference near

the ambient temperature.

Table 1-3. Summary of the TEG review papers at low and ultra-low quality waste heat

temperature range.

TEG Materials Number of | Temperature | Voltage | Power | Ref
modules difference (K)
Bio.4Tes0Sbis 7 30 83.3mV | 0.21 uW | B
Ni-Ag 7 6.6 0.9mV | 2nW [60]
Bio.sSbisTes 1 50 30 mV 0.06 uW | 611
Bi;Tes and SbaTes 100 15 160 mV | 4.18 nW | [62]
BixTes 8 19 7 mV 2.1 pW | [63
Si micro-wires 34 54 93mV | N/A [64]
ZnO and Zn-Sb 10 180 460 mV | 246 uW | 163
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Most single TEG near ambient temperature produce voltage in the mV range and
generate output power in the uW range or less. Therefore, harvesting sufficient energy
from low-quality waste heat to generate electricity has become a challenge. Researchers
have found that the ZT of TEG materials is 2.5 at 300 °C, but drops below 0.4 at low
temperatures (for example, 27 °C).[®! The efficiency comparison of TEGs and other
thremoelectric conversion technologies as a function of the thermal energy source
temperature is shown in Figure 1-8(7). The ZT values are assumed to be temperature

independent, and the cooling source temperature is set at ambient temperature.

Carnot cycle

Cuzon-
Ahlborn
Limit

TEG
0 I I I | I

300 500 700 900 1100 1300 1500

Figure 1-8. Thermoelectric power generation efficiency versus Thot (Tcold = 300 K).
Efficiency for conventional thermoelectric mechanical engines as well as the Carnot

efficiency limit and the Curzon-Ahlborn efficiency limit are also shown.[%8}(6%]
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The TEG device does not show high-efficiency thermoelectric conversion under
the low temperature difference near the ambient temperature. Besides, the research on
practical TEG device still faces many limitations in recent years. Limitations exist in

the TEG researching field can be summarized as:

*It is still problematic to achieve higher ZT at temperatures less than 150 °C.*!]

*TEG materials costing is high (§7 to $42 per Watt), while the efficiency is

comparatively low even for harvesting high-quality waste heat.(6-8%).l""

*Semiconductor materials of TEG containing Bi, Te, and Sb are toxic and are
relatively scarce rare earth elements. The silicides, polycrystalline iron disilicide, cobalt

monosilicide, etc., which are substituted for TEG materials, have low efficiency.!”!]

*The flexibility of TEG materials is insufficient. Commercially available devices

with rigid plates cannot effectively collect thermal energy on uneven surfaces.!”?!

In summary, TEG is the closest to commercialization and practicality among many
thermoelectric conversion technologies. However, there are many shortcomings and
limitations in the direction of low-quality waste heat harvesting with broader
application prospects. It is necessary to find alternative technologies that are more
efficient, safer, and scalable.[*’! Recently, researchers have been trying to use
thermocells instead of TEG materials to improve the efficiency of power generation

and expand its application in the field of low-quality waste heat harvesting.[”*]
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1.2. Thermocell

As mentioned above, among thermoelectric conversion strategies, the solid-state
TEG have been studied extensively in recent decades and show high efficiency for
harvesting high-quality waste heat.l*!! However, harvesting low-quality heat by using
TEG has been hindered by their high cost and the limitations of simiconductor materials
with toxic or rare elements.!?®! Thermocells, also called thermo-electrochemical cells or
thermo-galvanic cells (TEC), have huge potential for thermoelectrical energy

conversion.[74M73]

A thermocell is a non-isothermal electrochemical cell in which two electrodes are
deliberately kept at different temperatures (Figure 1-9).7°) The two electrodes are in
contact with the electrolyte containing the redox chemical species and connected to an
external circuit. Even though the same electrode is used and immersed in the same
concentration of the redox species solution, the temperature difference can produce a
potential difference. This is due to the temperature dependence of the redox reaction.*?!
When a temperature gradient is applied across the cell, the redox species are oxidized
at the anode and reduced at the cathode. The flow of current in thermocells is continuous.
This is beacause the reduced species are transported to the anode where they are
oxidized by convection, diffusion and migration in electrolyte, and then the oxidized
species are transported back to the cathode to produce a continuous reaction. As long
as the components of thermocells are not degraded, the cell reaction can theoretically

produce electrical energy indefinitely.
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Figure 1-9. Schematic of a typical thermocell driven by redox reaction and redox

species mass transportation.

A continuous thermo-voltage generated by thermocell is based on the temperature
dependent change of solvent entropy. The capacity can be defined as thermogalvanic
coefficient. This can also be defined as Seebeck coefficient in a broad sense because
they are both used to describe the voltage produced by per unit temperature difference,

although the mechanism is different.l””! The coefficent is expressed by*>+78l:

_9E _ .1 _ [(Sp+3p)—(Sa+5a)] )
Se—aT—AE —= — Eq. 1-5

where E is the electrical potential, # is the electrons transfer number, F'is Faraday's
constant, S4 and Sp are the partial molar entropies of redox species A and B, respectively,

S, and Sy are their Eastman entropies.”>) The Eastman entropy of redox species is
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attributed to the interaction of ions (and their solvation shells) with the electrolyte

solution. In most cases, this value can be ignored. As such, Eq. 1-5 can be written as:

__ AV Sp—Sy,

S
€ AT nF

Eq. 1-6

Theoretically, the voltage generated by thermocells will increase as the Seebeck
coefficient increases, thereby improve the current produced. However, during operation,
the maximum electrical power output of thermocells is limited by three main sources
of overpotential, including ohmic overpotential, charge transfer overpotential and mass
transfer overpotential. These overpotentials come from the internal resistance of the
cell, the kinetic process of charge transfer, and the diffusion of substances in the
electrolyte solution including diffusion, migration and convection. This results in the
actual maximum electrical power output that cannot be determined by the capacity of
the voltage generated by the thermocells. Therefore, the performance of a certain

thermocell cannot be determined based on the Seebeck coefficient solely.

One factor describing the performance of thermocells is energy conversion
efficiency. The energy conversion efficiency (7) of a thermocell is defined as the ratio
of maximum electrical power output (Pmax) from the cell to thermal power flowing

through the cell”!:

— Pmax _ Voc'lsc . 1 _
N == s Eq. 17

where V,. and I, are the open-circuit voltage and the short-circuit current,

respectively, x is the thermal conductivity of electrolyte solution, A is the cross-
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sectional area of the cell, AT is the absolute temperature difference between hot and

cold electrodes, and d is the electrode separation distance.

The current-potential relationship (I-V) of an ideal electrochemical device will be
square, and the maximum current can be obtained with the minimum voltage loss.
However, like the overpotentials come from the internal resistance, the kinetic process,
and the mass-transport, most published thermocells are dominated by a limiting

resistance and follow a V = IR relationship (Figure 1-10).13% The P achieved at 0.5

Voe and 0.5 ..
a) c lsc b) |____ Prmax

i S
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i ~
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Figure 1-10. Simulated (a) I-V data and (b) P-V data displaying the performance of a

thermocell.

Applying the relationships from Eq. 1-6, Voc = SeAT and Ise = SeAT/Rcen, to Eq. 1-
7, where S. is the Seebeck coefficient, Reen is the internal resistance of the thermocell,
leads to the following equation:
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Eq. 1-8

The theoretical energy conversion efficiency relative to Carnot efficiency (#r) can
be expressed by the following equation, when Eq. 1-8 is divided by the Carnot

efficiency (yc = AT/ Thot):

_ S&Thot . _d _ S¢Th

r 4Kk ARgey Ak

" Oeff Eq 1-9

where Thot is referred to temperatures of the thermocell hot side, oesr represents the
effective conductivity in thermocell, analogous to the electrical conductivity in TEG.
For an ideal thermocell system, the effective conductivity can approximate the ionic
conductivity of the electrolyte; for an actual device, it can be evaluated from the internal

resistance of the cell.[®!]

Similar to TEG, thermal gradient is an important factor in the performance of
thermocells. An electrolyte with high thermal conductivity limits the AT that can be
kept between the electrodes, and a decreased temperature gradient will reduce the
potential of the thermocell. Therefore, the dimensionless figure of merit Z7 mentioned
in TEG (Eq. 1-4) can be used as another factor to describe the performance of

thermocells.[**]

As mentioned in the previous section, the ZT value of solid-state TEG devices at
ambient temperature is lower than 1. However, this figure of merit cannot be directly
applied to thermocells, because the effective conductivity of thermocells is not the only

transportation property that affects its performance. The actual transport process is
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limited by the diffusion and concentration of active redox species. Therefore, the ZT of
thermocells tends to be smaller than that of TEG.**) However, a cross-strategy
comparison of ZT cannot be used to conclude that the thermoelectric capacity of a
thermocell is lower than that of a TEG material. We need to combine the two factors of

nr and ZT to evaluate the performance of thermocell.

1.2.1. Liquid-state thermocell

Most research on thermocells has focused on liquid-state thermocells (LTC).l"?!
This is due to the well-known strong interdependence of Se, electrical conductivity, and
thermal conductivity in solid TEG materials as mentioned above (Eq. 1-4). This is
especially problematic for the development of low cost materials free of rare earth
elements.[*!] Alternatively, LTCs offer more methods to decouple the interdependence
of S., electrical conductivity, and thermal conductivity.*®! Furthermore, a design of
LTC are also required because of low cost, scalable and their potential of high #: and
ZT at the temperature around physiological temperature to efficiently harvest ultra-low

quality waste heat.[3?!

1.2.1.1. Aqueous thermocell

A pristine LTC in aqueous solution consists of two electrodes and electrolyte

containing a water-soluble redox species. The electrodes and electrolyte of an aqueous
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thermocell are readily available and do not require complex manufacturing. Typically,
an aqueous thermocell containing the ferri/ferrocyanide redox species
(Fe(CN)¢> /Fe(CN)6*") has a negative Se of —1.4 mV K! from 0.05 to 0.2 M (Figure 1-
11).56] This is due to the oxidation occurs at the hot side electrode and the reduction
undergoes at the cold side electrode (for a redox specie with a positive Se, this procedure

is reversed).

£

Cooling Heating

Figure 1-11. Schematic of an aqueous thermocell containing Fe(CN)s> /Fe(CN)s*".

Aqueous electrolyte solutions are mostly employed by LTCs due to the fast ion
diffusion and the compatibility with many redox species. Therefore, aqueous
thermocells generally exhibit higher power output. Futhermore, cell components based
on aqueous electrolyte solutions have better safety and scalability, and can often be

maintained at a lower cost. The researches on the performance improvement of aqueous
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thermocells from the past to the present have mainly focused on redox species,

electrode materials and engineering strategies.[*?7°]

1.2.1.1.1. Redox species of aqueous thermocells

As an important component of thermocells, redox species have been extensively
investigated to improve their thermoelectric capacity and stability. As discussed, the
maximum potential difference that can be generated in a thermocell is determined by
the Se of the redox species, which represents the entropy change that occurs when the
species undergo a redox reaction (Eq. 1-5). The entropy change in this process includes
the redox species structure represented by S, ionic solvation shell indicated by $, and
and transportation of electrons to electrodes. This can be analogous to the concept of p-
type and n-type semiconductors in TEG, which can be defined as positive and negative
according to the difference between absolute entropy changes by redox species in
thermocells.*®! In addition, solubility and chemical reversibility in the aqueous solution

are also important factors for selecting suitable redox species.

Intrinsic partial molar entropy of hydrated ions serves as a primitive criterion to
screen suitable redox species in aqueous thermocells.®¥ The ferri/ferrocyanide redox
species mentioned above is the most widely used due to the considerable partial molar
entropy change.l”’! Another example is the iodide/triiodide (I /I*") redox species, which

shows a positive Sc of 0.86 mV K1.184
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The S. of redox species exhibits electrolyte environmental dependence. Electrolyte
additives can influence the thermoelectrochemical process. For example, by
introducing a-cyclodextrin (a-CD) as a molecular host to the iodide/triiodide
thermocell, a-cyclodextrin selectively interacted with the hydrophobic I>~ anion, that
led to a significant improvement of Se from 0.86 to 1.45 mV K 1.8 A recent work
reported that the addition of strong chaotropic cations (guanidinium) and highly soluble
amide derivatives (urea) as electrolyte additives to the ferri/ferrocyanide thermocell can
induce the interaction with Fe(CN)e* ions at the cold side of the cell, that would
synergistically enlarge the entropy difference. The decrease in the concentration of
reducing species promotes the reaction to proceed towards the reduction reaction at the
cold side of the cell and vice versa, thereby increasing the value of S, from -1.4 to -4.2

mV K !.186]

The common redox species used in aqueous thermocells and their combinations
with electrolyte additives are summarized in Table 1-4. These redox species exhibit
different S. in different use conditions and cell designs, which makes it an important

factor that directly affects the performance of aqueous thermocells.
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Table 1-4. Seebeck coefficients of aqueous thermocells using various redox species with and

without electrolyte additives.

Redox species Se (mV K1) Ref
[Fe(CN)6]* -1.40 [87]
[Fe(CN)s]** (guanidinium/urea) 4.2 [86]
/1% 0.86 [88]
I/~ (0-CD) 1.45 [85]
/1>~ (Meis-0-CD + KCI) 1.90 [89]
Fe?'/Fe** 1.76 [90]
Quinhydrone -0.63 [91]
Co*'/*(py-p2)s 2.36 [92)
[Ru(Hxim)s]*"/** (Him=imidazole, x=0~1) 3.7 [93]

1.2.1.1.2. Electrodes of aqueous thermocells

As in other electrochemical techniques, whether the electrodes used in thermocells
can achieve high current density is a key challenge that directly affects the
thermoelectric conversion efficiency of the cell.’*! In most aqueous thermocells
research, noble metal electrodes (such as Pt or Ni) are wiedely used because their high
catalytic activity can minimize the charge transfer overpotential.[*®) However, the high

cost of noble metal electrodes hinders the commercial application of thermocells. In
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addition, noble metals need to undergo complex surface treatment before actual use of
the electrode in order to exert its best performance, which also increases the
maintenance cost of the electrode in disguise.”’® Carbon materials are gaining
prominence as a prospective, cheaper alternative to noble metals. Nanotubes and
graphene with nano-structures have high effective surface area that can increase the
amount of reaction sites. The porous surface of the carbon electrode can be seen through
the scanning electron microscope (SEM) image (Figure 1-12a and Figure 1-12b). For
most commonly used redox species, carbon electrodes can also achieve fast electron
transfer kinetics.’¥ Both of these characteristics can increase the current density
available from the aqueous thermocell and thus increase the thermoelectric conversion
efficiency. In addition, the wide range of manufacturing methods that can be used to
produce nanostructured carbon means that electrodes can be produced in a variety of
useful forms. Most of the research in this field has focused on the composite material
which incorporate nano-structured carbon materials such as nanotubes and

71931 and additional treatment via additives®® or doping!®”). Using these

graphene!
composite materials can provide rapid redox process, high thermal conductivity and
high electrical conductivity, and high weight specific surface area. In the early research,
bucky paper of multi-walled carbon nanotubes (MWCNT) was used as the electrode of
aqueous thermocells. The output power of the MWNT-bucky paper tested under the
same conditions is 33% higher than that of the platinum electrode.””! Im et al. reported

that the use of carbon nanotube aerogel sheet electrodes can further improve the

performance of the cell, achieving a Carnot relative efficiency of 3.95% at a
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temperature difference of 51 °C with Fe(CN)s> /Fe(CN)s*~ redox species.[®® When
using carbon electrodes and platinum electrodes, the maximum output density that can
be achieved by the aqueous thermocells containing Fe(CN)s* /Fe(CN)¢*™ redox species

is summarized in Figure 1-12c.

(b)

gt oL 00
15.0kV x6.00k SE ‘5,004

Prmax  Pra(AT)?
(Wm?) (mWK?m?)

Electrode material

Activated carbon cloth 12.0 1.80
MWNT foam 9.3 1.35
C-cork (pressed) 8.6 115
Graphene sheet 58 0.78
MWNT sheet 4.2 0.59
Platinum foil 11.0 1.38
MWNT sheet 18 0.5
Platinum electrode 3.2 1.28

Figure 1-12. (a) Low- and (b) high-resolution SEM images of a carbon nanotube
(CNT) electrode. (c) Summary of Pmax and Pmax/(AT)?* for different carbon electrode

materials when using 0.9 M Fe(CN)s> /Fe(CN)s* redox species. Data taken from

Ref. [791,0941,[961,[98]
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Unlike rigid metallic electrode materials, carbon-based electrodes can be made
into flexible thin films and has a long service life. Therefore, carbon-based electrodes
are feasible for working in tandem with waste heat recovery from uneven surfaces such
as in wearable devices.”” However, although these electrodes are described as
potentially low-cost, the relatively complex manufacturing process may need to be

simplified to make these electrodes commercially viable.

1.2.1.1.3. Engineering strategies for higher-performance aqueous thermocells

As discussed earlier, since the substances that are electron carriers in aqueous
thermocells move in the aqueous solution, they are affected by the related parameters

of substance diffusion and mass transfer.

Due to the temperature difference, there is thermal convection in the aqueous
thermocells. Therefore, the cell direction and electrode spacing in the cell design will
greatly affect the performance. The mass transfer of redox species through diffusion is
relatively slow. However, it can be increased significantly by introducing convection
into the system. The increase in natural convection homogenizes the concentration,
resulting in a decrease in cell resistance, an increase in the mass transfer rate of the
redox species to the electrode, and an increase in power output.l'’) However, increasing
convection will also increase the heat transfer rate of the entire cell. This results in the
need for a larger input energy to maintain the thermal gradient, which reduces the

conversion efficiency.®”) Therefore, suppressing or enhancing convection as needed,
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and maintaining a balance between electrical conductivity and thermal conductivity are

very important factors in the device design of aqueous thermcells.

The heat transfer can be reduced by adding a separation membrane in the cell
between the electrodes, which can reduce the natural convection in the cell and maintain
the temperature gradient. As reported, inserting a poly(vinylidene fluoride) (PVDF)
separation membrane in a 0.7 M iodide/triiodide aqueous thermocell can greatly
mitigate natural convection, increasing the open-circuit voltage from 1.3 to 2.8 mV at

101 For separation membranes inserted equidistantly

a temperature difference of 12°C.!
from the hot electrode and the cold electrode, the best cell performance can be obtained.
Infrared thermal imaging of the cell showed that for the film located in the middle
between the hot electrode and the cold electrode, the largest thermal gradient can be
achieved, which is related to the best cell performance. This is due to the natural
convection on both sides of the separation membrane is minimized. This weakens the

heat transfer process across the cell compared to placing the separation membrane

closer to the hot or cold electrode.

Recently, the influence of separation membranes on Fe(CN)s* /Fe(CN)s*~ aqueous
thermocells have been systematically measured. By optimizing the position, thickness,
and composition of the separation membrane, a highest power density to date of ~12 W

m~2 was achieved by using a cotton separation membrane.”#
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Placing the separation membrane in a suitable position in the cell helps to maintain
a stable temperature gradient, thus the power output can be maximized. However, the
effect of the thickness of the separation membrane needs to be considered. The ion
conductivity of the electrolyte-filled separation membrane is 30% lower than that of the

1011 Therefore, it is found that increasing the thickness of the separation

pure electrolyte.!
membrane will reduce the cell power performance due to the decrease in the ion

diffusion speed.

Since the electrical conductivity and thermal conductivity of the aqueous
electrolyte are positively correlated, the above-mentioned engineering strategy aims to
find a balance point that is most suitable for the performance of the thermocell.
Suppressing natural convection and inserting the separation membrane is beneficial to
maintain the temperature gradient but at the same time reduces the effective
conductivity, resulting in an increase in the internal resistance of the cell. Conversely,
enhancing natural convection and reducing the distance between electrodes is beneficial
to increase the effective conductivity and thus reduce the internal resistance of the cell,
but the temperature gradient will be difficult to maintain due to the increase in thermal
conductivity. This is similar to the coupling relationship between thermal conductivity

and electrical conductivity in TEG, which is also a challenge for aqueous thermocells.

Overall, aqueous thermocells are the simplest, cheapest and most widely studied
thermocells. They are a promising method for harvesting ultra-low quality waste heat

of <100°C. Through the efforts of researchers, such as selecting the most suitable redox
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species, using electrode materials with a larger effective area, and ingenious device
design based on engineering strategies, the maximum power density of aqueous
thermocells reached 12 W m2°4 the maximum ZT reached 0.12, and the highest
Carnot's relative efficiency is 3.95%°°.. However, the low output power density per
unit temperature and relatively low thermoelectric conversion efficiency of aqueous
thermocells are still not enough to support their commercialization and practicality. The
root cause of this is that the Se of aqueous thermocells is not high enough (although it
is relatively high compared to TEG materials). Research on the improvement of redox
species in aqueous solutions has reached a plateau. Using additives to change the
thermodynamic environment of the thermocell system, rather than simply improving

the mass transfer performance of redox species may be a more promising direction.

1.2.1.2. Ion liquid thermocell

The low boiling point of water limits the working temperature of aqueous
thermocells to be lower than 100°C. In order to expand its operating temperature range
to harvest low-quality waste heat above 100°C, researchers are studying electrolytes
with higher boiling points, such as ionic liquids. In addition to higher operating
temperatures, another advantage of ionic liquids electrolytes is that they can be used to
solvate redox species that are insoluble in water, or use redox species that are unstable

g [1021,[103

in an aqueous environment in their oxidation or reduction state 1 Benefitting

from the neglectable vapor pressure and high ionic conductivity of the ionic liquids, the

39



service lifetime and efficiency of thermocells can be improved, respectively.l'* In
addition, the unique solvation environment provided by ionic liquids may cause the
entropy of redox species to become larger during oxidation/reduction, resulting in a
higher S..'! Some ionic liquid structures and abbreviations that have been studied for

thermocell applications are summarized (Figure 1-13).1%¢]
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Figure 1-13. Structures of ionic liquid studied in thermocells.

