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ABSTRACT OF THE DISSERTATION

Recycling of Wasted Energy :

Thermal to Electrical Energy Conversion

by
Hyuck Lim
Doctor of Philosophy in Materials Science and Engineering
University of California, San Diego, 2011

Professor Yu Qiao, Chair

Harvesting useful electric energy from ambient thermal gradients and/or
temperature fluctuations is immensely important. For many years, a number of direct
and indirect thermal-to-electrical energy conversion technologies have been developed.
Typically, direct energy conversion is achieved by using thermoelectric generators or
thermogalvanic cells; indirect energy conversion is achieved by using Organic Rankine
Cycle or Sterling Engines.

On the one hand, there is a fundamental technical difficulty, thermal shorting,
that limits the energy conversion efficiency of direct thermoelectric energy conversion
methods. While extensive study has been conducted in this area, currently the portion of
thermal energy that can be converted to electricity is still small. On the other hand, the

indirect energy conversion systems tend to be complicated and expensive. Thus,

X1X



existing energy harvesting technologies are less economically competitive compared
with the grid power.

To develop advanced energy harvesting systems, a novel concept using
nanoporous materials is investigated. Nanoporous materials have been widely used as
advanced absorbents. Because of their ultra-large surface areas (100-2000 m?/g), they
can adsorb a large amount of ions when they are immersed in electrolyte solutions. The
ion adsorption capacity is thermally dependent. If two nanoporous electrodes are placed
at different temperatures, they adsorb different amounts of ions, generating a net output
voltage. The thermally driven ion motion causes a transient current, which can be
reactivated through temperature fluctuation or internal grounding. The two electrodes
are isolated; that is, the direct heat loss between them is minimized. Our experimental
data have shown encouraging results: the output voltage and the energy conversion
efficiency are higher than that of conventional thermoelectric materials by orders of
magnitude.

Our study will not only lead to the development of high-performance thermal
energy harvesting systems, but also shed light on fundamentals of electrophysics in
nanoenvironment. The thermal effect on surface electrification (i.e. the capacitive
effect) in nanopores is a new scientific area. Conventional interface theories have failed
in explaining a number of experimental observations. We have carried out a systematic
study of the effects of ions, solvent, electrode, cell configuration, etc. to understand the
fundamental mechanisms and processes that govern the ion motion and charge transfer

in nanopores.
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CHAPTER 1. Introduction
1.1. Low Grade Heat (LGH) is ample

Low Grade Heat (LGH) is often referred to as the thermal energy from low-
temperature heat sources below 250°C. In the U.S. alone, many Giga Watt of energy is
wasted as LGH. For example, in solar farms, ~80% of solar energy is eventually wasted
as LGH; and in a vehicle, 60% of the chemical energy is wasted as LGH.

Harvesting and storing LGH is still a blank area of today’s technology [1]. In
such a low temperature range, many technologies that work well at higher temperatures
become economically and/or energetically inefficient. For instance, most of direct heat
storage methods based on phase transformation or chemical reactions are irrelevant for
LGH [2]. A few available LGH storage materials, e.g. paraffin [3], are too expensive for
large-scale systems. An intrinsic difficulty is associated with the low thermal energy
density of LGH. One possible solution is to harvest, convert, and store LGH in other
forms, e.g. electric energy, by employing systems of higher energy densities.
Converting LGH to electric energy also helps transport and directly utilize the harvested
and stored energy. In the next section, we will discuss the conventional technologies
such as Organic Rankine Cycle (ORC) mahines, Sterling engines, and thermoelectric

energy generation (TEG)

1.2.  Conventional Energy Conversion Technologies

1.2.1. Direct energy conversion



In a direct energy conversion system, heat can be converted into electricity
through spontaneous thermally related phenomena, e.g. in a thermoelectric generator or
a thermogalvanic (TG) cell [4]. With two dissimilar conductors, when each junction of
the two is at different temperature, electromotive force (¢) is developed between the

junctions.

1.2.1.1. Thermoelectric Generator

In a thermoelectric generator (TEG), the key component is the thermoelectric
material. The advanced thermoelectric materials include: (1) superlattices consisting of
periodic thin layers of different materials [5], in which the heat conductivity is reduced
while the electron transport is enhanced, due to phonon/electron scattering and band
structure modification at layer interfaces; (2) nanowires/nanotubes [6], in which the
electron density of states at the Fermi level is increased, due to quantum size effect; and
(3) complex oxides of low thermal conductivity and high electric conductivity [7]. Their
energy conversion efficiency is often measured by the dimensionless figure of merit
Z =a’[kA, where o = ¢/AT is the temperature sensitivity of output voltage, also known
as the Seebeck coefficient, with ¢ and AT being the output voltage and the temperature
difference, respectively; x is the electric resistivity; and A is the thermal conductivity.
For conventional thermoelectric materials, the values of figures of merit are below 0.1,
and therefore their applications are mostly limited to temperature measurement.
Recently, enhanced figures of merit around 2-5 were achieved [8]. The energy

conversion efficiency can also be directly calculated as {'= {.-¢z, where {'= U/U,, with