Similar to aqueous thermocells, ionic liquid thermocells can also conduct
performance studies through three aspects: redox species, electrodes, and engineering

strategies.
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Most of the inorganic redox species in aqueous solutions can be used in ionic
liquids. For example, there are reports that a series of Co and Fe metal complex redox
species (Co**/**(bpy)s and Fe**/**(bpy)s) in [Campyr][eFAP] can achieve a S. of 0.45
mV K1.11% Similar to the S. in aqueous solution, Fe(CN)s*> /Fe(CN)s*~ redox species
in [Campyr][NT£] can obtain a Se of -1.49 mV K''.['%] In addition, the researchers
measured Se in many Fe-based redox species in different ionic liquids. Although none
of the reported values exceeds the maximum value obtained in aqueous solutions, some
effects of different ionic liquid properties on Se have been determined.[!°7198] The most
important correlation factor is the ionic charge density of the ionic liquid. The increase

in the charge density leads to an increase in the absolute value of Se.[%!

There are relatively few researches on the electrode materials of ionic liquid
thermocells. Researchers report that they have checked on a series of electrode
materials including platinum, modified platinum electrodes (platinum black or PEDOT

modified), stainless steel, etc.!''" The performance of Fe**/**

(bpy)s redox species in
[Comin][B(CN)4] using these electrodes has been measured. Except for unmodified
stainless steel, all electrodes showed higher power output values. This result is due to
the difference in charge transfer resistance of the cell. This work shows that common
electrode materials can be used in ionic liquid thermocells without sacrificing electrical

power output. For Co*"/*

(bpy)s ionic liquids thermocells, glass carbon electrode
outperforms platinum electrode, leading to higher power density and lower separation

of oxidation and reduction.!'%?!
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The biggest challenge in achieving high thermocell performance with ionic liquid
electrolytes is its high viscosity. In aqueous electrolytes, relatively slow charge transfer
and higher internal resistance are power limiting factors. However, in ionic liquid
electrolytes, due to the slow diffusion of redox ions, the mass transfer process has

(1111 To overcome this challenge, some engineering strategies

become a limiting factor.
have been applied to ionic liquid thermocells, such as the use of stirring to increase
forced convection in addition to natural convection'!'?], or the addition of other organic
solvents''®) to reduce electrolyte viscosity. However, the use of external energy for
stirring will reduce the efficiency of energy conversion in a disguised form; the addition

of organic solvents will greatly increase the maintenance cost and risk of ionic liquid

thermocells.

In addition to the factor of the application temperature range, the advantage of
ionic liquid thermocells lies in its relatively high electrical conductivity and the thermal
conductivity that can be suppressed. However, due to the increase in electrolyte
viscosity caused by it, overcoming the performance degradation caused by the slowing
down of mass transfer is the main direction in the future. Another thing to mention is
that due to the high cost of ionic liquids and auxiliary means, the possibility of

commercialization and practicality has not yet been seen.

In summary, thermocells in liquid state are relatively simple and promising
thermoelectric conversion technology. This technology may harvest and continuously

convert low and ultra-low quality waste heat into electrical energy. As the starting point
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of research in the thermocell field, it has attracted the attention of many researchers.
The main challenges faced by LTCs are slowly revealed along with the progress of
research. The most important of these is that its output power density and energy
conversion efficiency cannot meet commercial applications. The fundamental reason

lies in the following three aspects:

(1) LTCs use liquid electrolytes, resulting in relatively low conductivity of
electrolytes. Even if ionic liquids are used at the expense of mass transfer efficiency,
their conductivity is still somewhat different from other solid-state thermoelectric
conversion materials. Low conductivity will increase the internal resistance of the

battery, thereby affecting the performance of the output power.

(2) The redox species used in LTCs do not produce a high enough voltage per unit
temperature (Se is low). As discussed above, Se theoretically comes from the entropy
deterioration of the redox reaction at different temperatures, as well as other entropy
deterioration caused by the electron transfer and mass transfer processes. The research
on redox species tends to stagnate, and Fe-based redox species are used in most LTCs.
The theoretical upper limit of Se makes it impossible to increase the maximum open
circuit voltage of a single LTC by effective means. It is necessary to improve Se by

focusing on other factors that can increase the entropy change in the cell.

(3) Liquid electrolyte has the risk of leakage in practical applications. Although
this risk did not affect the evaluation of LTCs in the laboratory research stage. However,

the application of LTCs is limited because of this shortcoming. For example, they are
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difficult to use to recover waste heat generated by the human body to power wearable

electronic devices unless other auxiliary measures are adopted2+73],

Faced with the above challenges, many non-liquid stete or non-completely liquid
state thermocells have been extensively studied in recent years. And there are still

researchers in the LTC field proposing new solutions to solve these problems.

1.2.2. Non-liquid-state thermocell

1.2.2.1. Quasi-solid state thermocell

As mentioned above, there are many potential thermocell applications that are not
suitable for LTCs, especially those thermocell applications where electrolyte leakage
may occur, such as the power supply of flexible and wearable devices. The development
of quasi-solid state thermocells aims to solve this problem. Unlike the more brittle
inorganic solids, quasi-solid state refer to the fact that they are usually a combination
of solid organic polymer and liquid components and have the mechanical properties of

a solid.

A quasi-solid state thermocell using Fe(CN)s> /Fe(CN)s*~ redox species in

poly(sodium acrylate) and polyvinyl alcohol electrolytes achieved Se of -1.09 mV K!

[1141,[115

and -1.21 mV K!, respectively. I Recently, a quasi-solid state thermocell

composed of a cellulose polymer matrix and Fe(CN)¢> /Fe(CN)s*~ was also reported.! ¢!

Compared with LTCs using same redox species, the power density and cell
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performance of this quasi-solid state thermocell are not significantly degraded.
Therefore, this new form of thermocells has proved its possibility to replace LTCs for

leakage-preventing waste heat harvesting.

Another latest research on quasi-solid state thermocell has a record-breaking
progress. Fe(CN)s> /Fe(CN)s* redox species are used in a gelatin matrix prepared with
ion donors (KCI, NaCl and KNOs3). This gelatin electrolyte has a thermal diffusion
effect, thereby obtaining a Se of 17.1 mV K'.[''] This is the highest Se to date in
thermocells based on redox reactions.l’8! By using human body heat, a proof-of-concept
wearable thermocell device consisting of 25 unipolar elements generated more than 2.2

71 This quasi-solid state thermocell with ionic gelatin

V and a peak power of 5 uW.!
shows promise for efficient and environmental thermoelectic energy conversion. This

work also provides a promising method for realizing cable-free and battery-free energy

supply for IoT sensors.

Recently, a variety of quasi-solid electrolyte materials based on conductive
polymers have been developed. They also have the advantages of high Se, high
flexibility, and easy manufacturing, thus have proven to be promising.!!'¥!!l However,
the thermodynamic and transport properties of these new quasi-solid electrolyte

materials are still ambiguous and require further research before application.

In general, the quasi-solid state thermocell technology has great potential as a
specific application direction. In particular, high Se can be obtained. However, the mass

transfer process in quasi-solid electrolytes is more difficult than in ionic liquids. In
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order to obtain better cell performance, the thermoelectric conversion efficiency must
be sacrificed. In other words, the external environment needs to provide more
continuous and stable heat sources. Compared with the manufacturing cost of the quasi-
solid electrolyte, this is a fatal disadvantage in commercialization. The practical

application of this technology still needs a long way to go.

1.2.2.2. Multi-phase thermocell

In the research of thermocells, the main direction of improving Se has been
changed to create a greater difference in entropy in the cold and hot sides of the cell.
Therefore, some recent studies have used the huge entropy change brought about by the
phase change of redox species to improve the performance of thermocells. Because
these types of thermocells often require electrolytes with more than two phases, they

are called multi-phase thermocells.[”®]

The multi-phase thermocells developed by the bromine vapor cycle have been
reported successively by Endo et al. since the 1980s. [!20H122 A §. 0f 5.68 mV K! can
be achieved when the hot side of the thermocell is operated at the temperature above
the boiling ponit of gas phase Bra. This result is attributed to the evaporation of Bry,
while the corrosive and toxic vapors limit its practicality. Recently, a thermocell based
on the redox species of acetone and iso-propanol has been developed, which can
123]

achieve a high Se of -9.9 mV K! due to the liquid-gas phase change (Figure 1-14).!

Relative to the Carnot efficiency, the conversion efficiency is 1.57%, which is
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comparable to the conventional Fe(CN)¢> /Fe(CN)s* redox species. In addition, unlike

the Bro/Br” redox species, acetone and iso-propanol are harmless to the environment.

Ac
Ao

Cathode Vaporization T Anode

Diffusion

Figure 1-14. Scheme of the acetone and iso-propanol liquid-gas two-phase thermocell.
At the hot side, oxidation of iso-propanol to acetone occurs, and the reverse reaction

occurs at the cold side of the cell.

The phase transition is most likely to occur at the critical temperature. A study
reported that the critical temperature of the electrolyte is close to the working
temperature of thermocells by adjusting the composition of the cobalt-Prussian blue
analog complex (Co-PBA; NaxCo[Fe(CN)sly). Using this complex redox species can

obtain dramatic voltage changes near the critical temperature.['?4
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The latest research has improved the LTCs through the thermal crystallization
process, so that they present a solid-liquid two-phase state during the working process,
thereby increasing the entropy change of the oxidation-reduction reaction. This method
achieved a record-breaking thermoelectric conversion efficiency relative to Carnot
efficiency of 11.1%, and a high S¢ of -3.73 mV K using Fe(CN)s> /Fe(CN)s*~ redox
species with a guanidinium cations.®?! After the addition of guanidinium cations,
Fe(CN)s> /Fe(CN)s* concentration ratio at the cold and hot electrodes changed due to
the crystallization of Fe(CN)s*". Unlike LTC techniques that enhanced S. while
sacrificed effective ion conductivity, this thermosensitive crystallization solid-liquid
two-phase thermocell enhances Se and reduces effective thermal conductivity without
sacrificing ion conductivity. This provides a feasible solution for solving the low
efficiency problem caused by the balanced relationship between electrical conductivity

and thermal conductivity in LTC systems.

Multi-phase thermocells use sophisticated cell module design to introduce the
huge entropy change produced by phase change into the thermocell system, thus it can
obtain larger S. or higher thermoelectric conversion efficiency than conventional LTCs.
However, in practical applications, in order to ensure that there is enough space for the
phase change to proceed, such a multiphase thermocell often requires a larger device
design.[”®! In contrast, they need higher single cell efficiency than conventional LTCs
to ensure that they will not cause higher manufacturing and maintenance costs due to

excessive volume in actual applications. In addition, although redox species containing
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gaseous form tend to produce higher amounts of Se, they are more likely to leak than in

liquid form, which also limits their broader application.

After summarizing the non-liquid state thermocell, it can be seen that these
technologies are still in the laboratory research stage. The performance potential
brought by this new form of thermocells is considerable. They have achieved the
highest S. (17.1 mV K!) and the highest thermoelectric conversion efficiency (11.1%
relative to Carnot efficiency) in thermocell-related research to date. However, to
achieve this performance improvement needs to sacrifice the advantages of simplicity
and scalability of LTCs. The stability and reproducibility of special electrolyte additives
or special redox species used in non-liquid state thermocells need to be checked. In the
direction of practicality, quasi-solid state thermocells are more suitable for use in
wearable devices, while multiphase thermocells are more suitable to achieve ultra-high

cell performance near a specific temperature.

1.2.3. Recent developments in thermocell application

At present, the practical application of thermocells is severely limited by the low
voltage. Although the maximum potential of a single thermocell will be limited by Se
and the temperature gradient, by connecting multiple thermocells in series, the potential
difference can increase significantly.!®¢! This is similar to the concept used in solid state
TEG, in which multiple TEG devices are connected in series to maximize electrical

power output (Figure 1-6). The n-type and p-type semiconductor materials can be
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equivalent to thermocells with negative and positive S., respectively. As mentioned
above, the S of Fe(CN)s* /Fe(CN)s* redox species is -1.4 mV K!, which can be used
as an n-type thermocell. It is also reported that the FeSO4/Fex(SO4)3 redox species in
the aqueous solution can be used as a p-type thermocell. Its Se is 1.7 mV K.’ When
n-type and p-type cells are connected in series, when AT =10 K, the total voltage
increases to 31 mV, which is equivalent to 3.1 mV K!, while the current remains the
same. An array of 50 thermocell pairs are connected in series, and for the same A7, the
Se is improved to 150 mV K'!, the maximum voltage is increased to 1.5 V. The voltage
range above this value can power a variety of electronic devices through conventional

methods, which increases the possibility of practical use.[®*

Overall, the use of thermocells to harvest low- and ultra-low-quality waste heat
offers the promise of an low-cost, sustainable and continuous method of energy
generation. The global waste heat potential and increasing spotlight on wearable
devices also lead a demand of thermocell applications. Utilizing advances in transport
theories and electrochemistry, breakthroughs have been made in the development of
thermocells with greatly improved power density and conversion efficiency. However,
although these advances have achieved important commercial feasibility and possible
applications, a lot of research is still needed to understand and overcome key
performance limitations. These insights require further development of basic research
and cell design. The breakdown of all the thermoelectric conversion technologies and

thermocells discussed above is summarized in Figure 1-15.
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Figure 1-15. Technology options for waste heat harvesting.
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In order to improve performance, it is necessary to further understand the basic
properties of thermocells, including the use of new redox species and electrolyte
additives to maximize entropy change, as well as improving electrode properties and
engineering strategies to increase the mass transfer rate. In addition, the requirements
of thermocell materials will vary according to the anticipated application. For example,
for wearable devices, the use of non-toxic redox species and electrolytes will be
important, while higher temperature applications require more thermally stable
electrolytes. To date, for the most convenient liquid-state thermocells, the electrical
power output of Se and unit temperature difference needs to be improved. It is necessary
to develop a new thermocell system in addition to the conventional redox species to
enhance the cell performance, thereby expanding the wide application direction with

the possibility of commercialization and practicality.
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1.3. Thermal responsive hydrogel nanoparticles

Gels are macromolecular three-dimensional polymer networks. Gels have both
solid and fluid properties in many respects. On one hand, when removed from their
container, gels have structural integrity and do not flow appreciably. On the other hand,
the transport of material through a gel is similar to mass transport in a fluid for

molecules that are significantly smaller than the pore size of the gel.['*"]

In the case of hydrogels, they are swellen with a medium such as water, and are
typically composed of hydrophilic organic plymer component that is cross-linked into
a network by either physival or hemical interactions. Hydrogels can also be classified
based on their size as either macrogels or microgels. Macrogels are bulk gels whose
size can range from millimeters or even larger, while microgels, which also called
hydrogel nanoparticles, are colloidally stable hydrogels whose size can range from tens
of nanometers to micrometers.!'>>! Swelling is the most important feature of hydrogel
nanoparticles, which is achieved through chemical or physical cross-linking between
polymers. In other words, the essence of forming hydrogel nanoparticles is to form

suitable crosslinks between polymers.[12¢]

Stimuli-responsive hydrogels nanoparticles are of great interest as materials with

[127

dynamic functions!!*”) because they show a drastic volume change in response to a

small external stimuli such as change in temperature!!?8H131  pHI32 photo

[135],[136

irradiation!!*}], electric field!'*#!, and molecular recognition 1. They are also called
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‘smart’ materials, due to the swelling upon water absorption and responsibility to subtle

changes in the environment as mentioned above by swelling changing.['*7!

1.3.1. Thermal responsive polymers and gels

Poly(N-isopropylacrylamide) (pNIPAM) hydrogels nanoparticles are the most
widely studied stimuli-sensitive hydrogel. pNIPAM can be easily synthesized through
a variety of methods, such as free radical initiation, photo-initiation, redox initiation,
and ionic intiation.['*] The earliest research on pNIPAM began in the 1960s. Heskins
et al. reported the phase transfer of pNIPAM driven by thermal entropy changes.['*”]
That is, the pNIPAM can undergo phase separation from the swollen phase to the
shrunk phase at the critical temperature around 32 °C as a result of entropically driven

[141] The dissolution

dissociation of water from the polymer chains (Figure 1-16).114%)
behavior of polymers in solvents is mainly related to three kinds of equilibrium, namely,
the intermolecular interaction between solvent-solvent, solvent-polymer, and polymer-
polymer. As a stimuli-sensitive polymer, the pNIPAM tends to choose stronger
interactions to be more stable in the environment of aqueous solutions. pNIPAM
contains hydrophilic and hydrophobic functional groups. Hydrophilic functional groups
form hydrogen bonds with water as a solvent-polymer interaction in an aqueous
solution, while hydrophobic functional groups tend to undergo polymer-polymer

hydrophobic interactions.['*”] Under the conditions where the pNIPAM has a random-

coil molecular structure, the solvent-polymer interaction (hydrogen bond) is stronger
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than polymer-polymer interaction (hydrophobic effect). When the temperature is
increasing, the hydrogen bonds between hydrophilic groups and water molecules are
broken. The globular polymer conformation occurs due to the entropically favored
release of the structured water molecules. As a result, the hydrophobic polymer-
polymer interaction become stronger than the solvent-polymer interaction, and the
phase separation of the pNIPAM polymer occurs. The critical temperature at which the

phase separation occurs is called lower critical solution temperature (LCST).

Hydrophobic
n

O N H Hydrophilic

)\ Hydrophobic

Poly(N-isopropylacrylamide)

Low Temperature: Hydrophilic groups from H-bond with water.

The critical temperature is called "Lower Critical Solution Temperature” (LCST).

Figure 1-16. Illustration of structure of pNIPAM.

It can be known from the phase transfer mechanism of pNIPAM that the critical

temperature of the intermolecular interaction that occurs with temperature is affected
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by the relative strength of the hydrophilic and hydrophobic functional groups in the
polymer. As the hydrophobicity of the hydrophobic functional groups in the polymer
increases, it is easier to form a stable polymer-polymer interaction at a lower
temperature, resulting in a decrease in LCST. On the contrary, if hydrophilic functional
groups are dominant, more energy is needed to break the hydrogen bonds in water,
which will cause the polymer to undergo phase transfer at higher temperatures. This

improves the LCST as a result.

Contrary to the behavior of LCST, some thermal responsive polymers will show
an upper critical solution temperature (UCST). In this case, the phase separation of the
polymer occurs in a relatively low temperature environment due to intermolecular
interactions such as hydrogen bonds or electrostatic interactions. While, at high

temperatures, this interaction is broken and the polymer dissolves and swells.[1?*]

The LCST behavior in an aqueous solution is attractive, and therefore, thermal
responsive polymers such as pNIPAM are widely used in the synthesis of responsive
polymers. Hydrogel nanoparticles comprising of the thermal responsive polymers is
called thermal responsive hydrogel nanoparticles. pNIPAM. Since pNIPAM also
changes in volume during the phase separation process, this effect is called volume
phase transfer (VPT). Its LCST temperature is called the volume phase transition
temperature (VPTT). Basically, the VPTT of the hydrogel nanoparticles is the same as

the LCST of the constituent polymer.
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Controlling the LCST of thermal responsive hydrogel nanoparticles can enable it
to achieve phase transition at a specific temperature which meet the application
requirement, thereby greatly expanding its application direction. As a typical thermal
responsive polymer exhibiting VPT, pNIPAM hydrogels nanoparticles with stimuli

responsive molecular recognition properties and a LCST near 32°C have been

developed to reversibly capture and release target molecules such as dyes!'*, drugs!'+’]

[144

and proteins!'**, More recently, the gels have been applied as an economical media to

146 147]

extract and/or concentrate moisture!!3?H1431 salts!146] and carbon dioxide!'*” using low

temperature waste heat and solar energy as an energy source.

1.3.2. pH responsibility of the thermal responsive hydrogel nanoparticles

Researchers have develop proton concentration (pH) responsive polymers and

hydrogel nanopariticles by copolymerizing ionic monomers with pNIPAM.[1481-1151]

The swelling of pH responsive hydrogel nanoparticles is the result of the
interdependence between the pH and the ionic strength of the solution in contact with
the gel. Inside the hydrogel nanoparticle, ionizable monomers will dissociate according
to the pH. The free counter ions generated in the hydrogel nanoparticles are exchanged
with the salt ions in the solution, thereby generating a certain osmotic pressure
difference between the gel and the solution. Therefore, the hydrogel nanoparticles will

[152

swell until the elastic and osmotic force inside the gel reach equilibrium.!'>?! According
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to this mechanism, changing the ionization strength of the functional groups in the

hydrogel nanoparticle polymer can effectively adjust the pH.

Our group reported the use of proton imprinting methods to synthesize thermal
responsive hydrogel nanoparticles whose acid dissociation constants (pK.) can
reversibly shift before and after VPT (Figure 1-17).13] The pK, shift can lead a
responsive pH change of the hydrogel solution. By controlling the solution pH during
the synthesis of thermal responsive hydrogel nanoparticles with a monomer consisting
of carboxylic acid, protons are imprinted into the stable structure of the hydrogel
nanoparticles after synthesis. The nanoparticles obtained by this method can form a
hydrophobic polymer matrix that specifically binds to protons after VPT occurs,

thereby achieving a large reversible pK, shift of 2.2.

l \10 8F After VPT
e + ) + H*> Na*
Al i

7F
Proton
Imprinting

Before VPT

ODC
(/" c00) Large
Na*/ .+ Reversible

pKa shift
Polymerization pH ——»

Figure 1-17. Reversible pK. shift of thermal responsive hydrogel nanoparticles

consisting of carboxylic acids triggered by VPT. Reproduced with permission from

reft!33],
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Furthermore, to obtain thermal responsive hydrogel nanoparticles displaying a

reversible pK, shift over a wider range of pK. values, a procedure to prepare proton

imprinted nanoparticles that show temperature dependent pK. shifts in the tuned pKa

range is required. The detailed method is reported as introducing an acrylic acid whose

a-position was substituted by a strong electron-withdrawing or electron-donating group

such as chloride or methyl, respectively, into the pNIPAM thermal responsive hydrogel

nanoparticles (Figure 1-18).11%4

N,N-methylene

Ry

+ //o

j OH
Z Ry =-H, -CHg,- CF5, -Cl

N-isopropylacrylamide : ; a-substituted
(NIPAm) bisacrylamide acrylic acid
(BIS)
Ph
Free Radical T,angﬁﬁm
Polymerization H A
- H —
H p———
Proton Imprinting A
Reversible
pK, Shift
T>VPTT

Figure 1-18. Synthesize of proton-imprinted thermal

responsive  hydrogel

nanoparticles using a variety of acrylic monomers. The wide range pK. shift of

carboxylic acids in nanoparticles is triggered by VPT. Reproduced with permission

from refl!34,
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As reported!!>] the high pK, value of acrylic acid nanoparticles polymerized at
low pH is attributed to the proton imprinting effect. Because acrylic acid monomers are
protonated in the presence of high concentrations of protons at low pH, the protonated
acrylic acid is easily incorporated in the less polar domain of the growing pNIPAm,
through hydrogen bonding with other carboxylic acids on the polymers. Due to this
mechanism, by the selection of carboxylic acid-containing monomers, the pKa. values

of o-substituted acids in the collapsed nanoparticles can be tuned (Figure 1-19).[154]
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Figure 1-19. Mechanism of thermal responsive pK. shift of proton-imprinted
nanoparticles triggered by the VPT. pKa values of a-substituted acrylic acid at 75°C
and 30°C are shown in green bars. The pK, values of monomers are shown in black.

Reproduced with permission from refl!>4),

In addition, the method of simultaneously introducing two monomers with
different charges, such as ionized Brensted acid and Brensted base, has also been
studied.!">* This method can expand the pK, shift range of thermal responsive hydrogel
nanoparticles. The maximum achieved pK. shift range was approximately 3.3 log units

(from 4.0 to 7.3) at 75 °C.

Hydrogel nanoparticles with this property can change the pH of the solution by
more than 1000 times before and after VPT and have a wide range of application
prospects. For example, the use of thermal energy for reversible ion/proton exchange,
147),156]

so as to realize the reversible collection of acid gases (such as carbon dioxide)!

or use in seawater desalination!'*®! and other fields.

1.3.3. Swelling kinetics of the thermal responsive hydrogel nanoparticles

The swelling process parameters of thermal responsive hydrogel nanoparticles,
including relaxation time, radius change and their molecular dynamics, will all affect

their material properties in practical application on a macroscopic scale.
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The relaxation time of the swelling process of a thermal responsive hydrogel
nanoparticle is determined experimentally from the single-exponential region of the
time dependent volume change in a temperature jump experiment. The relationship of

final equilibrium radius (R) and total radius (ARo) change of a gel can be described

agl1571158]

AR ()~ (“ﬁ) e

w2

() Eq. 1-10

where t is the relaxation time. The radius of a thermal responsive hydrogel
nanoparticle changes rapidly for times smaller than 1. The 1 is defined as the decay time
appearing in the single-exponential region:

2
r=2" Eq. 1-11

2D
where D is the ratio of the osmotic bulk modulus and the friction coefficient
between the hydrogel network and water and is also called the collective diffusion
coefficient. It shows that the t is proportional to the square of the hydrogel radius and
inversely proportional to the D of the hydrogel and is attributed to the inner structure

of the polymer network.[!371158]

Our group reported novel thermal responsive nanoparticles in a hydrogel film for
temperature-responsive quick and reversible capture of salt in seawater.!!*® This study
pointed out that the film made of hydrogel nanoparticles will also undergo VPT with
temperature changes in aqueous solution. The macroscopic result is a rapid and

reversible change in membrane area (Figure 1-20a and Figure 1-20b). The
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shrinking/swelling process can be adapted to a single exponential decay (Eq. 1-10) and
exhibits rapid phase transition kinetics (Figure 1-20c). This is due to the fast VPT
behavior of NPs in the film. The relaxation time of the hydrogel nanoparticles dispersed
in the solution is 6 orders of magnitude faster than that observed in the membrane
structure. And the relaxation time can be changed effectively through the structural
design of the polymer.l'*®! This result proves that the VPT of hydrogel nanoparticles is

fast and sensitive, and therefore, can be used to harvest small and rapid thermal energy

changes.
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Figure 1-20. (a) Area of thermal responsive nanoparticles film as a function of water
temperature. (b) Thermal responsive nanoparticles film in water at 20 and 75 °C. (c)

Time-dependence of the turbidity change of mixed nanoparticles film in heating and
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cooling process. The relaxation time t of 790 and 870 ms, respectively, is measured.

Reproduced with permission from refl!>"!,

In general, thermal responsive hydrogel nanoparticles have been widely studied in

many fields and have attracted a lot of attention. Especially in drug delivery!!69-161],

[162] 164],[165

medical devices!'62+16%] and functional materials! 1. Adjusting pH sensitivity and

LCST, coupled with engineering strategies to change its swelling kinetics, further
broaden the application of thermal responsive hydrogel nanoparticles.[!461-1541155]
However, few studies have introduced these excellent characteristic of thermal

responsive hydrogel nanoparticles into a more macroscopic research field, such as the

energy field.
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1.4. About this study

Since the industrial revolution, the massive use of a large number of chemical fuels
and the rapid growth of industrial production activities have led to severe environmental
problems and energy crises. At the same time, a huge amount of waste heat is generated
in global energy consumption and industrial production, and this thermal energy has a
high potential for energy recovery. Energy harvesting from ultra-low-quality waste heat
(temperature < 120 °C) with the largest proportion, delocalized but abundant, such as
automobile exhaust heat, human body heat and solar heat is crucial to realize
sustainable development goals (SDGs) and carbon-free human society. However,
improving the conversion efficiency of converting waste heat energy resources into
electricity, the most convenient high-grade energy, remains a significant challenge. The
development of highly efficient thermoelectric conversion devices that is simple and
mass-producible is key for the use of thermal energy. Although among many
thermoelectric conversion technologies, there have been some commercial examples of
using thermoelectric generator to harvest high-quality waste heat. Improvement of
output power density and Se in a temperature range of ultra-low-quality waste heat
without using toxic and/or minor metals is required for the practical use of these

technologies.

In this thesis, the author describes a novel liquid-state thermocell based on the
aqueous electrolyte with thermal responsive hydrogel nanoparticles. This thermocell

utilizes the volume phase transfer process of the nanoparticles near the ambient
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temperature, which can generate very high voltage and output power under a condition
of low temperature and small temperature range, thereby achieving efficient harvesting
of ultra-low temperature waste heat. Compared with the research in other thermocell
fields, this thesis uses simple and safe aqueous electrolyte to achieve thermoelectric
conversion efficiency and record-breaking output power beyond other more complex
and expensive thermocells by introducing stimuli-responsive polymer materials. This
thesis also proposes the design rationale for this novel thermoelectric conversion
system by screening and optimizing the components of the thermocell. Moreover, the
improvement of the practical design of the cell device in this thesis shows that this
thermocell has the possibility of commercialization and practicality. The author
believes that the simple, inexpensive, and non-toxic thermoelectric conversion
technology in this thesis for ultra-low quality waste heat harvesting will give a
fundamental insight into design of energy conversional devices using stimuli-
responsive smart materials and provide a direction for the development of flexible

energy chargers for wireless devices including portable smart devices and sensors.

In chapter 2, a new thermoelectric conversion mechanism based on the proton-
responsive redox reaction and the pH response of hydrogel nanoparticles is proposed.
Using a simple and basic liquid-state thermocell system, a typical electrolyte
combination, quinhydrone and acrylic acid-containing thermal responsive hydrogel

nanoparticles are used as an example to illustrate this mechanism.

66



In chapter 3, the design rationale of thermocell using thermal sensitive hydrogel
nanoparticles is discussed. By screening the types and concentrations of redox species,
electrolyte salts and hydrogel nanoparticles, and optimizing the composition of these
three basic thermocell components, the record-breaking Seebeck coefficient and

extremely high energy conversion efficiency have been achieved.

In chapter 4, by actually assembling the thermocell device, engineering strategies
for optimizing cell performance are discussed. A planar liquid-state thermocell with
low inter-electrode spacing using CNT buckypaper electrodes and laser-processed
PTFE porous separators is designed to improve the cell output power density for waste
heat harvesting. The design and introduction of the separator, the precise control of the
temperature difference, and the use of carbon nanotube material electrodes with high
effective surface area have highly improved the practical performance of the thermocell.
The expression of the coupling relationship between cell performance parameters such
as the effect of natural converction and inter-electode spacing in actual cell operation
is also mentioned. This clarifies that liquid-state thermocells using thermal sensitive
hydrogel nanoparticles can flexibly change their design according to different

application situations to ensure high output power performance.
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Abstract

Thermoelectric conversion of low temperature, delocalized and abundant thermal
sources, is crucial for the development of the Internet of the Things (IoT) and/or carbon
free society. Thermocells are of great interest in thermoelectric conversion of low-
temperature heat due to the low cost and flexibility of components. However,
significant improvement of the conversion efficiency is required for the practical use of
the cells. In this study, I report thermo-electrochemical cells driven by volume phase
transition (VPT) of thermal responsive hydrogel nanoparticles (NPs). Entropically
driven VPT of poly(N-isopropylacrylamide) NPs containing carboxylic acids and
amines generates a pH gradient of up to 0.049 pH K™ ! and —0.053 pH K, respectively,
around physiological temperature. The pH gradient triggers the proton-coupled electron
transfer (PCET) reactions of quinhydrone on the electrodes, resulting in the highly
efficient thermoelectric conversion with a Seebeck coefficient (Se) of 6.7 mV K ™! and
+6.1 mV K. Thermocells driven by phase transition of hydrogels provide a non-toxic,
flexible, and inexpensive charger that harvests carbon free energy from abundant

energy sources such as the solar, body and waste heat.

2.1. Introduction

Energy harvesting from low temperature (< 70 °C), delocalized and abundant
thermal sources, such as body heat, solar heat and waste heat is crucial to realize [oT

revolution and carbon-free human society!!""). The development of highly efficient
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thermoelectric conversion devices that is small and mass-producible is key for the use

of thermal energy®H1%],

Thermocells, or thermo-electrochemical cells, provide an option for the harvesting
low-temperature heat owing to their advantages of low-cost and flexibility of
components®). Thermocells consist of an aqueous solution of redox-active electrolyte
pair and electrodes. The gap of the equilibrium potential of the redox species provided
between electrodes in response to temperature difference induces a redox reaction on
each electrode resulting in a thermoelectrical conversion. In order to achieve better
thermoelectric conversion efficiency, the use of carbon nanotube electrodes with a
larger surface areal'!l] the introduction of host-guest interaction between molecules in
the electrolyte!'?], and the design of adding a coated porous separation membrane!!’!
was widely studied. Recently, the conversion efficiency of the thermocells showing a
high figure of merit (Z7) of 0.16 with a S. of —1.4 mV K! was achieved.’] However,
improvement of Se is required for the practical use of the cells under the limited

temperature difference.

Stimuli-responsive hydrogels are of great interest as materials with dynamic
functions!'*! because they show a drastic phase transition in response to a small external

stimuli such as change in temperature!">201 pHPI22" photo irradiation!>3125],

reduction-oxidation reaction!?], electric field?”), and molecular recognition!?$:2%1,

Poly(N-isopropylacrylamide) (pNIPAM) hydrogels undergoes volume phase transition

(VPT) from the swollen phase to the shrunk phase at the temperature around 32 °C as
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a result of entropically driven dissociation of water from the polymer chains!***3!l, The
pNIPAM hydrogel with stimuli responsive molecular recognition properties has been
developed to reversibly capture and release target molecules such as dyes?!, drugs'®!
and proteins®*. More recently, the gels have been applied as an economical media to

351,136

extract and/or concentrate moisture! 1 salts®®”] and carbon dioxide!®*® using low

temperature waste heat and solar energy as an energy source.

In this study, I took advantage of the quick and reversible pH shift of a solution of
thermal responsive hydrogel nanoparticles (NPs) to obtain the thermocells with a high

e B934 To convert the pH change to

Se at the temperature around room temperatur
a large S., quinhydrone, a compound that shows proton-coupled electron transfer
(PCET) was selected as the redox species. Through temperature difference-potential
difference measurement and maximum output power measurement, a new

thermoelectric conversion mechanism based on the PECT reaction and the VPT of NPs

is proved.

2.2. Materials and experiments

2.2.1. Materials

The following chemicals and materials were obtained from commercial sources
and used as received. N,N'-methylenebisacrylamide (BIS), cetyltrimethylammonium

bromide (CTAB), N-[3-(dimethylamino)propyl]methacrylamide (DMAPM) were
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obtained from Tokyo Chemical Industry Co., Ltd. HCI, hexane, sodium chloride,
acrylic acid (AAc), poly(acrylic acid), sodium dodecyl sulfate (SDS),
azobisisobutyronitrile (AIBN) and 4,4'-azobis(4-cyanovaleric acid) (V-501) were
obtained from Watanabe Pure Chemical Industry Co., Ltd. NaOH and phosphate buffer
(pH = 7.0) were obtained from Kanto Chemical Co., Inc.; N-isopropylacrylamide
(NIPAM) was obtained from Wako Pure Chemical Industries, Co., Ltd. and
recrystallized from hexanes. The dialysis tube (MWCO 12,000-14,000 Da, Spectrum
Laboratories, Inc.) was washed with water prior to use. Cation exchange beads
(Muromac C1002-H, Muromachi Chemicals, Inc.) and anion exchange beads
(Muromachi Technos Co., Ltd., A2004-OH) were pretreated with aqueous HCI (1 M)
and then washed with excess water. The water used in this study was purified using a

Direct-Q Ultrapure Water System (Merck, Ltd.).

2.2.2. Preparation of NPs

2.2.2.1. Synthesis of NPs containing AAc

NPs consisting of poly(acrylic acid-co-N-isopropylacrylamide) (AAc NPs) was
prepared as reported (Scheme 2-1)1H%1 NIPAM (93 mol%, 3.28 g), BIS (2 mol%, 96
mg), AAc (5 mol%, 285 mg), and SDS (180 mg) were dissolved in 100 mL of water,
which resulted in a total monomer concentration of 312 mM. The pH of the solution
was adjusted with an HCI solution to 2.6 which was monitored by a pH meter (S50

SevenMulti, Mettler Toledo Co. Ltd.). The reaction mixture was then degassed with
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nitrogen flushing for 30 min. Following the addition of V-501 (19.3 mg in 1.96 mL of
DMSO), the polymerization was carried out at 70 °C for 3 h under a nitrogen
atmosphere. The polymerized solution was purified by dialysis against an excess
amount of water (changed more than 3 times a day) for 2 days. Traces of counter anions
were removed by strong cation exchange beads (Muromac C1002-H, Muromachi

Chemicals, Inc.). The beads were filtered out after exchanging for 1 h.

[e) O
N Z (0] /\( Phase Transition
-A

HN Free Radical
NH > Polymerization HO QOH
—
OH HN - OCH Bl

HO
A OOH @
\/go L

Reversible pH Shift

N-isopropylacrylamide  Acrylic acid N,N-Methylene- Alc NPs
(NIPAM) (AAc) bisacrylamide
(BIS)

Scheme 2-1. Polymerization process of temperature-responsive hydrogel nanoparticles
consisting of AAc. The quick and reversible VPT behavior can lead reversible pKa

change of hydrogel nanoparticles.

The yield of NPs was determined by measuring the weight of NPs obtained by
lyophilization of a part of the dialyzed solution. The concentration of NPs treated by
the lyophilization method was determined by measuring the moisture absorption and

mass after reaching the humidity balance in the air.

2.2.2.2. Synthesis of NPs containing DMAPM
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Amine-containing pNIPAM NPs consisting of poly(N,N-dimethylaminopropyl
methacrylamide-co-N-isopropylacrylamide) (DMAPM NPs) was also prepared as
reported (Scheme 2-2)B8-#1 NIPAM (93 mol%, 3.28 g), BIS (2 mol%, 96 mg),
DMAPM (5 mol%, 0.28 mL), and CTAB (73 mg) were dissolved in 100 mL of water,
which resulted in a total monomer concentration of 312 mM. The pH of the solution
was adjusted with NaOH solution to 10.6 which was monitored by a pH meter (S50
SevenMulti, Mettler Toledo Co. Ltd.). The reaction mixture was then degassed with
nitrogen flushing for 30 min. Following the addition of AIBN (11.3 mg in 2 mL of
MeOH), the polymerization was carried out at 70 °C for 3 h under a nitrogen
atmosphere. The polymerized solution was purified by dialysis against an excess
amount of water (changed more than 3 times a day) for 2 days. Traces of counter cations
were removed by strong anion exchange beads. The beads were filtered out after

exchanging for 1 h.

.0
o 2 )
Ph Ti t
N /\( = R— ® H® ase_ér‘ans ion
NH HN HN> Polymerization e o &
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/J\ A Mez
\A H® Me2 A
N O 4@  Reversible pH Shift
PN
N-isopropylacrylamide  N-[3-(Dimethylamino) N,N-Methylene- DMAPM NPs
(NIPAM) propyllacrylamide bisacrylamide
(DMAPM) (BIS)

Scheme 2-2. Polymerization process of temperature-responsive hydrogel nanoparticles
consisting of DMAPM. The quick and reversible VPT behavior can lead reversible pKa

change of hydrogel nanoparticles.
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The yield of NPs was determined by measuring the weight of NPs obtained by
lyophilization of a part of the dialyzed solution. The concentration of NPs treated by
the lyophilization method was determined by measuring the moisture absorption and

mass after reaching the humidity balance in the air.

2.2.3. '"H NMR measurement

Lyophilized powder of NPs was dissolved in CD3OD (50 mg mL™"). Proton
nuclear magnetic resonance ('"H NMR) experiments were conducted on a JEOL JNM-
ECP400 instrument at 25 °C. The trace of the surfactant remaining in the NPs was

determined from the results of NMR.

2.2.4. Quantification of VPT temperature and hydrodynamic diameter of NPs

VPT behavior of the sample was confirmed by a dynamic light scattering (DLS)
instrument (Zetasizer Nano, Malvern Instruments Limited) using the ion-exchanged
solutions. The solution was equilibrated at each temperature for 2 min prior to the
measurement. VPT temperature was determined as the temperature where the plateau
of relative scattering intensity started. The relative scattering intensity was defined by

Eq. 2-1:
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. o . I-Im;
Relative scattering intensity = ——— Eq. 2-1

Imax—Imin

where [/ is the intensity. Hydrodynamic diameters of NPs were also measured by

DLS as a function of temperature.

2.2.5. Quantification of carboxylic acid or amine concentration in NPs

The concentration of the carboxylic acid of the AAc NP was estimated by acid—
base titration using aqueous NaOH at 30 and 70 °C with stirring at 500 rpm. A pH meter
(S50 SevenMulti, Mettler Toledo Co. Ltd.) equipped with pH probes (InLab Routine
Pro, Mettler Toledo Co. Ltd.) was calibrated with standard buffers (pH = 4.01, 7.00,
and 9.21) prior to use. Temperature of NP solution was controlled by water bath.
According to the mass concentration of NPs, the concentration of carboxyl groups in
the original solution of AAc NPs can be calculated. The similar method of acid-base
titration was applied to measure the concentration of the amine in DMAPM NPs.
Instead of NaOH, aqueous HCI was used in the titration experiment. To prevent alkaline
NPs (DMAPM NPs) from absorbing carbon dioxide in the air and affecting the results

of the neutralization titration, DMAPM NPs were titrated in a nitrogen atmosphere.

2.2.6. Measurement of pKa shift curve in heating process

Apparent pKa. of the acids/amine in NPs is equal to the pH value at the half

neutralization point. pK, shift curve was measured with a pH probe by the following
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method: half neutralized NP solution was prepared by adding 0.5 equivalents of NaOH
and HCl for AAc NPs and DMAPM NPs, respectively. Then pH value and temperature
of NP solution every 3 seconds during temperature swing process was recorded by the
pH probe with stirring 500 rpm. To prevent DMAPM NPs from absorbing carbon
dioxide in the air and affecting the results of the neutralization titration pH, a nitrogen
atmosphere was applied during temperature swing. Temperature change was controlled

by a synthesis plant (Eyela PPW-200, Tokyo Rikakikai Co., Ltd.).

2.2.7. Preparation of poly(AAc) and poly(DMAPM)

Poly(acrylic acid) (MW 25000) was dissolved in water to prepare poly(AAc)
solution. Poly(DMAPM) was synthesis by simple radical polymerization. DMAPM
(312 mM, 5.6 mL) was dissolved in 100 mL of water. The pH of the solution was
adjusted with HCl solution to 7.8 which was monitored by a pH meter (S50 SevenMulti,
Mettler Toledo Co. Ltd.). The reaction mixture was then degassed with nitrogen
flushing for 60 min. Following the addition of APS (22.8 mg in 1 mL of water), the
polymerization was carried out at 60 °C for 22 h under a nitrogen atmosphere. The
polymerized solution was purified by dialysis against an excess amount of water
(changed more than 3 times a day) for 2 days. Finally, a light yellow transparent

poly(DMAPM) aqueous solution can be obtained.
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2.2.8. Measurement of thermoelectric voltage

Experimental apparatus for voltage measurement (Figure 2-1a) was made up of
the following components. 10 mL of electrolyte solutions were put into water jacket
glass cells (© 25.6 mm * h 50 mm). Two mix stirrers (@ 5 mm * 20 mm) were added
in each half cell. Each cell was covered with a 3-hole teflon cap, where a platinum
working electrode was immersed into the electrolyte solution. A 25 cm silicon tube salt
bridge containing agar gel with 3 M potassium chloride solution was inserted through
3-hole teflon cap to connect two cells (Figure 2-1b). And a thermocouple was inserted
into the electrolyte solution in each cell. Temperature of each cell was controlled
separately by using an external thermostatic device to circulate water into the water
jacket of each cell. The terminals of the source meter 2401 (Keithley) were connected
to the electrodes of each cell. DC voltage measurement mode (mV) for displaying the
voltage was set. Before the measurement was started, the carbon dioxide and oxygen in
the electrolyte solution were removed by nitrogen bubbling for 30 minutes to prevent
pH change and oxidation of electrolyte solution. After confirming that the inside of
both cells was stabilized at 20 °C., gradually raise the temperature of the jacket water
of one cell until it reached 70 °C. The difference in temperature and the voltage between
the hot and cold cell sides was plotted, and the S. was estimated from the slope of the

plot.
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Figure 2-1. (a) Diagram of salt the bridged thermocell. (b) Photograph of a bridged

thermocell design for thermoelectric voltage mesurement.