U. and U; being the generated electric energy and the consumed thermal energy,

V1+ZT-1

respectively; & is the Carnot cycle efficiency; and ¢z is a function of Z (m
TH

where T¢ and Ty are temperatures at cold and hot ends, respectively), typically smaller

than 10%.

1.2.1.2. Thermogalvanic cell

If a temperature gradient exists in electrolyte solution, it leads to a gradient in
the chemical potential in it, which depends on the magnitude of the heats of transport of
a given ion. The heat of transport is the energy required to transport the ion between
regions of different temperature. [9] This is called as Soret effect. The performance of
many kinds of thermogalvanic cells are listed in Table I. [10,11] The power conversion
efficiency is formulated as V20c/(4RKA(8T/0x)) , where VOC is the open circuit
potential between the electrodes, R, x, A, and 0T/0x are cell resistance, thermal
conductivity, the cross-sectional area of the ion path, and temperature gradient. [12] To
enhance the conversion efficiency, the temperature sensitivity should be high and
internal resistance and thermal conduction should be reduced. The temperature
sensitivity can be representative by Seebeck coefficient, which is depending on
materials’ properties. In the table, the maximum Seebeck coefficient is -4.17 mV/K.
This number is much higher compared to numbers of solid state thermoelectric
materials, which has around a few hundred pV/K.[1] However, the conversion
efficiency is less than one and the ratio to Carnot efficiency is only 1.5. This is because

other factors such as internal resistance and thermal conductance are too high. The



reason of the high cell resistance is due to the distance between the electrodes. If they
are close to each other, the thermal conductance should be very large. There have been
many trials to reduce the two factors by changing the cell configuration [13,14],

however, the innate problem is still pulling over the technology.

Table 1.1. Summary of the various thermogalvanic cells

Seebeck COE\?;’\LES:’O” Ratio to
solvent cell description coefficient Efficienc Carnot
(MV/K) (%) Y| effi. (%)
Pt// 2M Fe*'/Fe’", 1M HCI/Pt 0.57 0.005 0.035
Pt/ 0.2M Fe(CN)¢* /Fe(CN)s", 0.5M
K,SO; //Pt 1.4 0.047 0.33
Pt// 1M (NH,4)4Fe(CN),, 2M NH,Cl /Pt 2.9 0.2 1.2
Cu// 0.35M Cu(HC/?C(?l)z, 0.35M NaHCO; 12 0.03 0.2
3- 4-
Pt/ 0.07M Fe(CN)/é/ P/tFe(CN)6 , 3M KCl L6 0.008 0.44
Pt/ 0.26M Fe(CN)s*/0.26M Fe(CN)",
H,0 0.8M KCl/Pt 1.5 0.031 05
Cu// CuSO,4 20wt% //Cu 1.45 0.023 0.1
Pt/ xK4Fe(CN)g, yKsFe(CN)g, zZKC1 /Pt | -1.8 0.3 1.5
Cu// xCuTAAB(NOs);, yCu(TAAB(NO),
LKCl /Pt -1.86 0.34 1.7
Cu// xCu(fen),Cl,, yCu(fen),Cl, zKCI1 /Cu| -1.84 0.33 1.6
Cu// xCu(dipy),Cl,, yCu(dipy),Cl, zKCl 95 0.3 26
//Cu
Cu// zCu(dipy),Cl,, jCu(dipy),Cl, 1M
Butyrolactone LiBF, //Cu -4.17 0.78 1.5
Ag// Agl(S) //Ag -0.6 2.1 4.5
Molten Glassy Carbon// La, LaCl;, LiCI-KCl
salt //Glassy Carbon -12 9.6 154
SC// BiCl; in AlCI3-NaCl-KCl //SC 2.25 6.27 17.8




1.2.2. Indirect energy conversion system

The working process of an indirect energy conversion system consists of
multiple steps to convert thermal energy to electrical energy. Usually, heat is first
converted to kinetic energy through phase transformation, and then converted to
electrical energy by turbine engines. Organic Rankine Cycle (ORC) system or Sterling

Engine (SE) are commonly used indirect energy conversion systems.