Quinhydrone, which is an equimolar mixture of p-quinone and p-hydroquinone
and shows a reversible two-proton-two-electron PCET reaction (Scheme 2-3), was used
as redox species in electrolyte solution. 5.6 mM of quinhydrone and various
concentrations of NPs were dissolved into milli-Q water. The pH of each cell was
adjusted by the addition of half an equivalent of NaOH and HCI for AAc NPs and
DMAPM NPs, respectively. For the cell without NPs, an aqueous solution of

quinhydrone (5.6 mM) and HCI was added to adjust the pH to 4.2.

Oxidation Reaction oH
#2H +26 =
5 Reduction Reaction
Quinone(Q) Hydroquinone (HQ)

Scheme 2-3. A reversible PCET reaction of p-hydroquinone and p-quinone.

93



2.2.9. Measurement of thermoelectric current and power

The experimental apparatus for the thermocell performance measurements (Figure
2-2a) was made up of the following components. A home-made H-shape glass tube
with an inner diameter of 20 mm was used as the thermocell and 35 mL of electrolyte
solutions were added into it (Figure 2-2b). Each side of the container was soaked in
coolant or a heater, respectively, to control the temperature of each side separately.
Platinum wires (1 mm in diameter and 80 mm in length) were washed by soaking them
in concentrated sulfuric acid and these were rinsed with ultrapure water before use. Two
platinum wires were immersed into the electrolyte solution, and the current between the
wires were measured with a source meter 2401 (Keithley). The temperature at both
sides of the cell was monitored during the measurement with two thermometers (TM-
201). The temperature of the cold side of the container was kept at approximately 20 °C

and the solution was magnetically stirred during the measurement.

Various concentrations of quinhydrone and NPs were dissolved into milli-Q water.
The pH of each cell was adjusted by the addition of half an equivalent of NaOH and
HCIl for AAc NPs and DMAPM NPs, respectively. Various concentrations of KCI were
added to improve ionic conductivity. For the cell without NPs, an aqueous solution of

quinhydrone (5.6 mM) and HCI was added to adjust the pH to 4.2.
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(a)

Digital Multimeter

Cathode

Figure 2-1. (a) Diagram of the H-shape cell for current and output power measurement.
(b) Photograph of H-shape thermocell consisting AAc NPs for current measurement.
Methyl orange was added to the cell to visualize the pH difference between both sides

of the cell.

2.2.10. Measurement of electrical and thermophysical property

The ionic conductivity of the electrolyte solutions was measured by an electric
conductivity meter (SevenMulti Dual Digital Meter with Conductivity and pH Modules,
Mettler Toledo) with a Mettler-Toledo Conductivity TDS/SAL/Resistivity Module.
The thermal conductivity of the samples was measured by a transient plane source
technique by a hot disk thermal constants analyzer (Hot Disk TPS 500, Kyoto
Electronics) with a #7577 sensor at ambient temperature. 40 mL of electrolytes were

used, and each measurement was repeated 10 times with a 1-min interval.
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2.2.11. Measurement of Zeta potential of NPs solution

The Zeta potential of the NPs solutions was measured by a dynamic light scattering
(DLS) instrument (Zetasizer Nano, Malvern Instruments Limited) using zeta potential
measurement mode. 10 mM phosphate buffer (pH=7.0) solutions was used to prevent

the influence of pH changes in the NP solution.

2.3. Results and Discussion

2.3.1. Preparation of NPs

AAc NPs and DMAPM NPs that undergoes the VPT in aqueous media at a

381421441 By measuring the

temperature around 40 °C was prepared as reported.!
weight of NPs obtained by lyophilization of a part of the dialyzed solution, the yield of
NPs was obtained as 79.4% and 84.6% for AAc NPs and DMAPM NPs, respectively.
The 'H NMR results of AAc NPs (Figure 2-3a) and DMPAM NPs (Figure 2-3b)
showed that the surfactant remaining in NPs was too little to affect the thermal response

performance of NPs. Two signals were observed at 1.4 ppm and 4.0 ppm in both NMR

results, corresponding to -CH>- and -CH- in the NIPAM side chain, respectively.
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Figure 2-3. '"H NMR results of (a) AAc NPs and (b) DMAPM NPs.
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The concentration of AAc NPs (27.05 mg mL™") and DMAPM NPs (30.76 mg
mL ") treated by the lyophilization method were determined by measuring the moisture

absorption and mass after reaching the humidity balance in the air.

2.3.2. VPT behavior of NPs

Figure 2-4 shows a plot of the hydrodynamic diameter of NPs obtained by DLS as
a function of temperature. The average diameters of the polymer chains decreased
during the VPT, which corresponded to the dehydration of the polymer chains above
approximately 30 °C. The VPT temperatures of AAc NPs and DMAPM NPs were

measured as 32 °C and 40 °C, respectively.
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Figure 2-4. Change of mean-diameter of (a) AAc NPs (1.0 mg/mL) and (b) DMAPM

NPs (1.0 mg/mL) estimated from DLS measurements with the change in temperature.
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In addition, DLS hydrodynamic diameter distribution of NPs between 20 °C and
50 °C was shown in Figure 2-5. Through the experimental results, it can be observed
that the hydrodynamic diameter distribution of NPs changes greatly with the change of
temperature, which is attributed to the VPT process. In the swollen phase, pNIPAM is
hydrated, and thus, microenvironment around the acids in the NPs is hydrophilic.
However, at temperatures above the VPT temperature, NPs shrinks as a result of
entropically driven dissociation of water molecules from pNIPAM, and the

environment around the acids becomes hydrophobicl*!-43],
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Figure 2-5. DLS hydrodynamic diameter distribution of (a) AAc NPs (1.0 mg/mL) at
20°C, (b) AAc NPs (1.0 mg/mL) at 50 °C, (c) DMAPM NPs (1.0 mg/mL) at 20 °C and

(d) DMAPM NPs (1.0 mg/mL) at 50 °C.
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2.3.3. Acid—base titration results of NPs

The concentration of the carboxylic acid of the AAc NPs was estimated to be 335.6
umol/g by acid-base titration using aqueous NaOH at 30 and 70 °C (Figure 2-6a).
According to the mass concentration of AAc NPs (27.05 mg mL™!), the concentration
of carboxyl groups in the original solution of NPs can be calculated (9.08 mM).
Through the similar titration experiment, the concentration of the amine of DMAPM
NPs was estimated by acid—base titration using aqueous HCI at 30 and 70 °C (Figure
2-6b) to be 390.3 umol/g. According to the mass concentration of DMPAM NPs (30.76
mg mL "), the concentration of amino groups in the original solution of NPs can be

calculated (12.0 mM).
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Figure 2-6. Titration curves of (a) AAc NPs (4.0 mg/mL) and (b) DMAPM NPs (4.0

mg/mL) at 30 (blue) and 75 °C (red). The horizontal axis is the amount of added NaOH
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and HCl for AAc NPs and DMAPM NPs, respectively. By determining the
neutralization point, the amount of carboxy and amino groups contained in NPs can be

calculated

Amount and pK, of acids in NPs were determined by acid base titration. When pH
of the solution was adjusted by strong base (NaOH) to be equal to the pKa of AAc in
the NPs, the environmental change induced significant pH change of the NPs solution
from pH 5 to pH 7 by elevating the temperature from 30 to 50 °C associating with the
pK. shift of acids in the particles (Figure 2-7, blue line).*?M*3] The solution of DMAPM
NPs showed a large pH shift in which the direction is contrary to the acid-containing

NPs (Figure 2-7, red line).[8H43:144]
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Figure 2-7. Temperature dependent pH change of AAc NPs ([AAc] =2 mM, [NaOH]

=1 mM) (blue) and DMAPM NPs ([ DMAPM] =2 mM, [HCI] = 1 mM) (red) solutions.
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2.3.4. Thermoelectric voltage of thermocells driven by the VPT of AAc NPs

In order to convert the pH change to a large Se, quinhydrone, which shows a
reversible two-proton-two-electron PCET reaction was selected as redox species in
thmocell electrolyte solution. At ambient temperature, the equilibrium potential of
quinhydrone shifts by changing the concentration of protons (pH) for 59 mV pH .14

Thus, if the pH of one side of the cell is different from the other side, a large shift of

equilibrium potential will be observed.

Quinhydrone thermocells were constructed using a set of jacketed cells and
platinum electrodes connected with a salt bridge (Figure 2-1a, 2-1b). The open-circuit
voltage between the two electrodes was measured during the heating of one of the cells
from 20 °C to 70 °C (Figure 2-8, blue line). An open-circuit voltage of 152 mV was
observed when adding AAc NPs into the quinhydrone electrolyte. The average S. over
the whole temperature range was —3.0 mV K !, and the highest S. of =6.7 mV K! was
observed between 36 and 40 °C (Figure 2-8, blue line). This behavior is similar to the
temperature-dependent pH profile of the solution (Figure 2-7, blue line), which reflects

the VPT process of AAc NPs.
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Figure 2-8. Open circuit voltage of quinhydrone (5.6 mM) themocells constructed
without NPs (green), and with AAc NPs ([AAc] =2 mM, [NaOH] = 1 mM) (blue),
DMAPM NPs ([DMAPM] = 2 mM, [HCI] = 1 mM) (red). The slope of the curves
corresponds to the Seebeck coefficient (Se). Quinhydrone solution (5.6 mM) showed S
of —0.72 mV K!, while addition of AAc NPs resulted in an average Sc of —3.0 mV K!
and maximum S. of —=6.7 mV K ! between 36 and 40 °C. Addition of DMPAM NPs
resulted in an average S. of +2.6 mV K!, and maximum S. of +6.1 mV K! between

42 and 46 °C.

The mechanism was supported by additional experiments using thermocells
consisting of the amine containing DMAPM NPs. The cells prepared with DMAPM
NPs showed a large voltage in which the direction is contrary to the ones with acid-
containing NPs. The average S. over the whole temperature range was +2.6 mV K!

and the highest S, of +6.1 mV K ! was observed at the temperature between 42 and
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46 °C (Figure 2-8, red line). This is three times higher positive Se value than the highest

ever reported values among liquid-state thermocells. ¢!

To establish importance of pH shift on the generation of the large S. value, two
quinhydrone thermocells with AAc NPs which pH is adjusted to be pH 4.4, 5.0 and 8.8
at 20 °C were prepared by adding appropriate amount of NaOH. When pH of the
quinhydrone-AAc NPs electrolyte was adjusted to be far from pK, of the acids in the
NPs, significant decrease in S. was observed, indicating importance of large pH
gradient formed by acids in the NPs. (Figure 2-9). It should be noted that this is the
highest negative S. value ever reported among conventional liquid-state thermocells

(the previously reported Se values are listed in Table 1-4).
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Figure 2-9. (a) Titration curves of AAc NPs at 20 °C and 70 °C. Appropriate amount
of NaOH, shown as D®@@®), was added in order to prepare thermocells which pH is
4.4, 5.0 and 8.8, respectively at 20 °C. (b) Open circuit voltage of quinhydrone (5.6
mM) themocells constructed with AAc NPs ([AAc] =2 mM) and 0.4 mM (@®blue), 1
mM (@red) and 2 mM (3black) of NaOH. The slope of the curves corresponds to the
Seebeck coefficient (S.). The average S, of —1.6 mV K ! and —0.6 mV K 'was observed
upon the heating process of @ and (3, respectively, which were significantly smaller
than that of the cell @ which pH was adjusted to be equal to the pKa of AAc in the
NPs (pH = 5.0, S = —3.0 mV K"). (c) The average S. of thermocells as a function of

pH difference. Temperatures of cold and hot electrodes are 20 °C and 70 °C,

respectively.
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2.3.5. Control experiments using poly(AAc) and poly(DMAPM)

Additional control experiments using thermocells consisting of poly(NIPAM) NPs
without AAc, poly(AAc) without NIPAM and ploy(DMPAM) without NIPAM were
performed to prove that the driven force of the themocell is the pH change due to VPT
of NPs. The cells consisting of poly(NIPAM) NPs, poly(AAc) and poly(DMAPM) did
not show temperature-dependent large pH changes (Figure 2-10a). And thus, this cell
did not show the large S. as expected (Figure 2-10b). These results support the proposed

mechanism in which the VPT of the hydrogel NPs drives a large S. of quinhydrone

thermocells through the formation of a proton concentration gradient.
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Figure 2-10. (a) Temperature dependent pH change of AAc NPs ([AAc] = 2 mM,

[NaOH] = 1 mM) (blue), poly(NIPAM) NPs (5.9 mg/mL) (black), poly(AAc) (5.9
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mg/mL) (orange), poly(DMAPM) (5.9 mg/mL) (yellow) and DMAPM NPs
((DMAPM] = 2 mM, [HCI] = 1 mM) (red) solutions. (b) Open circuit voltage of
quinhydrone (5.6 mM) themocells constructed without NPs (green), and with AAc NPs
([AAc] =2 mM, [NaOH] = 1 mM) (blue), DMAPM NPs ([DMAPM] =2 mM, [HCI]
= 1 mM) (red), poly(NIPAM) NPs (5.9 mg/mL) (black), poly(AAc) (5.9 mg/mL)
(orange) and poly(DMAPM) (5.9 mg/mL) (yellow). The slope of the curves

corresponds to the Seebeck coefficient (Se).

2.3.6. Thermoelectric current and power of thermocells driven by the VPT of NPs

The current output of the quinhydrone thermocell containing AAc NPs was
investigated by applying an external load voltage using an H-shape glass tube and
platinum wire electrodes (Figure 2-2).["?M471 The open-circuit voltage increased with
increasing the temperature difference (Figure 2-11). The power output was estimated
to be 0.23 pW m 2 K2 from the /- measurements when the temperatures of cold and
hot cells were 20 °C and 50 °C, respectively (Figure 2-12a). Stability of the voltage was
evaluated (Figure 2-12b), and no obvious degradation was observed at least for 700
min. The power will further be improved by optimizing electrode and cell structure.!
Furthermore, the current output of the quinhydrone thermocell containing DMAPM
NPs was comparable with that of AAc NPs (Figure 2-12c¢). Stability of the voltage was
also evaluated (Figure 2-12d). As the same result, no obvious degradation was observed

at least for 700 min.
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Figure 2-11. Open circuit voltage of quinhydrone (5.6 mM) themocells constructed
without NPs (black), and with AAc NPs ([AAc] = 2 mM, [NaOH] = 1 mM) (green)

measured by H-shape cell. The slope of the curves corresponds to the Seebeck

coefficient (Se).
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Figure 2-12. (a) -V and P-V plots of thermocell consisting of quinthdrone (5.6 mM)

with AAc NPs (5.9 mg/mL, [AAc] =2 mM, [NaOH] = 1 mM). (b) Time dependency

of thermocell voltage, respectively. Temperatures of cold and hot cells were 20 °C and

50 °C, respectively. (¢) I-V and P-V plots of thermocell consisting of quinthdrone (5.6

mM) with DMAPM NPs (5.9 mg/mL, [DMAPM] = 2 mM, [HCI] = I mM). (d) Time

dependency of thermocell voltage, respectively. Temperatures of cold and hot cells

were 20 °C and 50 °C, respectively.

Proposed mechanism of the thermocell is shown in Scheme 2-4. When the NPs

around the hot electrode were heated, pH of the electrolyte solution increased because

protons were captured by the shrunk NPs. Decrease of proton concentration shifted the
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equilibrium of the PCET reaction of quinhydrone to the side of p-quinone, driving
electron transfer from hydroquinones to the hot electrode. On the other hand, pH around
the cold electrode became lower because of the protons released from the swollen NPs.
The high concentration of protons promoted the reduction of p-quinone to
hydroquinone on the cold electrode. The preference of the redox equilibrium was
affected by the concentration of protons by 59 mV pH! for the two-proton-two-
electron reaction according to the Nernst equation.!*> Therefore, a voltage of about 120

mV was generated when the pH was changed by about 2 (Figure 2-10b).

| VWhe—s |

+ -
Low Temperature High Temperature
& 9]
—
H +e-
e 0O0H
0
OH
od®
tod® —-—22@009
o 00°
OH

Scheme 2-4. Proposed mechanism for thermocells driven by phase transition of

hydrogel nanoparticles.
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My results also show that both p-type and n-type thermocells with high S. can be
obtained by the same strategy with a simple change of the functional group in the NPs.
By connecting p-type and n-type components, a m-connection system of thermocells

that shows minimum loss of thermal energy can be designed (Figure 2-14).[4%]

High Temperature

OH o
@zm @m H®
& veN e

Low Temperature =

Figure 2-14. Schematic illustration of the p- and n-type thermocell consisting of

thermo-responsive NPs and their serial n-type connection.
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2.3.7. Zeta potential of NPs solution

In addition, due to the amount of charge of NPs represented by the zeta potential
will be able to distinguish the stability and charged state of the particles to a large extent.
Temperature-dependence of zeta-potential of the AAc NPs and DMPAN NPs can
theoretically support the proposed mechanism of the thermocell shown in Scheme 2-4.

The zeta potential of NPs was measured and showed the results in Table 2-1.

Table 2-1. Zeta potential of NPs solution at different temperature and pH value.

Sample Name NPs Solutio Zeta Potential (mV) [
Concentration n pH 20 °C 70 °C
(mg/mL)
AAc NPs 1.0 7.0 [al -5.95 -11.4
DMAPM NPs 1.0 7.0 12l 0.173 0.567

[alMeasured in 10 mM phosphate buffer (pH=7.0) solutions.

b Average + standard deviation of three sequential measurements. Data may

include inaccuracy due to polydispersity.

The results show that AAc NPs are negatively charged, and DMAPM NPs are
positively charged. However, NPs can only show a small absolute value of zeta
potential under different temperature environments, and the value of zeta potential is

outside the range of stability behavior (£ 30 mV). Even if the temperature of the NPs
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solution is changed, an analytically meaningful zeta potential value cannot be measured

by my experimental device. This may be caused by more complicated reasons.

2.3.8. Electrical and thermophysical property and Z7 of thermocells driven by the

VPT of NPs

The performance of thermoelectric devices is evaluated by the dimensionless ZT
value from Eq. 2-2, which is determined by S., ionic conductivity (o), an average of the

absolute temperature (7)) and thermal conductivity (k).

053

K

ZT = 24T Eq. 2-2

Thus, ¢ and k values of each electrolyte were measured, and apparent Z7 values

were estimated.

As summarized in Table 2-2, both S. and o value drastically improved from —0.72
mVK'and8.7x102Sm 'to—6.7mV K 'and 5.3 x 102 S m!, respectively, by the
addition of the AAc NPs at 311 K. As a result, the ZT value improved by two orders of
magnitude from 2.0 x 10°® to 8.8 x 10~* by the NPs. Furthermore, as reported
previously,'”) ZT value was improved by two more orders by the addition of KCl as a
supporting electrolyte that increases ionic conductivity (Table 2-2). According to these
two methods, the highest ZT value of 2.4 x 1072 was achieved by the thermocells
consisting of AAc NPs and quinhydrone (Table 2-2). The same trend was observed

when using DMAPM NPs at 317 K. The highest ZT value achieved by DMAPM NPs
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was 5.4 x 1072, It should be noted that my cell configuration was specialized for a
precise Se measurement, and the Z7 value will be further improved by optimizing the

choice of electrodes and structure of cells.BH13H49H51]

Table 2-2. Electrical and thermophysical property and figure of merit of the electrolytes

in quinhydrone (5.6 mM) thermocells.

‘;‘i‘;c DMPAM - ¢ » Se K
(mNi) (:11:;) M) ™) vk | wmiky 2T
0*! 0 0 |87x10° —0.72 0.71 2.0 x 1076
2.0 0 0 |43x102  —6.7 0.68 8.8 x 1074
2.0 0 50 |86x101  —6.0 0.73 1.3 %102
2.0 0 100 NA*? NA*? NA*? NA*?
1.0 0 100 1.6 -5.9 0.72 2.4x1072
0 2.0 0 139x102 6.1 0.64 72 %1074
0 2.0 50 | 7.6x101 73 0.64 2.0 x 1072
0 2.0 100 NA*? NA*? NA*? NA*?
0 1.0 100 1.5 8.9 0.70 5.4 1072

*I pH of the solution was adjusted by the addition of of HCI to be pH=4.2.

*2 NPs are precipitated.
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2.4. Conclusions

In summary, thermocell for energy harvesting at physiological temperature with
high conversion efficiency was achieved by combining PCET reactions of redox-active
electrolyte pair quinhydrone and VPT of hydrogel NPs. This thermocell shows a high
Seof =6.7mV K ! and +6.1 mV K™, which is beyond the maximum value ever reported
for liquid-state thermocells. This high pH change of the solution induced by entropy
driven VPT of NPs was crucial for the efficient thermoelectric conversion. Furthermore,
by the improvement of ionic conductivity, a ZT value of 5.4 x 1072 was obtained, which
is high for liquid-based thermoelectric materials without using sophisticated electrodes.
The success of this concept involving entropy-driven phase transition opens a new
arena for investigating high performance thermocells. I believe that the strategy enables
a non-toxic, flexible, and inexpensive charger for wireless devices, including portable
devices and sensors, that harvests energy from low-grade but abundant energy sources

such as the solar, body and waste heat.
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Chapter 3. Rational Design of Thermocells
Driven by the Volume Phase Transition of

Hydrogel Nanoparticles
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Abstract

Thermocells are thermo-electrochemical conversion systems for harvesting low-
temperature thermal energy. Liquid-state thermocells are particularly desirable because
of low cost and their high conversion efficiency at the temperature around physiological
temperature, and they have, thus, been extensively studied. However, the performance
of the thermocells must be improved to utilize them as energy charger and/or battery.
In the chapter 2, I reported that a liquid-state thermocell driven by the volume phase
transition of hydrogel nanoparticles showed highly efficient thermoelectric conversion
with Seebeck coefficient (Se) of —6.7 mV K'!. Here, I report design rational of the
thermocells driven by the phase transition. High Sc of —9.5 mV K™! was achieved at
temperature between 36 and 40 °C by optimizing choice and amount of redox chemical
species. Figure of merit (Z7) of the thermocell was improved by selecting appropriate
electrolyte salt to increase the ionic conductivity and prevent the precipitation of
nanoparticles. Furthermore, screening of nanoparticles revealed the high correlation
between Se and the pH shift generated as a result of phase transition of the nanoparticles.
After optimization, the maximum Z7T of 8.0 x 10 at temperature between 20-70 °C

was achieved.

3.1. Introduction

The provision of green electricity is a key sustainable development goal (SDG) for

this century, but improving the conversion efficiency of green energy resources remains

11-[5

a significant challenge [!] In addition, there is high demand for flexible and/or
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portable devices that efficiently convert low-grade waste heat into electricity 117,
Recently, conversion efficiency of thermoelectric conversion elements based on the
Seebeck effect have been improved B+°). However, the conversion efficiency of these
semiconductor materials for low-temperature thermal energy remains low. In contrast,
thermocells, also called thermo-electrochemical cells or thermo-galvanic cells, have
huge potential for thermoelectrical energy conversion at the temperature around

[10,[11

physiological temperature 1. In these devices, a difference in the equilibrium

potential of redox species is formed in response to temperature differences; this drives

redox reactions at the electrodes, thus resulting in thermoelectrical conversion!!2H13],

Recently, a liquid—gas two phase thermocell driven by vaporization of acetone
achieved a high S. of 9.9 mV K ' A quasi-solid-state thermocell consisting of
hydrogel based electrolyte has shown high S. of 17.1 mV K '.I3] However, design of
liquid-state thermocells (LTC) are still required because of low cost and their potential
of high conversion efficiency at the temperature around physiological
temperature!!°*!7]. Kim et al. reported a LTC showing a high ZT and S. of 0.16 and 1.4
mV K™ !, respectively, by using carbon nanotube as electrodes!'®!. Yamada et al.
enhanced thermoelectric performance of LTC by using host-guest interactions and salt-
induced crystallization!'”*2%. Yy et al. used the dissolution process of thermosensitive

121 Further, by optimizing

crystallization to develop a LTC having a Se of 3.73 mV K~
the electrolyte and electrode material, S, has been increased to 4.2 mV K221 which is

a considerable thermoelectric conversion efficiency of LTC.
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I have reported LTCs using the volume phase transition (VPT) of hydrogel
nanoparticles (NPs) and achieved the high S, values of +6.1 and —6.7 mV K~ 23] In my
systems, as a result of VPT, the proton concentration (pH) in the NP-containing
electrolyte changed by a factor of around 100 (~2 units pH shift). The pH difference is
converted into cell voltage through proton-coupled redox reactions. Promisingly, Se
values I have obtained are much greater than those of conventional liquid state
thermocells!?}]. Although thermocells driven by the VPT of hydrogel NPs represent an
attractive and promising class of LTCs, a rationale for the design of NP-based
thermocells to achieve the high conversion efficiency has not been reported. Thus, in
this study, I focused on three primary factors in the construction of the thermocells: the
chemical species for the redox reaction (redox species), electrolyte salts, and nature of
the hydrogel NPs. Based on my findings, I developed a design rationale for the

thermocells driven by the volume phase transition of hydrogel nanoparticles.

Choice of redox species is the most important factor in the design of the thermocell.
For pH shift-to-electrical energy conversion, I chose compounds that show proton-
coupled electron transfer (PCET) as redox species. At ambient temperature, the
equilibrium potential of these redox species is affected by the pH. Therefore, if the pH
varies across the thermocell, a large change in the equilibrium potential occurs. In this
study, I focused on the quinone-based redox species, including chlorohydroquinone,
methylhydroquinone, and anthraquinone-2,7-disulfonic acid combined with VPT of
NPs. These redox species undergo reversible redox reactions and have similar

structures to the quinone/hydroquinone redox species used in thermocells to datel**+24],
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In addition, to achieve high performance, the thermocell electrolyte must have
high ionic conductivity!?>]. Different types of electrolyte salts have different effects on
ionic conductivity®®!, and also affect the colloidal stability of NPs!?’H28] Therefore,I

investigated the optimal electrolyte salt, focusing on KCl, NaCl, and KNOs.

Last but not least, as a crucial component of the thermocell, the stimulus-
responsive hydrogel NPs and their effects on cell performance were investigated. These
materials have attracted much attention recently because of their dynamic nature;
specifically, they show fast volume changes in response to a small external stimulus,

(2911321 A typical stimulus-responsive hydrogel is

including temperature changes
poly(N-isopropylacrylamide) (pNIPAM), which undergoes VPT from the solvent-
swollen hydrophilic phase to a shrunken hydrophobic phase at approximately 32 °C
[331-[36

1. This change is a result of the entropy-driven dissociation of water from the

polymer chains.

In a previous study, I used the changes in the acid dissociation constant (pKa,) of
NPs consisting of poly(acrylic acid-co-N-isopropylacrylamide) (poly(AAc-co-
NIPAM), also denoted AAc NPs) during the VPT process to produce a shift in pH of
approximately 2 pH units from pH 5 to pH 7 between 30 and 40 °C 2], In the present
study, in addition to the AAc-NPs, NPs consisting of chloroacrylic acid (CAc) and
methacrylic acid (MAA) instead of AAc (poly(CAc-co-NIPAM) and poly(MAA-co-

NIPAM), respectively) were synthesized and used to trigger the pH shift (Scheme 3-1).
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The pK. values of these two monomers are different from those of AAc, resulting in

changes in the ranges of pH shift B3H3¢],

NH + > +
/J\ " .
‘\x)%o R=-H, -CH,, -Cl
N-isopropylacrylamide N,N-methylenebisacrylamide a-substituted
(NIPAM) (BIS) acrylic acid
Free Radical
Polymerization
—_—
A

Scheme 3-1. Schematic of the copolymerization of temperature-responsive hydrogel
NPs consisting of substituted acrylic acid, N-isopropylacrylamide, and N,N'-
methylenebisacryalmide. Rapid, reversible VPT results in reversible changes in the pKa

of the hydrogel nanoparticles.

3.2. Materials and experiments

3.2.1. Materials

The following chemicals and materials were obtained from commercial sources
and used as received unless otherwise stated. N,N-Methylenebisacrylamide (BIS),
cetyltrimethylammonium bromide (CTAB), 2-chloroacrylic acid (CAc, purity 96.0%),

N-[3-(dimethylamino)propyl]methacrylamide (DMAPM), and Sodium dithionite
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(DITH, purity > 85.0%) were obtained from Tokyo Chemical Industry Co., Ltd. HCI,
hexane, sodium chloride, acrylic acid (AAc, purity > 99.0%), methacrylic acid (MAA,
purity > 99.0%), sodium dodecyl sulfate (SDS), azobisisobutyronitrile (AIBN), and
4,4'-azobis(4-cyanovaleric acid) (V-501) were obtained from Watanabe Pure Chemical
Industry Co., Ltd. NaOH, KCI, NaCl, and KNO3 were obtained from Kanto Chemical
Co., Inc., and N-isopropylacrylamide (NIPAM, purity > 98.0%), anthraquinone-2,7-
disulfonic acid (2,7-AQDS, purity > 95.0%), riboflavin (RF, purity > 97.0%),
methylene blue (MB, purity > 98.5%), KSCN (purity 98.0%), hydroquinone (HQ,
purity > 99.0%), methylhydroquinone (MHQ, purity 99.0%), chlorohydroquinone
(CHQ, purity 90.0%), and 2,5-dichlorohydroquinone (DCHQ, purity 98.0%) were
obtained from Wako Pure Chemical Industries, Co., Ltd. and recrystallized from hexane.
The dialysis tube (MWCO 12,000-14,000 Da, Spectrum Laboratories, Inc.) was
washed with water before use. Cation exchange beads (Muromac C1002-H, Muromachi
Chemicals, Inc.) and anion exchange beads (Muromachi Technos Co., Ltd., A2004-OH)
were pretreated with aqueous HCI (1 M) and then washed with excess water. The water

used in this study was purified using a Direct-Q Ultrapure Water System (Merck, Ltd.).

3.2.2. Preparation of NPs

Poly(AAc-co-NIPAM) NPs (AAc NPs) were synthesized following our

36]

previously reported method ZM3*-B6l Using a similar method, I synthesized

poly(CAc-co-NIPAM) and poly(MAA-co-NIPAM). Briefly, NIPAM (93 mol%, 3.28
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g), BIS (2 mol%, 96 mg), SDS (180 mg), and CAc (5 mol%, 419.6 mg) or MAA (5
mol%, 340.4 mg) were dissolved in 100 mL of water, resulting in a total monomer
concentration of 312 mM. For poly(CAc-co-NIPAM), I used two pH values during
synthesis. One solution was adjusted with aqueous NaOH to pH 2.9 (monitored using
a pH meter (F-52T, Sankei Chemical Co. Ltd.)), whereas the other was adjusted to pH
2.3. For poly(MAA-co-NIPAM), the pH of the solution was adjusted using aqueous
NaOH to be 2.9. The reaction mixture was then degassed by nitrogen flushing for 30
min. Following the addition of the V-501 initiator (19.3 mg in 1.96 mL of
dimethylsulfoxide (DMSO)), polymerization was carried out at 70 °C for 3 h under a
nitrogen atmosphere. Subsequently, the polymerized solution was purified by dialysis
against an excess amount of water (at least three times a day) for 2 days. Traces of
counter anions were removed using strong cation exchange beads (Muromac C1002-H,

Muromachi Chemicals, Inc.). The beads were filtered out after 1 h of ion-exchange.

The yields of poly(CAc-co-NIPAM) NPs (CAc NPs) and poly(MAA-co-NIPAM)
NPs (MAA NPs) were determined by measuring the weight of NPs obtained by the
lyophilization of a part of the dialyzed solution. The concentrations of the CAc NPs and
MAA NPs treated by the lyophilization method were determined by measuring the

moisture absorption and mass after reaching humidity balance in air.
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3.2.3. 'TH NMR measurement

For 'H-NMR measurements, lyophilized NPs were dissolved in CDs;OD
(50 mg mL™!) and analyzed on a JEOL JNM-ECP400 instrument at 25 °C. The amount

of trace surfactant remaining in the NPs was determined by NMR.

3.2.4. Quantification of VPT temperature and hydrodynamic diameter of NPs

The VPT behavior of the samples was confirmed by dynamic light scattering
(DLS) measurements (Zetasizer Nano, Malvern Instruments Limited) using ion-
exchanged solutions. The solutions were equilibrated at each temperature for 2 min
before measurement. VPT temperature was determined as the temperature where the

plateau of relative scattering intensity started.

3.2.5. Quantification of carboxylic acid concentration in NPs

The concentrations of the carboxylic acid groups in the CAc NPs synthesized at
pH 2.3 and 2.9 and that of the MAA NPs was estimated by acid—base titration using
aqueous NaOH at 30 and 70 °C with stirring at 500 rpm. A pH meter (S50 SevenMulti,
Mettler Toledo Co. Ltd.) equipped with pH probes (InLab Routine Pro, Mettler Toledo
Co. Ltd.) was calibrated with standard buffers (pH =4.01, 7.00, and 9.21) prior to use.
Temperature of NP solution was controlled by water bath. According to the mass

concentration of NPs, the concentration of carboxyl groups in the original solution can
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be calculated. The pH values of the solutions were adjusted to be equal to the apparent

pK. of the acids in the NPs by adding NaOH (0.5 eq).

3.2.6. Measurement of pKa shift curve in heating process

Apparent pK, of acrylic acids in CAc NPs and MAA NPs is equal to the pH value
at the half neutralization point. pK, shift curve was measured with a pH probe by the
following method: half neutralized NP solution was prepared by adding 0.5 equivalents
of NaOH. Then pH value and temperature of NP solution every 3 seconds during
temperature swing process was recorded by the pH probe with stirring 500 rpm.
Temperature change was controlled by a synthesis plant (Eyela PPW-200, Tokyo

Rikakikai Co., Ltd.).

3.2.7. Preparation of redox species for the thermocell electrolyte

Redox species were pretreated for electrolyte preparation. Specifically, before
preparing the thermocells, 0.5 eq of DITH was added to solutions of 2,7-AQDS, RF, or
MB to adjust the ratio of the oxidized state to the reduced state to 1:1. For HQ, MHQ,
CHQ, and DCHQ, which are in their reduced states, aqueous solutions were bubbled
with air for sufficient time (at least 6 hours) to ensure complete oxidation. Then, an
equal amount of the original solution was mixed with the oxidized solution to adjust

the ratio of the oxidized state to the reduced state to 1:1 in the electrolyte solution.
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3.2.8. Measurement of thermoelectric voltage and current

The thermoelectric voltage and current were measured following my previously
reported procedure!??! and the following setup (Figure 3-1). The electrolyte solutions
(10 mL) were placed into water-jacketed glass cells (® 25.6 mm x 50 mm), and two
stirrers (® 5 mm x 20 mm) were added to each half cell. Each cell was covered with a
three-hole Teflon cap, and a platinum working electrode was immersed in the
electrolyte solution. A 25-cm silicon tube salt bridge containing agar gel with 3 M
potassium chloride solution was inserted through the three-hole Teflon cap to connect
the two cells. Finally, a thermocouple was inserted into the electrolyte solution of each
cell. The temperature of each cell was controlled separately using an external
thermostatic device to circulate water into the jacket of each cell. The terminals of the
Keithley 2401 source meter were connected to the electrodes of each cell. Direct current
DC voltage measurement mode (mV) was used to display the voltage. As described
above, various redox species and NPs were prepared, and combinations of these were
dissolved in Milli-Q water for each experiment. The pH of each cell was adjusted by
adding 0.5 eq of NaOH. KCI (30 mM) was added to improve the ionic conductivity.
After confirming the voltage of both cells had stabilized at 20 °C, the temperature of
the jacket water of one cell was gradually increased to 70 °C. The difference in
temperature and voltage between the hot and cold cell sides was then plotted, and S

was estimated from the slope of the plot. The changes in the pH and ionic conductivity
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of the electrolyte during experiments were measured simultaneously using a pH meter

and an ion conductivity meter (Sankei Chemical Co. Ltd), respectively.

Figure 3-1. Photograph of a bridged thermocell design for open circuit voltage

measurement.

The experimental apparatus for the current measurements consisted of the
following components: A homemade H-shaped glass tube with an inner diameter of 20
mm was used as the thermocell (Figure 3-2). The cell contained 35 mL of electrolyte
solution. Each side of the container was immersed in a cooled or heated solution to
control the temperature of each side separately. Before use, platinum wire electrodes (1
mm in diameter and 40 mm in length) were washed by soaking in concentrated sulfuric
acid followed by rinsing in ultrapure water. Then, two platinum wires were immersed
in the electrolyte solution, and the current between the wires was measured using a

Keithley 2401 source meter. The temperatures at each side of the cell were monitored
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using two thermometers (TM-201). The temperature of the cold side of the container
was maintained at approximately 20 °C, and the solution was magnetically stirred
during the measurements. The electrolyte composition was the same as that described
above and used for voltage measurements. While one end of the H-shaped glass tube
was heated from 20 to 70 °C, the source meter was used to apply a reverse voltage
across the electrodes and record the current to obtain a current—voltage (/-V) curve that

represents the power performance of the thermocell.

Figure 3-2. Photograph of H-shape thermocell for current measurement.

3.2.9. Ionic conductivity measurement and performance calculation

The ionic conductivity of the electrolyte solutions was measured by an electric
conductivity meter (SevenMulti Dual Digital Meter with Conductivity and pH Modules,

Mettler Toledo) with a Mettler-Toledo Conductivity TDS/SAL/Resistivity Module.
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The performance of the thermoelectric devices was evaluated using the dimensionless
ZTvalue given in Eq. 3-1, which is determined from S., as well as the ionic conductivity
(o), average absolute temperature (7), and thermal conductivity (k). The thermal

conductivity of a low-concentration NP solution can be approximated as that of water.

2
72T =2¢T Eq. 3-1

K

Thus, the apparent ZT values were estimated from the measured ¢ and S. values

for each electrolyte.

3.3. Results and Discussion

3.3.1. Preparation of NPs

CAc NPs and MAA NPs that undergoes the VPT in aqueous media at a
temperature around 40 °C was prepared as reported.?>! By measuring the weight of
NPs obtained by lyophilization of a part of the dialyzed solution, the yield of CAc NPs
was obtained as 82.4% and 80.6% for NPs synthesized at pH 2.3 and pH 2.9,
respectively. For MAA NPs, the yield was 79.7%. The concentrations of the CAc NPs
(42.21 mg mL™" at pH 2.3 and 31.77 mg mL! at pH 2.9) and MAA NPs (30.41 mg
mL ) treated by the lyophilization method were also measured. The 'H NMR results
of CAc NPs synthesized at pH 2.9 (Figure 3-3a) and MAA NPs (Figure 3-3b) showed

that surfactant concentrations remaining in NPs were low.
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Figure 3-3. '"H NMR results of (a) CAc NPs and (b) MAA NPs.
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3.3.2. VPT behavior of NPs

Figure 3-4 shows a plot of the hydrodynamic diameter of NPs obtained by DLS as
a function of temperature. The average diameters of the polymer chains decreased

during VPT, which corresponds to the dehydration of the polymer chains above 30 °C.
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Figure 3-4. Change of mean-diameter (black dots) and poly dispersity index (Pdl, red
dots) of (a) CAc NPs (1.0 mg/mL) (b) MAA NPs (1.0 mg/mL) estimated from DLS

measurements with the change in temperature.

Through results showed that the mean-diameter of NPs changes greatly with the
change of temperature, which is attributed to the VPT process. In the swollen phase,
pNIPAM is hydrated, and thus, microenvironment around the acids in the NPs is

hydrophilic. However, at temperatures above the VPT temperature, NPs shrinks as a
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result of entropically driven dissociation of water molecules from pNIPAM, and the

environment around the acids becomes hydrophobicl**- 3%,

3.3.3. Acid—base titration results of NPs

The concentrations of the carboxylic acid groups in the CAc NPs synthesized at
pH 2.3 and 2.9 and that of the MAA NPs were estimated to be 412.4, 548.0, and 337.5

mmol g~! by acid—base titration with aqueous NaOH at 30 and 70 °C (Figure 3-5).

pH
pH

4] 0.5 1 15 0 0.5 1 1.5
NaQHCOOH MNalH/ICO0OH

Figure 3-5. Titration curves of (a) CAc NPs (4.0 mg/mL, synthesized in pH 2.9) and
(b) MAA NPs (4.0 mg/mL) at 30 (blue) and 75 °C (red). The horizontal axis is the

amount of added NaOH to the concentration of carboxy groups in NPs.
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Amount and pK, of acids in NPs were determined by acid base titration. When pH
of the solution was adjusted by strong base (NaOH) to be equal to the pKa, of CAc/MAA
in the NPs, the environmental change induced significant pH change of the NPs solution
by elevating the temperature from 20 to 70 °C (Figure 3-6, red line and black line)
associating with the pK, shift of acids in the particles.[*>! The CAc NPs and MAA NPs

showed different pH shift ranges comparing to AAc NPs (Figure 3-6, blue line).!*3-37]

9.0
8.0

7.04

pH

6.0

5.0-

4.0

3.0 T T T T
20 30 40 50 60 70

Temperature (°C)
Figure 3-6. Temperature dependent pH change of poly(CAc-co-NIPAM) NPs ([CAc]
=2 mM, [NaOH] = 1 mM) (red) and poly(MAA-co-NIPAM) NPs ([MAA] =2 mM,
[NaOH] = 1 mM)) (black) solutions. As a reference comparison, AAc NPs ([AAc] =2
mM, [NaOH] = 1 mM) (blue), reported in Chapter 2, shows a different pH shift range

as a function of temperature.
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3.3.4. Effect of types and concentrations of redox species on thermocell

performance

Thermocells (containing 5.6 mM redox species) with AAc NPs (5.9 mg mL,
[AAc] =2 mM, [NaOH] = 1 mM) reported in Chapter 2 were constructed using a set
of water-jacketed cells and platinum electrodes connected with a salt bridge. Then, 2,7-
AQDS, RF, MB, HQ, MHQ, CHQ, and DCHQ were screened as potential redox species.
These redox species undergo reversible PCET reactions (Table 3-1) and do not
decompose on heating at 70 °C [*814% The redox species comprising equal amounts of
oxidized and reduced states were mixed with the NP solution. A thermocell without
redox species was also constructed as a control cell. The compositions of the
electrolytes in the two water-jacketed cells were the same. After the system had
stabilized, the temperature of one side of the cell was maintained at 20 °C, and that of
the other side was gradually increased from 20 to 70 °C by circulating hot or cold water
through the jacket. The open-circuit voltage and ionic conductivity of the thermocell
were recorded every 2 °C during heating, and Se and Z7T, key thermocell performance

metrics, were calculated from the changes in voltage and conductivity (Figure 3-7).
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Table 3-1. PCET reaction of redox species and acid dissociation constant!*!1t

48]
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Figure 3-7. (a) Open-circuit voltage of AAc NPs ([AAc] =2 mM, [NaOH] = 1 mM)

thermocells constructed without redox species (black) and with seven different redox

species. Gradients correspond to S.. (b) S. of thermocells containing 2,7-AQDS (red)

and HQ (orange) with AAc NPs with respect to temperature. (¢c) Maximum values of

Se (blue line) and ZT (red line) at different 2,7-AQDS concentrations. (d) Maximum

values of S, (blue line) and ZT (red line) at different HQ concentrations.