1.2.2.1. Organic Rankine Cycle system

For recovering LGH, an organic Rankine cycle (ORC) system generates
electricity by forming gas steam using wasted heat and rotating turbine engines. Figure
1.1 is a schematic of the basic structure of ORC system. The fluid is evaporated in the
evaporator and the gas stream rotates the turbine engine. The gas stream is condensed to
liquid and then it is fed into the evaporator by a pump. In an ideal working cycle, the
expansion is isentropic and the evaporation and condensation processes are isobaric. In
reality, the presence of irreversible processes lowers the overall efficiency. By
employing working fluid with different thermophysical properties, the working
condition, e.g. the working temperature range, can be adjusted. Organic liquids, such as
benzene, toluene, or p-xylene, are suitable to LGH applications. [15] Unlike water, most
organic fluids suffer chemical decomposition and degradation at high
temperatures/pressures. Most organic fluids have relatively low critical pressures and
much smaller heat capacities than water. Therefore, an ORC system must be operated in

the appropriate ranges of temperature and pressure. ORC systems have been utilized to



harvest LGH from the wasted heat in the condensers of power plants, the solar

radiation, and the geothermal energy. [16]
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Fig. 1.1. Schematic of the Organic Rankine Cycle



1.2.2.2. Sterling engine

Sterling engine is a closed combustion system. Its working mechanism is based
on the Sterling cycle, which involves expansion and contraction of a working gas, such
as air, helium, or hydrogen, caused by an external heat source/sink. A Stirling cycle
consists of two isothermal processes and two constant volume processes. In Fig.1.2,
Segment 1-2 and Segment 3-4 are isothermal processes and Segment 2-3 and Segment
4-1 are isochoric processes. The ideal efficiency is the same with the Carnot efficiency,
higher than that of other indirect energy conversion systems. In Fig.1.2, the regenerator
carries out the internal heat exchange process. During heat exchange, the fluid
repeatedly passes through the regenerator in opposite directions. The efficiency of the
heat exchange is critical to the overall efficiency. The heat source can be solar thermal
energy, biological thermal energy, geothermal energy, wasted heat from a nuclear
reactor, etc. The heat sink can be constructed by using cold water or cold air. Currently,
various types of Stirling engine have been developed, which are summarized in Table

1.2

Table 1.2. Table of summary of Sterling engine [17]

1816 | Robert Stirling 100W ~ 4kW
1853 John Ericsson 220kW at 9rpm for a ship
1954 Philips lab 36~38% efficiency at 977K, 30~336kW
1978 Gupta solar powered, compact type, 1~2kW, 5.5~5.7%
1989 Nakajima Extremely small enegine (10g), 10mW
1999 Podesser Biomass engine, 3.2kW, 25%
1999 Hoshino Piston free, 30%
present| United stirling etc. | use sun-beam concentrator, over 40% at 973K, 200bar
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Fig.1.2. (a) Schematic of Sterling engine (b) P-V plot of the Sterling cycle
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1.3.  Cost-effectiveness of the conventional technologies

To commercialize the technologies to regenerate the low grade heat, cost
analysis should be preceded. Based on existing literatures, we compared their cost-
effectiveness as in the table 1.3. In the temperature range from 30°C to 70°C, they were
$16/W, $5.14/W, $11/W, and $3/W for TEG, thermogalvanic cell, SE, and ORC,
respectively. Among them, the ORC shows the best cost-effectiveness, however, it is
still too expensive to compete with conventional internal combustion engine ($0.5/W).
This is mainly because the ORC 1is bulky and needs complicate mechanical
compartments; therefore the maintenance with high cost is inevitable. The second best
one should be thermogalvanic cell. According to Renchong Hu’s [18] cost analysis of
their cell, the cost is calculated as $5.14/W. Their using carbon material seems to make
the cost saving. He expected that they could lower the cost if they were mass-produced.

Conclusively, we feel the need to create brand-new concept to realize highly
efficient and practical LGH renerative system. In the next section, we will discuss the
basic concept of our Nanoporous Thermal-to-electrical Energy Conversion System

(NTEECS).

Table 1.3. Comparison of cost-effectiveness of several LGH regenerative systems.

( delct:;)s:lt' gg';:vt\ga;toc) Current Market Size ($)
TEG ~$16/W <$1m
Thermogalvanic cell ~$5.14/W N/A
Stirling Engine ~$11/W ~$10m
ORC ~$3/W ~$50m
Internal Combustion
Engine or Turbine (delta ~$0.50/W ~$100,000m
T 30C to 350C)
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1.4. Basic working principle of Nanoporous Thermal-to-electrical Energy
Conversion System (NTEECYS)

The NTEEC system, sometimes referred to as thermally chargeable
supercapacitors (TCS), was recently developed in our lab [19]. It is based on the
capacitive effects.