The thermocell that did not contain redox species showed a small voltage (< 50

mV) between the two half-cells (Figure 3-7a), but the voltage abruptly increased at the

phase-transition temperature. This is because the solution pH changed in response to

142



the VPT of the nanoparticles (Figure 3-6)/*}]. However, the addition of redox species
resulted in larger voltage changes at the phase-transition temperature due to the pH
change and redox reaction (Scheme 3-2). The open-circuit voltage of the thermocell
also differed depending on the redox species. The maximum open-circuit voltage
achieved at a temperature difference of 50 °C was —288 mV using 2,7-AQDS, for which
the Sc was —5.8 mV K !, which is greater than previously reported values (Se was —3.0
mV K1), The highest Se of —9.5 mV K™! was observed at the temperatures between
36 and 40 °C (Figure 3-7b). The origin of this high performance is the sharp change in
pH caused by the VPT of the NPs, which results in proton and electron transfer and
reduction of the quinone state of 2,7-AQDS to the hydroquinone state “°+5%1 2 7-AQDS
resulted in the highest Se value of LTCs reported to date (the previously reported S
values are listed in Table 1-4 in Chapter 1). The potential differences between the redox
species in the two half-cells at different pH values were calculated using the Nernst
equation®). The appropriate combinations of standard potential and pK, (listed in Table
3-1) allow the stable existence of a redox species in NPs electrolyte solution. For the
PCET reaction with the proton number m and electron number n, the equilibrium
potential of redox species shifts for 59 m/n mV pH™!. Therefore, if the pH of one side
of the cell is different from the other side, a large shift of equilibrium potential can be
observed. I assessed several redox species including those that undergo two-electron,
two-proton redox processes and one-electron, one-proton processes. Specifically, MB
can only react with one proton, so the voltage on pH change is half that of redox species

that can react with two protons. Of the two-proton, two-electron redox species, 2,7-
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AQDS produced the highest voltage. This might be due to formation of 2,7-AQDS
dimers in acidic and neutral solutions!®1>3, The changes in reaction equilibrium
56]

triggered by 2,7-AQDS dimer formation and intermolecular interactions with NPs!

are the most likely reasons for the high voltage observed, see appendix.

Low Temperature High Temperature

Scheme 3-2. The proposed mechanism of thermocell driven by the volume phase
transition of hydrogel nanoparticles. NPs are in the solvent-swollen hydrophilic phase
at low temperature and provide protons to promote the reduction reaction of redox
species on the cold electrode. On the hot electrode, the shrunken hydrophobic phase

NPs absorb protons and promote the oxidation reaction of redox species.

The effect of the concentration of the redox species on thermocell performance
was also investigated. Figures 3-7¢ and 3-7d show the influence of the concentrations

of 2,7-AQDS and HQ, respectively, on the maximum values of S. and Z7. The
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maximum value of Se increased when concentration of the redox species was increased
withing a certain range (up to 5.6 mM). However, as the redox-species-to-NP
concentration ratio increased, there was a decrease in the maximum value of S,
probably because the NPs became less capable of controlling the pH change due to
relative reduction of ionization effect. If the concentration of redox species is very low,
the thermocell performance will also be greatly reduced because the ion-entropy
transfer and electromotive force will be reduced 7). Further, if the concentration of
redox species is very high, the ionic conductivity of the solution will also be high, thus
enhancing thermocell performance. However, in my experiments, when the
concentration of redox species exceeded 100 mM, the NPs salted-out at the phase-
transition temperature (36 °C), generating white precipitates and resulting in significant
degradation of thermocell performance. Moreover, because the NPs were precipitated,
Se could not be measured at these concentrations. Therefore, to obtain the maximum

ZT, the optimal concentration of redox species must be used: approximately 5.6 mM.

3.3.5. Effect of types and concentrations of electrolyte salt on thermocell

performance

To investigate the effect of the electrolyte salt on the performance of thermocells
I screened three common salts: KCl, NaCl, and KNOs. Thermocells containing 5.6 mM
2,7-AQDS or HQ with AAc NPs (5.9 mg mL™!, [AAc] =2 mM, [NaOH] = 1 mM) were

constructed. The addition of these salts to the thermocells increased the ionic
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concentration, and the maximum values of Z7 increased compared to those at the same

temperature wi

thout the salts (Figure 3-8).
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Figure 3-8. Effect of electrolyte concentration on the maximum value of Se (circles and

dashed lines) and ZT (triangles and solid lines) of thermocells containing AAc ([AAc]

=2 mM, [NaOH] = 1 mM) and (a) 2,7-AQDS (5.6 mM) or (b) HQ (5.6 mM). When

the KCIl and NaCl concentrations in the electrolyte reached 100 mM, NPs were

precipitated; thus, S. and ZT could not be calculated.

As shown in Figure 3-8, adding KCI, NaCl, or KNOs significantly improved the

ZT. However, when the KCI or NaCl concentration exceeded 100 mM, salting-out of

NPs occurred at the temperature above phase transition temperature, yielding a white

precipitate that interfered with measurements (Figure 3-9).
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Figure 3-9. Photo of NPs being precipitated (left cell). It is caused by the relative high

electrolyte concentration.

On the other hand, concentration of KNO3 can be increased up to 150 mM without
yielding precipitations. Previous hydrogel research>’28] has shown that replacing KCI
or NaCl with the electrolyte salt containing weakly hydrated and highly polarizable
anions, e.g., KNO3s, can promote NPs stability in solution and resolve the salting-out
issue. The cells with 150 mM KNO3 showed highest ZT because highest ion
concentration could be achieved without precipitation NPs, although, aqueous KNO3
solution shows a smaller ion conductivity than that of NaCl or KCI at the same

concentrations (Figure 3-10).
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Figure 3-10. Effect of electrolyte concentration on the ionic conductivity in thermocells
containing AAc NPs ([AAc] =2 mM, [NaOH] = 1 mM) and (a) 2,7-AQDS (5.6 mM)

or (b) HQ (5.6 mM)

According to the Hofmeister series, the ability of salts to precipitate certain
proteins from an aqueous solution follows a recurring trend.?’! Hofmeister series can
also be explained for the precipitation of NPs based on direct interactions of the anions
with the macromolecule and its immediately adjacent hydration shell. Some anions,
such as nitrate ions and thiocyanate ions, can make the precipitation of NPs in aqueous
solutions more difficult. Other anions can polarize an adjacent water molecule that is
in turn involved in hydrogen bonding with the amide in NPs which leads to the
precipitation of the polymer. As a control experiment, I used another electrolyte salt
that is more difficult to precipitate NPs in the Hofmeister series, KSCN. The

experimental results showed that NPs in thermocells containing KSCN were more
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difficult to precipitate than KNOs;. However, the unit concentration of KSCN produced
a small increase in ion conductivity (Figure 3-11a), which cannot effectively increase

the ZT value of the thermocell (Figure 3-11b).
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Figure 3-11. (a) Effect of electrolyte concentration on (a) the ionic conductivity and (b)
the maximum value of S. and ZT of thermocells containing AAc NPs ([AAc] =2 mM,

[NaOH] =1 mM), 2,7-AQDS (5.6 mM) and four types of electrolyte salts.

3.3.6. Effect of the type and concentration of NPs on the thermocell performance

In the above experiments and my previous report!?}], I used NPs containing AAc
to create a pH gradient on temperature change. To verify the effect of the type of NPs
on the thermocell performance, NPs containing CAc and MAA were synthesized. The

properties of these two monomers are similar to those of AAc but their pK, values
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differ®). By controlling the pH and other conditions during synthesis, the formed NPs

have different magnitudes of pH change around the VPT temperature (Figure 3-6).

For these tests, thermocells containing 5.6 mM of 2,7-AQDS or HQ were used.
For each redox species, I used the same composition ([acid] =2 mM, [NaOH] = 1 mM)
of AAc NPs, CAc NPs, orMAA NPs. The same method was used to measure the open-
circuit voltages of the thermocells to determine the effect of the NPs on the maximum
voltage generated at a temperature difference of 50 °C of these two redox species

(Figure 3-12).
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Figure 3-12. (a) pH changes (left-hand y-axis) and maximum open-circuit voltages
(right-hand y-axis, red dots) of thermocells constructed with AAc, MAA, and CAc NPs
(synthesized at pH = 2.3 and 2.9) (for all thermocells, [acid] =2 mM, [NaOH] =1 mM)
and 2,7-AQDS between 20 and 70 °C. (b) As for (a) but with HQ. (c) Correlation
between the pH difference and voltage. (d) Correlation between the average pH and
voltage. Maximum values of S, (blue line) and ZT (red line) with respect to AAc NP

concentration with (e) 2,7-AQDS and (f) HQ.
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Figure 3-12 shows the differing open-circuit voltages of thermocells containing
2,7-AQDS with different NPs at the same concentration. An important factor affecting
the open-circuit voltage is the difference in the solution pH caused by the VPT of the
NPs. The largest change in pH between 20 and 70 °C was observed for the AAc NPs
(approximately pH 5.0 to 7.0, respectively), and this also yielded the maximum open-
circuit voltage. In contrast, the CAc NPs synthesized at pH = 2.3 showed the smallest
pH change at the same temperatures, and the open-circuit voltage was also the lowest
of the tested systems. For the MAA and CAc NPs synthesized at pH = 2.9, the
magnitudes of the pH changes are similar to AAc NPs (around 1.5 pH units), but the
pH values over which these changes occur are different (between pH 6.2 and 7.7 and
4.6 and 6.2, respectively). This difference had only a slight influence on the maximum
open-circuit voltage (red dots in Figure 3-12a). Similar experimental results were
observed for the thermocells containing HQ (Figure 3-12b). By examining the
correlation between the magnitude of the pH change and the average pH (the midpoint
of pH change) and the maximum open-circuit voltage, I found that the key factor is the
former (Figures 3-12¢ and 3-12d). Among the pH changes measured for the four NPs,
that of the AAc NPs was the largest. This is because the NPs with carboxylic acids
which show large and reversible pK. shifts in response to temperature change were
prepared via the proton imprinting polymerization process.** Studies have shown that
reducing the feed ratio of AAc in AAc NPs can further broaden the width of the pKa
shift up to 2.2.3* However, this will make it more difficult to control the pH change of

the electrolyte solution with the same concentration of NPs. In this study, to balance
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these effects, a 5 mol% AAc feed ratio was adopted to synthesize AAc NPs.
Substitution of the a-position of the acidic monomers (MAA and CAc) prevents
complete denaturation of the imprinted proton binding sites and/or prevents formation
of well re-foldable proton binding sites, narrowing the width of the pK, shift.l>"]
Therefore, of those studied, the AAc NPs, which showed larged pH changes, are the

optimal NPs.

The effect of the concentration of AAc NPs on the thermoelectric conversion
capability of the thermocells was also investigated. Figures 3-12¢ and 3-12f show the
effects of the NP concentration on the maximum values of S. and Z7. Higher
concentrations of NPs resulted in greater changes in the solution pH, thereby improving
performance of the cells. However, when concentrations of NPs were above 2 mM,
significant improvement was not observed. In particular, at a concentration higher than
20 mM, precipitation of NPs due to salting out was also observed. Therefore, balancing
these factors, to obtain the maximum S, and ZT values, the optimal NP concentration

was determined to be approximately 2 mM.

3.3.7. Performance of optimal thermocell

After screening the redox species, electrolytes, and NPs, I constructed a thermocell
with the optimal composition. The screening of the redox species showed that 2,7-
AQDS yields the highest Se, and, at a moderate concentration (5.6 mM), it maintains

both high ionic conductivity and NP stability. Secondly, electrolyte screening revealed
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that, although KCI and NaCl increase the ionic conductivity to a greater extent at the
same concentration, KNOs is a better choice because the former salts result in NP
precipitation at high concentrations. Thus, by using KNOs, a higher electrolyte
concentration can be used, resulting in higher conductivity. Finally, the optimum NP
was chosen based on the maximum voltage. Because the AAc NPs resulted in the
largest pH difference at the VPT, and, thus, highest voltage of the tested NPs, they were
chosen as the optimum NP species. As discussed earlier, at temperatures above the
phase-transition temperature (36 °C), the VPT occurs, and the NPs become
hydrophobic and shrink, which reduces the proton concentration in the solution and
abstracts protons from the hydroquinone form of 2,7-AQDS (2,7-AH,DS) driving
oxidation reaction. In contrast, when the temperature decreases below 36 °C, the NPs
become hydrophilic, volume expansion occurs, and the solution pH increases. As a

result, 2,7-AQDS is protonated by the NPs and reduced to the hydroquinone state.

The output current of the optimized thermocell comprising an H-shape glass tube
containing 5.6 mM 2,7-AQDS, AAc NPs (5.9 mg mL™!, [AAc] =2 mM, [NaOH] = 1
mM), and 150 mM KNOs; was determined by applying an external load voltage via
platinum wire electrodes. I found that the open-circuit voltage increased as the
temperature difference between the two half-cells increased, and, when the
temperatures of the cold and hot cells were 20 and 70°C, respectively, the power output
obtained from the /-V curve was 0.48 uWm2 K2 (Figure 3-13a). Possibly, the power

could be further increased by optimizing the electrode and cell structures. Next, the
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voltage stability of the thermocell was evaluated, and no significant degradation was

observed for at least 600 min (Figure 3-13b).
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Figure 3-13. (a) -V and P-V plots of the thermocell containing 2,7-AQDS (5.6 mM)),
AAc NPs (JAAc] = 2 mM, [NaOH] = 1 mM), and 150 mM KNOs. (b) Variation in
thermocell voltage with time. The temperatures of the cold and hot cells were 20 and

70 °C, respectively.

My thermocell configuration 1is suitable for obtaining accurate S.
measurements!?> 8391 Therefore, using Eq. 3-1, the maximum ZT of the thermocell
containing 2,7-AQDS and AAc NPs was calculated to be 8.0 x 1072, Compared with
the ZT of the thermocell containing HQ, that of the thermocell with 2,7-AQDS is three-
times larger. The ZT might well be improved by further optimizing each parameter.

However, structural design of the cells such and shape of the cell and the distance
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between electrodes will have a much greater impact on Z7. By optimizing the electrode

selection and cell structure, the ZT value could be further improved!¢%-62],

3.4. Conclusions

In summary, the PCET reaction of various redox species and the VPT of various
hydrogel NPs were combined to produce thermocells. Through the screening of redox
species, electrolyte salts, and NPs, the conditions necessary to achieve optimal
thermocell performance (S. and open-circuit voltage) were determined. I found that the
combination of 2,7-AQDS and poly(AAc-co-NIPAM) NPs achieved the highly
efficient conversion of temperature differences to electrical energy at physiological
temperature (around 37 °C). The thermocell showed a high Se of =9.5 mV K!, which
exceeds those of reported liquid-phase thermocells. In addition, by increasing the ionic
conductivity of the thermocell using KNO;, a ZT of 8.0 x 107> was obtained. The
screening process presented in this study provides a guide for the rational design of
high-performance thermocell systems based on hydrogel nanoparticles. Specifically, I
found that the modification of the hydrogel NP properties and appropriate choice of
redox species are key factors for optimizing thermocell performance and merit further
exploration. Crucially, my system uses simple, inexpensive, and non-toxic materials to
achieve high-efficiency thermoelectric conversion, and I believe that my findings will
spur the development of devices such as flexible portable chargers for wireless/portable

devices.
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3.5. Appendix

3.5.1. Investigation of hydrophobic interaction between redox species and NPs

Four 5 mL 5.6 mM AQDS solutions with 150 mM KNOs3 containing 0 mM, 2 mM,
5.6 mM, and 15.7 mM AAc NPs were prepared using pure water. The solution was
loaded into a dialysis membrane (MWCO 1K Da, Spectrum Laboratories, Inc.) and
placed in a container containing 20 mL of pure water. They were dialyzed at 20°C and
60°C for at least 24 hours. The ultraviolet-visible (UV-Vis) spectra of the solution
outside the dialysis membrane were recorded on an Agilent 8453 spectrometer (Agilent
Technologies Inc., Santa Clara, CA, USA). Through the absorbance peak of AQDS at
327 nm (Figure 3-14), the equilibrium concentration of AQDS before and after dialysis
can be observed to determine whether the hydrophobic interaction between redox

species and NPs exists.

The UV-Vis spectra at 20°C and 60°C are shown in Figure 3-14b and Figure 3-
14c, respectively. Under the condition that the concentration of AQDS remained
unchanged, as the concentration of NPs increases, no significant changes in the
concentration of AQDS that reach the equilibrium of dialysis were observed. Therefore,
it can be inferred that the hydrophobic interaction between redox species and NPs is

very weak and will not significantly affect the performance of thermocell.
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Figure 3-14. (a) The change of the UV-Vis spectra of the AQDS solution with time
before reaching the dialysis equilibrium. The UV-Vis spectra of 5.6 mM AQDS
solutions with 150 mM KNOj; containing 0 mM, 2 mM, 5.6 mM, and 15.7 mM AAc

NPs after dialysis at (b) 20°C and (c) 60°C for 24 hours.

3.5.2. Investigation of 2,7-AQDS dimerization in thermocell electrolyte solution

To investigate the dimerization of the redox species AQDS in thermocell, the
cyclic voltammetry (CV) was employed. The 3 mm in diameter glassy carbon working
electrode was polished with 0.05 um alumina (BAS Co., Ltd.), rinsed with deionized

water and then sonicated for 2 min in deionized water before starting the experiment.
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Ag/AgCl in 3 M NaCl was used as reference electrode and platinum wire as counter.

Three consecutive scans at scan rates of 20 mV s !

were collected by electrochemical
analyzer (ALS660E, BAS Co., Ltd.). The extrapolated current from the baseline was

subtracted from the peak currents to account for capacitive charging. The

voltammograms for AQDS in varying concentrations are shown in Figure 3-15.
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Figure 3-15. Concentration-normalized CVs for different concentrations of AQDS in

pH=7.0 phosphate buffer. Scan rate =20 mV s ..

The separation between the reductive and oxidative peaks is close to the reversible
30mV for a two-electron process at 1 mM but increases to 48 mV at 10 mM. This
shows that AQDS may change the electrochemical properties due to dimerization. The
decrease of the concentration-normalized peak current is due to the decrease of the
diffusion coefficient, which can infer the existence of AQDS dimer with larger

molecular structure.]
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Abstract

Liquid-state thermocells are attracting attention as thermoelectric conversion
devices due to their simple system and low cost. However, the development of thin,
flexible, and efficient practical devices faces many challenges. In this study, I used
flexible carbon nanotube buckypaper as an electrode, and used a laser-processed porous
polytetrafluoroethylene film as a separator to maintain a stable temperature gradient at
an electrode spacing of 50 pm. Replacing the conventional metal electrode with a
carbon nanotube electrode with larger surface area and optimizing the impact of mass
and heat transfer through the separator in the individual cells increased the overall
power density. According to my previous research, thermal responsive hydrogel
nanoparticles containing acrylic acid and anthraquinone-2,7-disulfonic acid with
optimal concentration and composition were selected as the thermocell electrolyte. By
improving liquid-state thermocell device design, a high output power of 0.82 mW m
K2 can be achieved at temperature between 33 and 37 °C. This high output power
density makes it possible to apply the planar liquid-state thermocells to harvest human
body heat through wearable devices. At a low inter-electrode spacing, the thermocell
separator design rationale was discussed through the effects of natural convection, mass
transfer, and heat transfer according to the cell orientation change. The improved
method of this cell and separator design also shows a certain generality and can be

applied to thermocells containing other electrolytes.
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4.1. Introduction

Waste heat thermal energy is widely distributed in the environment, ranging from
industrial production and power generation processes to transportation and residential
activities.!!! Ultra-low-quality waste heat (temperature below 130 °C) , which accounts
for 63% of total waste heat emissions, is projected to be a major sustainable energy
source.?’3] For example, the human body is an important source of ultra-low-quality
waste heat, which is responsible for the continuous production of heat through
metabolic functions!*. The human body releases about 100-525 W of heat, which is
continuous and widespread!®!. Converting this heat into electricity has the potential to
power Internet-of-Things sensors, especially wearable devices. However, the
development of thin, flexible, and efficient thermoelectric devices for ultra-low-quality
waste heat harvesting still faces many challenges such as a low power density of single

cells and stability issues.!®

Until relatively recently, most research into thermoelectric conversion was in
solid-state.[”! Conventional solid-state thermoelectric devices such as thermoelectric
generators (TEGs) are costly and inflexible and only suitable for waste heat harvesting
in factories and power plants.®I1% The thermoelectric conversion efficiency of
converting a limited heat source into electrical energy is the key.!''"!2l However, for
applications such as harvesting human body heat to power wearable devices, the heat
source is free and can be obtained in large quantities, thus achieving a high output power

density is more concerned.*15]
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Thermocells, especially liquid-state thermocells (LTCs) are a cost-effective and
promising approach to harvesting ultra-low-quality waste heat energy with high output
power.!H7] The principal advantage of LTCs is the high Seebeck coefficient (Sc)
which is one or two order of magnitude higher than that of conventional solid-state
thermoelectric devices.['®+1°] The high Se make LTCs can autonomously produce high
electrical output power when the electrodes exist in a non-isothermal state. I have
reported LTCs using the volume phase transition (VPT) of hydrogel nanoparticles
(NPs) and achieved the high S. values of +6.1 and —6.7 mV K! 2%, As mentioned in
the previous chapter, by optimizing the cell composition design, the S, of this LTC can
be further increased to -9.5 mV K. Since the maximum S, is obtained near the NPs
phase transition temperature of about 35 °C, this LTC technology has a huge potential

for converting human body heat into electricity with high power density.

To obtain higher output power density, the LTC that already has high S. needs to
further increase the current density of the device. A common method to increase current
density is to use electrode materials with a larger effective surface area; another method

1s to reduce the distance between electrodes.

Carbon materials with nanostructures, such as carbon nanotubes (CNTs) and

graphite, have been extensively studied for their potential as electrode materials.?!+22]

These materials have a large effective surface area which increases the number of redox
reaction sites, and therefore, can effectively increase the current and power per unit

[13],[23

electrode area. I'Hu et al. first used the carbon multiwalled nanotube electrode in
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LTCs containing ferricyanide/ferrocyanide electrolyte in 2010 and obtained cell
performance three times better than conventional LTCs.[**! This result showed the
possibility of using CNT electrodes to enhance the output power density. Im et al. used
CNT aerogel sheets cylindrically wound around a tungsten wire as current collecting
electrodes and a record high thermoelectric conversion efficiency of 3.95% was
obtained.!"” However, the relatively complex manufacturing process needs to be
simplified to make it feasible in practical applications. In this study, electrodes
consisting of multi-walled CNT buckypaper were used. It is formed by a large number
of CNTs dispersed in a methanol solution and has a porous structure with a high surface
area. As a heat collecting electrode, it has relatively excellent flexibility and ductility.
While improving cell performance, it also meets the material performance requirements

of harvesting body surface waste heat through wearable devices.®

Previous studies and simulations have shown that reducing the inter-electrode
spacing can increase the maximum power density due to the reducing of internal
resistance.!*>26] However, there are few examples of high efficiency LTCs with an
inter-electrode spacing below Imm. This is because after the electrode distance
decreases, the temperature gradient is greatly reduced due to the reduction of the heat
transfer distance, and a short circuit may be caused due to a small deformation of the
electrode materials.>”M28) As reported by Holubowitch et al.*”!, because of the inter-
electrode spacing decreasing, thermal resistance between the external source and the
electrolyte gives rise to a more significant nonideal loss of heat. Especially in the case

of using CNT buckypaper electrodes, the inter-electrode temperature differential of a
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thermocell is approximately half of that external to the thermocell. The essence of
thermocell is to convert the temperature difference into electric energy, and the stability
of the temperature differential is the key point. It has been reported that inserting
separators or membranes between two electrodes can effectively maintain the gradient
of temperature and avoid the short circuit problem.° 3! Therefore, a LTC with a lower
inter-electrode spacing can be designed to obtain a greater power density by using a
separator. Recently, a ferricyanide/ferrocyanide LTC using a 0.2 mm thick cotton
separator membrane with an inter-electrode spacing of 2.6 mm has been studied. The
use of the separator maintains a stable and high temperature difference of 81 °C.
Therefore, this LTC achieved a record high power density of ~12 W m2.*% In the
present study, a laser-processed porous PTFE film was used as a separator to achieve
an inter-electrode spacing of 50 um to improve cell performance. As a control
experiment, other electrode and separator materials were also employed in the low
inter-electrode spacing cell design to verify the influence of natural heat convection,
mass transfer, and heat transfer in the thermocell on the improvement of cell

performance.
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4.2. Materials and experiments

4.2.1. Materials

The following chemicals and materials were obtained from commercial sources
and used as received unless otherwise stated. Sodium dithionite (DITH, purity > 85.0%)
was obtained from Tokyo Chemical Industry Co., Ltd. NaOH and KNO3 were obtained
from Kanto Chemical Co., Inc. Anthraquinone-2,7-disulfonic acid (2,7-AQDS, purity
>95.0%) was obtained from Wako Pure Chemical Industries, Co., Ltd. The water used

in this study was purified using a Direct-Q Ultrapure Water System (Merck, Ltd.).

4.2.2. Preparation of Electrolytes

The optimized thermocell electrolyte containing 5.6 mM 2,7-AQDS redox species,
5.9 mg mL™! poly(acrylic acid-co-N-isopropylacrylamide) (AAc NPs), and 150 mM
KNOs3 was prepared as my pervious report in chapter 3 (Scheme 4-1). The pH values of
the AAc NPs solutions were adjusted to be equal to the apparent pK, of the acids in the
NPs by adding NaOH ([AAc] =2 mM, [NaOH] = 1 mM). 0.5 eq of DITH was added
to solutions of 2,7-AQDS to adjust the ratio of the oxidized state (AQDS) to the reduced

state (hydroquinone form of AQDS, AH>DS) to 1:1.
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Scheme 4-1. Optimal electrolyte composition of the thermocell.

4.2.3. Preparation of CNT electrodes

The CNT buckypaper, a pure CNT sheet with an areal density of 20 g m~2, was
acquired from Zeon Co., Ltd. of Japan. CNTs in buckypapers are dispersed using
aqueous solutions, methanol solutions and aqueous solutions with surfactants. The CNT
buckypaper was cut into a 50 mm x 50 mm square, and the surface was washed three
times with deionized water. The cleaned CNT buckypaper is directly used as a

thermocell electrode and has not undergone other modification and lamination of CNTs.

4.2.4. Scanning electron microscope (SEM) observation and Brunauer—-Emmett—

Teller (BET) measurement of CNT electrode

The porous structure of the CNT electrode was observed by SEM (SU8000,

Hitachi High-Tech Co., Ltd.). The CNT electrodes using different dispersion methods
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were cut to a suitable size, washed with deionized water three times, and then the

surface was observed.

The surface area of the CNT buckypaper electrode was measured by N» adsorption
experiments at liquid nitrogen temperature (—196 °C, 77 K) on a Belsorp-Mini
adsorption device (Microtrack Bell Co., Ltd., Japan), after evacuating samples at 25 °C
for 24 h (< 0.9 Pa). The surface area of the CNT buckypaper electrode was calculated
from N> adsorption—desorption isotherms using the BET method. (BELSORP-mini
analysis software). The pore size distributions were obtained by applying Barrett—

Joyner—Halenda (BJH) methods to the nitrogen adsorption isotherms at 77 K.[3%]

4.2.5. Preparation of electrolyte filled separators

The separators with thicknesses of 0.05 mm and 0.1 mm are made by laser
processing using commercially available PTFE films. Laser processing is performed by
Spectronics Co., Ltd. using LDH-G series machines. PTFE films (thickness 0.05 mm
and 0.1 mm) was cut out into a 60 mm square, and a large number of circular pores
were machined in a hexagonal grid in the central 30 mm square area (Figure 2). The
diameter of each pore on the surface was from 40 um to 80 pum, the pore spacing was
from 60 pm to 120 um, and the taper angle was as small as possible. In addition, fiber
mesh (RE2012-100, CSM Co., Ltd.), filter papers (Kiriyama-5A, Kiriyama Glass
Works Co., Ltd.) and polyethylene (PE) porous membrane (Medium Pore < 200nm,

Teijin Co., Ltd.) were used in a control experiment.
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Thickness: 0.05 mm. Number of pores: 288,788. Total area of the pores: 363 mm?2.
Aperture ratio of the inner area: ideal value 40.3%,; actual value 30.9%.

Aperture ratio of the whole area: 14.5%; actual value 11.1%.

Aspect ratio (Diameter / Thickness): 0.8.

Figure 4-1. A design example of a separator processed with a PTFE film. In the case
of a thickness of 0.05 mm, an aperture of 40 pm and a pore spacing of 60 pum: the
number of pores is 288,788, the aperture ratio is 40.3%, and the aspect ratio

(aperture/thickness) is 0.8.

The surfaces of PTFE separators, fiber mesh and filter papers were observed using
SEM (Miniscope® TM3030Plus, Hitachi Co., Ltd.) to determine the actual pore size

and pore distribution.

To verify the influence of inter-electrode spacing and separator structure on cell
performance, I used a separator processed by a 3D printer to conduct a control
experiment. The separators with thicknesses 3 mm in shapes of 50 mm x 50 mm squares
are processed using a 3D printer (DWS XFAB2000, Seaforce Co., Ltd.). Its shape is
designed using Fusion 360 software. The material of the separator is ceramic resin

(DWS DM210) with regular circular holes. Three different structures are designed
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(Figure 4-2). They have 109, 25, and 1 round hole to allow the electrolyte to pass

through. The apertures are 1 mm, 2 mm, and 25 mm, respectively.

d 2 mm ® 25 mm

i
e

50 mm : 50 mm 11 50mm |

Wi ¢ ssauyoIyL

Figure 4-2. Photograph of separators processed by 3D printer with different
design. From left to right, the aperture ratio of the separator is 3.7%, 3.1% and 19.6%,

respectively. The aspect ratio (aperture/thickness) is 0.33, 0.67 and 8.33, respectively.

Before assembling the thermocells, separators were immersed in the electrolyte
solution and evacuated by using a vacuum pump at 25 °C for 2 h to remove the air

remaining in the separator pore structure, thus make the separator electrolyte filled.

4.2.6. Contact angle measurement

The contact angle of water droplets on the separator surface was measured by the
sessile drop method. The contact angle of water droplets over time on the laser-
processed PTFE separator surface indicated the penetration ability of the aqueous

electrolyte. Before the measurement, the separator was immersed in distilled water, and
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then laid flat on the glass plate. 2 pl distilled water was dropped on the surface of the
separator. After the water droplet dropped, observe the change of'its contact angle every
5 seconds to determine whether the water droplet can penetrate to the other side through

the circular hole on the surface of the separator.

4.2.7. Design of thermocell devices with low inter-electrode spacing

Thermocell devices with low inter-electrode spacing are assembled using
optimized electrolyte, two electrodes and electrolyte filled separators (Figure 4-3). The
two ends of the thermocell are equipped with aluminum alloy blocks (thickness 10 mm)
that have the same area as the electrodes. Two thermocouples with a diameter of 4 mm
is inserted in the aluminum alloy blocks to measure the temperature difference. To
insulate the aluminum alloy block and the outside cooler/heater and prevent the
evaporation of electrolyte, a 0.025 mm thick oriented polypropylene (OPP) film is used
without affecting the heat transfer as much as possible. As a control experiment, a
platinum electrode (Tanaka Precious Metals Co., Ltd.) with a substrate of titanium, a
thickness of 1 mm, and a platinum plating layer of 0.1 um was used besides the CNT
buckypaper electrode. Temperature of each cell was controlled separately with an
external thermostatic device to circulate water into the aluminum water cooling block
(40x60x12mm, Bewinner Co., Ltd.). To ensure a certain electrode spacing, the
thermocell device is sandwiched by a vise. The thermocell device contained two

electrodes and a separator filled with electrolyte solution.
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Figure 4-3. Scheme and photograph of cell components and their assembly into a low

inter-electrode spacing thermocell.

4.2.8. Measurement of thermoelectric performance and efficiency

Before use, CNT electrodes were washed with deionized water three times,
platinum electrodes were washed by soaking in concentrated sulfuric acid followed by
rinsing in ultrapure water. The electrolyte composition was the same as that described
above and filled in a separator between two electrodes. The current and voltage between
the electrodes were measured using a Keithley 2401 source meter. Contacts from the
source meter were clipped directly to hot and cold electrodes to minimize contact
resistance. The temperature difference external to the thermocell (between two
aluminum blocks) were monitored using two thermometers (TM-201). The temperature

of the cold side electrode was maintained at approximately 33 °C. While one end of the

178



electrode was heated from 33 to 37 °C, the source meter was used to measure the output
power of the thermocell. To obtain I-V and power curves, constant voltage steps were
applied from 0 mV to open circuit voltage while recording current. When the current
exceeds the measurement range, the power value was recorded to calculate the actual
current. At least three -V curves were acquired for each condition over about 30 min

to ensure reproducible performance.

The energy conversion efficiency (1) of a thermocell is defined as the ratio of
maximum electrical power output (Pnax) from the cell to thermal power flowing through

the cell4:

Pmax _ Voclsc 1
= = . Eq. 4-1
=74 & an(Tie/) 9

where Vo and I are the open-circuit voltage and the short-circuit current,
respectively. The Puax achieved at 0.5 Voo and 0.5 I because of thermocells are
dominated by a limiting resistance and follow a ¥ = IR relationship.l*¥ d is the inter-
electrode spacing (the thickness of the separator). x is the electrolyte thermal
conductivity, the thermal conductivity of a low-concentration NP solution can be
approximated as that of water. 4 is the cross-sectional area of the cell. Ideally, the cross-
sectional area is approximately equivalent to the total area of holes filled with
electrolyte solution in case of using a separator, 4n. However, in the actual operation of
the thermocell, considering the influence of the separator on the heat transfer and the
temperature distribution between the hot and cold electrodes, the cross-sectional area

can also be considered equivalent to the electrode area, Ac. AT is the inter-electrode
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temperature difference between hot and cold electrodes. In this study, to facilitate the
measurement, a temperature difference measured by thermometers that is external to
the thermocell (A7cxt) was used instead of AT%. In the ideal case for thermal energy
harvesting, no heat is lost from the external source to the electrolyte, and ATie = ATexs;
However, in the case of using CNT buckypaper electrodes in low inter-electrode
thermocells, the AT, < ATex due to the relatively significant heat loss in the contact gap
on the external side of the electrode (Figure 4-4a). For cells that do not use a separator,
AT << ATex: due to the relative increase in heat loss caused by the increase in thermal

conductivity between the electrodes (Figure 4-4b).

(a) (b) (c)
10 mm| Aluminum Block < Thermal Thermal
Component Thz(;r:(:;ss conducivity | resistance
K Wm'K") | (m2KW-)
25 pm | CNT Buckypaper Aluminum 10 138 0.72 x 10
= block
Contact About R About
gap 0.001 0.5 x 104*
50 ym| PTFE Separator CNT
-4
buckypaper 0.025 25 0.02 x 10
i PTFE N
25 um CNT Buckypaper separator 0.05 0.245 2.0x 10
- Solution
. q, (without 0.05 0.623 0.8x 104
10 mm| Aluminum Block separator)
*The contact thermal resistance between the electrode and
the aluminum block is approximated by the contact thermal
I 1 between aluminum and aluminum

AT, AT,

ext ext

Figure 4-4. Schematic drawing of the heat transfer process in a low inter-electrode
spacing thermocell using CNT buckypaper electrodes. Due to the thermally resistive
gaps between electrodes and the aluminum blocks, thermal resistance in this region
gives rise to unavoidable thermal losses that result in a difference of AT and AText
when (a) a PTFE separator is employed and (b) no separator is employed. (c) The

thickness, thermal conductivity, and thermal resistance of each component.
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The theoretical energy conversion efficiency relative to Carnot efficiency (#:) can
be expressed by the following equation, when Eq. 4-1 is divided by the Carnot

efficiency (yc = AT/ Thot):

_ S&Thot, _ d

r 4Kk AReey Eq. 4-2

where Se is the Seebeck coefficient, Ren 1S the internal resistance of the thermocell
(Voe = SeAT and Ie = SeAT/Reen)). Thot 1s referred to temperatures external to the

thermocell hot side.

4.2.9. Design of thermocells in control experiments

As a control experiment to make the effect of separator structure on cell
performance clear, a low inter-electrode spacing thermocell was designed and
assembled using other separator materials instead of laser-processed PTFE separator
(Figure 4-5). All separators were properly trimmed to make they have the same aperture
ratio (effective area 278 mm?, 11.1% of the 50 mm x 50 mm electrode area). The CNT
buckypaper electrode was employed in the thermocell, other cell components and cell
performance measurement methods remained unchanged. In addition, I replaced the
PTFE separators with 3 mm thick separators processed by a 3D printer and measured
the cell performance (Figure 4-6). In order to measure the effect of natural convection

of the cell under the condition of small error, the temperature difference between the
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hot and cold electrodes A7ex was increased from 4 °C to 18 °C (26 to 44 °C), and

platinum plate electrodes were employed to obtain a relatively high voltage.

Cold Water
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OPP Film
Aluminum Block

CNT Electrode

PTFE Film with
Other Separators

CNT Electrode
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Aluminum Heater
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Hot Water

Figure 4-5. Schematic drawing and photograph of a thermocell with various separators.
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Figure 4-6. Schematic drawing and photograph of a thermocell with 3D separators.
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4.2.10. Calculation of natural convection and heat transfer process

In my thermocell design, the cold-above-hot cell orientation was adopted (Figure
4-7a). Due to the temperature difference between the hot and cold electrodes, it may

cause natural convection and enhance the mass and heat transfer, thereby affecting the

cell performance.

(a) (b)

Cold Electrode

Hot Electrode

Cold Electrode
2poJjo8|3] JoH

Cold Electrode

Hot Electrode

Figure 4-7. Three different cell orientations used in the thermocell design: (a) cold-

above-hot, (b) hot-above-cold, and (c) horizontal.

Some dimensionless numbers in fluid mechanics can be used to describe the
effects of natural convection.* The fluid is characterized by the Grashof (Gr), Schmidt
(Sc), and Prandtl (Pr) number. The strength of natural convection on the heat flux
density and current density is estimated by the Nusselt (Nu«) and Sherwood (S%) number,
respectively. When the hot-above-cold cell orientation (Figure 4-7b) is adopted, there
is no natural convection (Nu = Sh = 1).2>) When the cold-above-hot cell orientation is

adopted, the effect of natural convection can be calculated by the following equation:[*%!
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Nu = 0.147(GrPr)%*7 Sh = 0.147(GrSc)®**7 2 x10°< GrPr<5 x10°

Grzg(p;;%)ﬁ Pr=2 Sc=;- Eq. 4-3
where g is gravitational acceleration, p. and p. are the density of the electrolyte at
the anode and cathode’s surface, respectively, p. the density of the bulk electrolyte
(including the anions and/or the background electrolyte), L the distance between the hot
and cold electrodes (the inter-electrode spacing), v the kinematic viscosity, a the

thermal diffusivity, and Dag the diffusion coefficient (or mass diffusivity). a/ Dag ratio

is also known as the Lewis (Le) number.!!

Since the water content in the electrolyte is very large, I use water parameters

instead of electrolyte parameters. These parameters are listed in Table. 4-1.

Table 4-1. Parameters of redox species and AAc NPs aqueous electrolyte.>!

Parameter Value

For water at 35 °C

Density of bulk electrolyte (p-) 994.0 kg m*
Kinematic viscosity (V) 7.243 x 107" m?s™!
Thermal diffusivity (o) 1.5%x107 m?s™!

Mass diffusivity of electrolyte (Dag) 6.84 x 107 1m? 57!
Prandtl number (Pr) 4.83
Schmidt number (Sc) 1058.9

Dynamic viscosity (i) 72x10%kgm's!
Thermal conductivity (x) 0.623Wm 'K
Specific heat (Cp) 4178 J kg ' K!

For water at 26 °C

Density of electrolyte at the cathode (pc) 996.8 kg m >

For water at 44 °C

Density of electrolyte at the anode (pa) 990.7 kg m?

184



However, for the horizontal orientation (Figure 4-7c), Bejan and Tienl*”

recommend the following Nu and Sh correlation when 10° < GrPr < 10°:

(GrPr)-AR)Z] 0386

1/—0 386
— ( 0.2 —0.386 l
Nu/AR =1+ {[ iapkd + (0.623(GrPr)%2 /AR)

((GrSc)-AR)Z] —0.386

1/—0.386
0.2 —0.386
b + (0.623(GrSc)*2/AR) } Eq. 4-4

Sh/AR =1+ {[

where AR is aspect ratio (height/thickness) of the geometric reactive area of each

electrode. The characteristic length L in the Gr number (Eq. 4-3) is the vertical height.

The design of the separator not only affects the natural convection, but also has an
influence on the heat transfer in the thermocell. When the separator with straight
passage holes is filled with electrolyte fluid, the correlation between the thermal
conductivity of the separator and that of the separator material and the electrolyte can

be expressed by the following equation®!:

(kp = Kepp)/(Kp — Ks) * (Ks/Kepp) M =1— ¢ Eq. 4-5

where «r is thermal conductivity of fluid phase, ks is the thermal conductivity of
solid phase, and xefr is the effective thermal conductivity of the fluid-solid coupled
separator material. € is the aperture ratio. n is a pore shape factor determined from
experimental results. When the pore size ratio remains constant, the increase in pore
diameter and the decrease in the number of pores leads to an increase in 7, thus makes
the xetr tend to be the volume-weighted average thermal conductivity of the fluid phase
and the solid phase. In contrast, n decreases with the decrease of the pore diameter and

the dense distribution of pores, which leads to a relatively lower xefr.
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4.3. Results and Discussion

4.3.1. Characterization of CNT electrodes

SEM was used to observe the surface of CNT buckypaper dispersed in aqueous
solution, methanol solution and surfactant (Figure 4-7). SEM micrographs show the

degree of dispersion of CNTs and the porous structure they form.

15.0kV x6.00k SE

15.0kV x1.00k SE 50.0pm ‘ 15.0kV x10.0k SE

15.0kV x1.00k SE 0.0pm 15.0kV x6.00k SE

Figure 4-7. Low- and high-resolution SEM images of CNT buckypaper dispersed in (a)

aqueous solution, (b) methanol solution and (¢) surfactant.
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The CNTs dispersed in the aqueous and methanol solutions form a porous
structure. The diameter of a multi-walled CNT is about 10 to 100 nm. The CNTs
dispersed in the aqueous solution and methanol solution showed a looser structure at
high resolution (aperture < 500 nm). This porous structure can accommodate the
diffusion of NPs with a molecular size of about 200 nm.?”) However, the CNTs
containing surfactants form a dense surface, and the porous structure cannot be

observed even at high resolution.

The specific surface areas and pore size distributions of the three types of CNTs
were measured by the BET method (Figure 4-8). The result of the BET method of
specific surface area mainly shows the process of CNT material adsorption and
desorption of nitrogen (Figure 4-8a to 4-8c). the adsorption capacity of a monolayer on
the outer surface of the sample was determined through the adsorption curve. The BET
equation (Eq. 4-6) can be used to calculate the surface area from the adsorption capacity

of a monolayer:*’]

P 1 c-1 D
v(Po—p) Cvm Cvm Do

Eq. 4-6

where po and p represent gas partial pressure and total pressure, respectively. v is
the adsorption capacity, vm is the adsorption capacity of the monolayer, and C is the
adsorption constant. The specific surface areas were calculated using the BET method
at relative pressures (p/po) of 0.01-0.2. The total pore volumes were determined from
the amounts of N> uptake at p/po of 0.99. The calculation showed that the surface area

of the CNTs dispersed in the aqueous solution and the methanol solution are 53.5 and
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54.3 m? g'!, respectively. The surface area of the CNTs containing surfactants was not
available because the amount of adsorption is too small. Its surface area is much smaller

than the other two kinds of CNTs.
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Figure 4-8. Nitrogen adsorption and desorption curve of CNT electrodes dispersed in
(a) aqueous solution, (b) methanol solution and (c) surfactant. And pore size
distribution by BJH calculations of CNT electrodes (SEM micrographs in the insets)

dispersed in (d) aqueous solution, (e) methanol solution and (f) surfactant.

The pore size distribution results calculated by BJH method corroborated the
above results (Figure 4-8d to 4-8f). The experimental results showed that the content

of micropores with a pore diameter of less than 2 nm in the CNTs dispersed in aqueous
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solution and methanol solution was 16.1 and 27.0 m? g’!, respectively. The CNTs

containing surfactants did not show a microporous structure.

Through the characterization of the CNT electrode, the CNT buckypaper dispersed
in aqueous and methanol solutions showed a large surface area with porous structures.
CNTs buckypapers have a high surface area can increase the number of reaction sites,
and therefore, can effectively increase the current and power per unit electrode area.l*”]
However, macroscopically, the CNT material dispersed in the aqueous solution was
brittle and easily adheres to the surface of other hydrophobic materials (such as the

separator used in thermocell). Therefore, I selected the CNT material dispersed in

methanol solution as the electrode and used it in the thermocell device.

4.3.2. Characterization of laser-processed PTFE separators

According to the design drawing (Figure 4-1), the laser-processed PTFE separator
was observed through SEM (Figure 4-9). The low-resolution SEM image is used to
confirm whether the pore size is distributed according to the hexagon (Figure 4-9a).
The high-resolution SEM images of the front and back surfaces are used to confirm the
size of the pore size and pore spacing (Figure 4-9b and 4-9¢). Since the laser beam used
for processing was conical, the aperture on the front of the separator was slightly larger
than the back. The pore spacing and distribution form were consistent with the design.
The effective surface area and apreture ratio are recalculated using a smaller backside

pore size. The size data of all four separator designs are summarized in Table 4-1.
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Figure 4-9. (a) Low-resolution SEM image of laser-processed PTFE separator. (b)

High-resolution SEM image of the front surface and (c¢) the back surface.

Table 4-1. Dimensional data of laser-processed separators.

Thick

Diameter | Spacing | Number Area | Aperture | Aspect
Name ness * (um) (um) of pores | (mm?) ratio ratio
(mm) n n p
T50D35S60 0.05 35 60 288,788 278 30.9% 0.7
T50D35S120 0.05 35 120 163,342 157 17.5% 0.7
T50D70S120 0.05 70 120 72,394 278 30.9% 1.4
T100D70S120 0.1 70 120 72,394 278 30.9% 0.7

" Backside pore diameter observed from the SEM image.

190




The contact angle of water droplets over time on the laser-processed PTFE

separator surface filled with electrolyte indicated the penetration ability of the aqueous

electrolyte (Figure 4-10).

T50D35S560 Front T50D35S60 Back Non-porous PTFE Flim

Os

10s

20s
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Figure 4-10. Images of a water droplet on front and back surface of laser processed
PTFE film separator TS0D35S60 and a PTFE film without laser processing. The

changes in contact angle every 5 seconds are also showed.
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For the front of the separator TS0D35S60, the image showed that water droplets
slowly penetrate the porous structure of the separator over time. In contrast, due to the
smaller pore size on the reverse side of the separator, this permeation process became
slower. The contact angle of the droplets on the surface of the separator without laser
processing did not change. The experimental results showed that the electrolyte can be
filled into and penetrate the circular pores processed by the laser. Therefore, the PTFE

separator did not show excessive obstacles to the electrolyte mass transfer.

4.3.3. Thermoelectric performance of thermocells with low inter-electrode spacing

4.3.3.1. Improvement of thermoelectric performance by using CNT electrodes

The thermocell consisting of optimal electrolyte solution with a design of low inter-
electrode spacing was assembled (Figure 4-3). At a temperature difference A7ex: 0f 4 °C
(33 to 37 °C), the thermoelectric performance was measured by using CNT electrodes
and platinum plate electrodes. As a representative example, the /- curve of a cell with
a T50D35S60 separator inserted between the electrodes was shown in Figure 4-11. The
use of platinum plate electrodes (Figure 4-11a) and CNT electrodes (Figure 4-11b)
resulted in different cell performance. The cell performance results using the other three

separators were summarized in Table 4-2.
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Figure 4-11. I~V and P-V plots of a low inter-electrode spacing thermocell device
consisting of AQDS (5.6 mM) with AAc NPs (5.9 mg/mL, [AAc] =2 mM, [NaOH] =
I mM) and KNO;3; (150 mM). Measurement applied by using (a) platinum plate
electrodes and (b) CNT electrodes. Temperatures external to the cold side and hot side

of the cell were 33 and 37 °C, respectively.

At a temperature difference of 4 °C, the thermocell assembled with CNT and
platinum electrodes obtained open circuit voltages of 29.5 and 28.7 mV, respectively.
Due to the larger surface area, CNT electrodes showed better cell performance than
platinum electrodes. It exhibited as a smaller internal resistance of 55 €, a greater
current density of 1.83 A m™ and a higher power density of 0.82 W m™ K2, The results
in Table 4-2 showed that for the other three separators, all the cell performance of the
CNT electrode was better than that of the platinum electrode, with a maximum
performance gap close to 6 times. This is because the CNT electrode has an effective
surface area much higher than that of the platinum electrode, which provides faster

electron transfer kinetics and more reaction sites for the redox reaction of the thermocell,
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thereby reducing the internal resistance and greatly improving the cell performance. -

[42]

Table 4-2. Thermocell performance by using PTFE separators.

Inter- Power Short Open Carnot-
electrode density” | circuit circuit relative
Separator . Electrode 5 - . «
spacing (mW m? | current | voltage | efficiency
(mm) K?) (Am?) | (mV) (%)
T50D35S60 0.05 Platinum 0.15 0.32 29.5 0.0059
T50D35S60 0.05 CNT 0.82 1.83 28.7 0.032
T50D35S120 0.05 Platinum 0.13 0.27 30.5 0.0057
T50D35S120 0.05 CNT 0.78 1.68 29.6 0.031
T50D70S120 0.05 Platinum 0.15 0.34 28.1 0.0059
T50D70S120 0.05 CNT 0.80 1.87 27.2 0.032
T100D70S120 0.1 Platinum 0.09 0.18 323 0.0077
T100D70S120 0.1 CNT 0.50 1.01 31.7 0.040

*The cross-sectional area used in this calculation was An, the total area of pores

filled with electrolyte in the separator.

4.3.3.2. Improvement of thermoelectric performance by using PTFE separators

A low inter-electrode spacing thermocell consisting of CNT electrodes, optimal

electrolyte solutions and various separators was assembled to verify the effect of

separators on cell performance. The thermoelectric performance was measured at a
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temperature difference of 4 °C (33 to 37 °C) as much as possible. The cell performance
of the four PTFE separation membranes has been summarized in Table 4-2. According
to the experimental results, under the premise of a porous structure with moderate pore
size, the pore size distribution (aspect ratio and aperture ratio) of the separator had no
obvious influence on the output power density. The influence of different designs of
separators on power density mainly depended on the inter-electrode spacing (separator
thickness). Although the reduction of inter-electrode spacing reduced the
thermoelectric conversion efficiency (Eq. 4-2), the output power density can be greatly

improved.

To prove the necessity of separators in low inter-electrode spacing thermocells,
and to make the effect of separator structure on cell performance clear, I conducted
control experiments with other separator materials (Figure 4-5, 4-12). The results of
control experiments using fiber meshes, filter papers and PE porous membranes instead
of PTFE separators, and the experimental results with one hollow (approximately no
separator), are summarized in Table 4-3. Considering the influence of the separator on
the heat transfer and the temperature distribution between the hot and cold electrodes,
the cross-sectional area used in this calculation was 4., the total electrode area (2500
mm?). And all separators were properly trimmed to make they have the same aperture
ratio, 11.1%. The experimental results show that the open circuit voltage of the
thermocell was close to 0 when the separator was not used. This was because the space
between the electrodes is small, the small deformation of the electrode material can

easily cause a local short circuit in the cell.
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Table 4-3. Thermocell performance by using PTFE separators.

Inter- Short Open Carnot-
electrode | Power density circuit circuit relative
Separator . .
spacing (mW m? K?) current | voltage efficiency
(mm) (Am?) (mV) (o)
T50D35S60 0.05 8.8 x 102 0.203 28.7 3.5x 107
Fiber mesh 0.18 1.1 x10? 0.072 11.8 1.5x103
Filter paper 0.22 5.1 %107 0.011 29.3 8.9 x 10
PE porous
0.05 5.3 x10* 1.0 x 10 30.0 2.1x107
membrane
No separator 0.05 NA® NA* <0.1 NA®

* The value is too small to be measured accurately.

The mesh structure of the fiber mesh separator can avoid the occurrence of short
circuits. However, it can be seen from the SEM image (Figure 4-12b) that fiber mesh
separator has an extremely large pore size. Compared to laser-processed PTFE
separators, the increase in pore diameter leads to an increase in pore shape factor » in
Eq.4-5, thus increased the effective thermal conductivity xefr. The promotion of heat
transfer caused a reduction of the inter-electrode temperature difference between hot
and cold electrodes, AT:.. Therefore, the open circuit voltage of the thermocell using

the fiber mesh separator was lower, which weakened the cell performance.
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Figure 4-12. Cross-sectional view and SEM image of (a) the PTFE separator, (b) the

fiber mesh, (¢) the filter paper, and (d) PE porous membrane.

When filter paper was used as a separator, due to the small pore size with a dense
structure and the tortuous mass transfer path (Figure 4-12c¢), the pore shape factor n and
the effective thermal conductivity xesr in Eq.4-5 were decreased. Compared with the
fiber mesh, the use of filter paper separators obtained a higher open circuit voltage.
However, the internal resistance of the cell also increased substantially, thereby
reducing the cell performance. The same phenomenon appeared in the experiment of
PE porous membrane. Because the PE porous membrane has good insulation and heat
insulation ability, using it as a separator can maintain a large temperature difference
between the hot and cold electrodes, thereby generating a higher open circuit voltage.
However, the pore size of the PE porous membrane is at the nanometer level (Figure 4-

12d), and the mass transfer path is very tortuous, which leads to a substantial increase
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in the internal resistance of the cell, thereby greatly reducing the current density and

power density, and reducing the cell performance.

Compared with the above-mentioned separator materials, the laser-processed
PTFE separator has moderate pore size. This porous structure ensures a relatively small
n and xefr, which reduced the heat transfer perpendicular to the electrode direction.
While maintaining a certain temperature difference between the hot and cold electrodes,
the internal resistance of the thermocell has not been significantly increased due to the
straight electrolyte diffusion path in the PTFE separator. By using optimal PTFE
separator, my thermocell device achieved a higher power density of 0.088 W m? K2 in
an extremely thin structure than other separator materials. It should be mentioned that
the cell performance of my thermocell can be further improved by optimizing the

structure of the CNT electrode, such as using multilayer CNT structure2+-2!

or use
aerogel CNT!!] to obtain greater output power density and thermoelectric conversion

efficiency.

4.3.4. The effect of thermocell orientation and natural convection

In a low inter-electrode spacing thermocell, the factors that affect the mass transfer
and heat transfer process become more complicated. Previous studies and practical
applications have shown that the geometric structure of the thermocell, especially the
orientation of the cell, will affect the mass and heat transfer process by changing the

strength of natural convection, which is ultimately reflected in the change of cell
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performance.”"*3) To investigate this effect, a thermocell with low inter-electrode
spacing are assembled using optimized electrolyte, CNT buckypaper electrodes and
electrolyte filled separators (Figure 4-3) with three different cell orientation (Figure 4-
7). As a representative example, the I-V curves of cells with the TS0D35S60 and the

T100D70S120 separator in three different cell orientations were shown in Figure 4-13.
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Figure 4-13. /-7 and P-V plots of a low inter-electrode spacing thermocell consisting
of AQDS (5.6 mM) with AAc NPs (5.9 mg/mL, [AAc] =2 mM, [NaOH] = 1 mM) and
KNO; (150 mM) in three different cell orientations. Measurement applied by using (a)
T50D35S60 separator with a thickness of 50 um and (b) T100D70S120 separator with
a thickness of 100 um. Temperatures external to the cold side and hot side of the cell

were 33 and 37 °C, respectively.

The thermocells using two separators of different thicknesses did not show

significant performance changes due to the orientation of the cell. According to the

199



electrolyte parameters in Table 4-1, substituting the thickness of the two separation
membranes (50 and 100 um) into Eq. 4-3, the natural convection effects of these two
thermocells can be calculated. The Grashof numbers (Gr) of the thermocell with a 50
and 100 um thick separator were obtained as 1.4x 107 and 1.1x 10, respectively. Since
the value of Gr is very low (GrPr < 2000), the natural convection effect in thermocell
can be ignored.’>! Under this condition, the heat transfer process is pure heat
conduction, and the mass transfer process is mainly concentration diffusion. Therefore,
no matter how the cell orientation changes, natural convection cannot occur, and cell

performance cannot be significantly affected.

Theoretically, as the inter-electrode spacing (the thickness of the separation
membrane) increases, the effect of convection will increase, and the effect of cell
orientation will also be promoted. When a 3 mm thick separator processed by 3D printer
was employed in a thermocell, the calculated Gr is about 3044. The result indicates that
in theory there is a certain natural convection effect (calculated Nu and Sk > 1). To
verify the influence of inter-electrode spacing and cell orientation on cell performance,
I used three separators processed by a 3D printer (Figure 4-2) to conduct a control
experiment (Figure 4-6). the I-V curves of thermocells in three different cell orientations

were shown in Figure 4-14.
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Figure 4-14. I-V and P—V plots of a 3 mm inter-electrode spacing thermocell consisting
of AQDS (5.6 mM) with AAc NPs (5.9 mg/mL, [AAc] =2 mM, [NaOH] =1 mM) and
KNOs3 (150 mM) in three different cell orientations. Measurement applied by using
separators processed by 3D printer with different aspect ratio (aperture/thickness) of (a)

0.33, (b) 0.67 and (c) 8.33. Temperatures external to the cold side and hot side of the

cell were 26 and 44 °C, respectively.

The change of cell performance along with the cell orientation can be attributed to
the change in the strength of natural convection. Among them, the cell orientation of
cold-above-hot (Figure 4-7a) led to an obvious natural convection effect (Nu and Sk are
1.6 and 6.0 through Eq. 4-3). The mass transfer of redox species through concentration
diffusion was relatively slow but can be significantly increased by natural convection
in the cell. Convection reduced the boundary layer near the electrode to accelerate heat
and mass transfer, thereby increasing the current and power density (red line in Figure
4-14a, 4-14b and 4-14c). Conversely, when the hot-above-cold cell orientation (Figure
4-7b) is adopted, there was no natural convection (Nu = Sh = 1).[! Therefore, even if

the cell maintains a high open circuit voltage due to the weakening of the heat transfer
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process, the increase in internal resistance caused by the weakened mass transfer greatly

reduced the cell performance. (green line in Figure 4-14a, 4-14b and 4-14c).

However, for the horizontal orientation, the natural convection effect was affected
by the aspect ratio (aperture/thickness) when using a separator.*”! For a separator with
only one round hole and an aperture of 8.33 (Figure 4-2), the natural convection effect
with the horizontal orientation thermocell can be calculated by Eq. 4-4, Nu = 15.2, Sh
= 40.3. The effect of natural convection showed a significant increase, resulting in a
significant decrease in open circuit voltage due to faster heat transfer (blue line in
Figure 4-14c¢). For a separator with an aspect ratio of 0.67, it can be calculated by Eq.
4-4, Nu=2.2, Sh =9.4. The large increase in natural convection also caused a drop in
the open circuit voltage (blue line in Figure 4-14b). Finally, for a separator with an
aspect ratio of 0.33, Nu is calculated as 1.1 and Sk as 5.1. The porous structure of the
small pore size in the separator weakened the effect of natural convection, especially in
the heat transfer process. Therefore, the thermocell can still maintain a high open circuit

voltage even after its orientation was changed (blue line in Figure 4-14a).

The above experiments show that the optimal design of the thermocell's
orientation and the size of the separator is the key to improving cell performance. When
there is natural convection in the cell, the influence of the orientation of the cell on the
mass and heat transfer can be changed through the design of the separator, thereby
maintain stable performance. For extremely thin thermocells (inter-electrode spacing <

Imm, GrPr < 2000), since the effect of natural convection is very weak, the design of
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the separator requires more consideration of heat and mass transfer processes caused

by heat conduction and concentration diffusion.

4.4. Conclusions

In summary, I designed a planar liquid-state thermocell with low inter-electrode
spacing using CNT buckypaper electrodes and laser-processed PTFE porous separators.
A high output power density of 0.82 mW m™ K2 and an open circuit voltage of 29 mV
were achieved at an electrode spacing of 50 um and a temperature difference between
33 and 37 °C. To maintain the temperature difference in an extremely thin thermocell,
the porous PTFE separator with a moderate pore size and straight passage pores was
designed to suppress the heat transfer between the electrodes without greatly increasing
the internal resistance. The CNT electrode has a large effective surface area, which
increased the current density and output power density. The effects of natural
convection, mass transfer, and heat transfer according to the cell orientation change
were discussed for the improvement in the performance of low inter-electrode spacing
thermocells. Crucially, my thermocell uses simple, inexpensive, and non-toxic
materials to achieve a high output power density, and I believe that my findings will
spur the development of ultra-low quality waste heat harvesting devices such as

wearable devices to harvest human body heat.
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Summary

The Sustainable Development Goals (SDGs), which advocate an integrated
approach to solve development problems in the three dimensions of society, economy,
and environment, are the major subject of concern in the next decade. However, the
energy crisis and environmental problems caused by the massive use of non-renewable
energy have become the biggest challenge to sustainable development. Waste heat, as
an exhaust from the process of primary energy consumption, and as a low-grade energy
widely distributed in the environment, is a renewable resource with high reuse value.
In particular, the ultra-low-quality waste heat, which accounts for the highest proportion,

lacks low-cost and efficient harvesting methods.

In this doctoral thesis, the author has developed a novel liquid-state thermocell
based on the aqueous electrolyte with thermal responsive hydrogel nanoparticles. This
thermocell can achieve efficient harvesting of ultra-low temperature waste heat by
utilizing the volume phase transfer process of the nanoparticles near the ambient
temperature. Through chemical and engineering strategies to optimize the design of
electrolyte and thermocell devices, this kind of thermoelectric conversion device
produces a recorded high voltage and cell performance. Moreover, as a practical
example of such a simple, safe, and efficient system, an ultra-thin thermocell unit for
body heat harvesting was assembled and demonstrated that it can generate high power
density under extremely small temperature changes within the body temperature range.

Thermocells using temperature-sensitive polymer electrolytes are a new field of
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research. This pioneering study has given a new direction to research related to
thermoelectric conversion and provided a promising solution for future energy

problems in a sustainable society.

In chapter 2, a new thermoelectric conversion mechanism based on the proton-
responsive redox reaction and the pH response of hydrogel nanoparticles was proposed.
Quinhydrone and acrylic acid-containing thermal responsive hydrogel nanoparticles
were used to illustrate this mechanism. This thermocell showed a high Seebeck
coefficient of —6.7 mV K ! and +6.1 mV K!, which is beyond the maximum value ever
reported for liquid-state thermocells. The success of this concept involving entropy-
driven phase transition opened a new arena for investigating high performance

thermocells and became the cornerstone of follow-up research.

Figure 5-1. Schematic of a nanoparticle thermocell of entropy-driven phase transition.
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In chapter 3, the design rationale of thermocell using thermal sensitive hydrogel
nanoparticles were discussed. Through the screening of redox species, electrolyte salts,
and NPs, the conditions necessary to achieve optimal thermocell performance were
determined. The combination of 2,7-AQDS and poly(AAc-co-NIPAM) NPs achieved
the highly efficient conversion of temperature differences to electrical energy at
physiological temperature. The thermocell showed a high Seebeck coefficient of —9.5
mV K™!, which exceeds those of reported liquid-phase thermocells. The screening
process presented in this study provides a guide for the rational design of high-
performance thermocell systems based on hydrogel nanoparticles. The optimal
electrolyte composition shown by the experimental results was also used in subsequent

studies.
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Figure 5-2. Optimal electrolyte composition of a nanoparticle thermocell.
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In chapter 4, by assembling a thermocell device with low inter-electrode spacing,
engineering strategies for optimizing cell performance were discussed. A planar liquid-
state thermocell with low inter-electrode spacing was designed using CNT buckypaper
electrodes and laser-processed porous separators. A high output power density of 0.82
mW m2 K2 is achieved at an electrode spacing of 50 um and a temperature difference
between 33 and 37 °C. The use of flexible and low-cost carbon electrode materials and
the design of the ultra-thin cell size meet a variety of ultra-low-quality waste heat
harvesting applications. Moreover, the high output power density that can be generated
by a small temperature difference within the body temperature range is a very attractive
result. Crucially, my thermocell uses simple, inexpensive, and non-toxic materials to
achieve a high output power density, and I believe that my findings will spur the
development of ultra-low quality waste heat harvesting devices such as wearable

devices to harvest human body heat.
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Figure 5-3. Schematic of thermoelectric conversion achieved by thermocell devices.
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