1.4.1. Electrical Double Layer

In a bulk electrolyte solution, anions and cations are uniformly distributed. If a
solid material is immersed into the electrolyte solution, the ion distribution would
become anisotropic in at the solid-liquid interface. In the interface zone, the solvated
ions are subjected to different force fields from the solid and the liquid phases, resulting
in different configurations of solvent dipoles and charged species. Once the electrolyte
side of the interface has excess charges, a net electric field would be generated across
the interface, and counter charges would be induced at the electrode side, leading to a
potential difference. Because the thickness of the interface zone is typically quite small
(0.1 to 1 nm), the field strength can be enormous, on the scale of 10’ V/cm. The term
"electrical double layer” is often used to describe the structure of the charges and the

oriented dipoles constituting the solid-liquid interface region [20]

1.4.2. lon density change in the Electrical Double layer

In an electrical double layer, the effective surface ion density is sensitive to the

temperature change (Fig.1.3). According to the Poisson’s equation, the relationship
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between the excess ion density (p,) in a representative volume element (RVE) and the

electrostatic potential () can be stated as: [20]

1d Ay, 4
Sa ()= —Zp, (Eq. 1-1)

&

where r and ¢ are the distance from the arbitrarily selected central ion and the dielectric
constant of the solution, respectively. In the solution, there are many types of ions.
Denote n; as the number of type i ions per RVE, and the corresponding ion charge is zie
(z; 1s the valence of the ion and ey is the electronic charge). The excess charge density is

[20]
pr = XNjzi€g (Eq. 1-2)
According to the classic Boltzmann distribution law, [20]
n; = nde~V/KD (Eq. 1-3)
where U is potential energy between ions; that is
U = zeqU; (Eq. 1-4)
Combination of the above three equations gives [20]

ziegWr

pr = X njziep = Y n{ziepe kT (Eq. 1-5)

where n is the bulk concentration. The equation can be linearized by using Taylor
series under the condition that electrostatic potential () is much smaller than the

thermal energy (KT): [20]



13

Electrostatic
potential, y,
~lemental
? volume, dV
e
, density, p,

(—D’ Central ion

Fig.1.3. Charge density of elemental volume located from a central ion at a distance
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0,202
py = —y ol (Eq. 1-6)

Finally, the linearized Poisson-Bolzman equation can be obtained by relating the

Poisson equation to the linearized Boltzmann equation: [20]

1d 2dUr o 2 __ Am 0,2,2
T (P = Qe @ = 5 Sniafed (Ea.1-7)

This equation is for a single central ion. It can be applied to any electrode immersed in
an electrolyte solution. The major difference is the geometry: the central ion is
spherical; a large electrode surface is planar.

Because the Fermi energy of electrode material is different from that of the
electrolyte solution, there are electrostatic forces between the electrode and the ions. To
analyze the relationship between the electric field and the potential x away from the
electrode, a few models were developed, such as the Helmholtz-Perrin parallel plate
model, the Gouy-Chapman model, and the Stern model, which is a combination of the
former two models.

According to the Gouy-Chapman’s model,[20]

1

dll) _ 8kTCO E . Zeod)x _
2 = (—880 ) sinh 222 (Eq. 1-8)

where ¢, is the concentration of the ions in the bulk solution, ¢ is the dielectric constant
of the solution, g, is the permittivity of free space, and wyx is the outer potential

difference between a point x away from the electrode and the bulk solution. Following
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Fig.1.4. Schematic of double-layer structure of solvated ions at a solid surface The
solid surface absorbs ions and the interface is electrified spontaneously. [19]
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the Gaussian law, we can calculate the amount of the charges in the diffusion layer (qq):

[20]

1
qqa = —2Q2egycykT)z sinh (%lﬁo) (Eq. 1-9)

where 1), is the potential at x = 0, with respect to the bulk solution phase.

The capacity of the layer is [20]

2,2
Ce = (M)Z . cosh Ze¥m (Eq. 1-10)

Based on the Gouy-Chapman model, Stern suggested that the ions in the
interface layer and distributed in the thermal disarrays must be taken into consideration,
which gives another capacitance component (Cy). Thus, the total capacitance should be

[20]
:C_+C_ (Eq 1-11)

The electrical double layer is depicted in Fig.1.4.
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1.4.1 Nanoporous electrode : High surface area

Nanoporous material is a kind of nanovoid-surrounding network, which is
usually covalently bonded together [21]. Diatoms and abalone shells are well-known
examples of a variety of nanoporous organic-inorganic hybrids in nature. [22]. Over
tens of years, Synthetic methods for a large number of nanoporous materials have been
in the middle of the materials science. Among them, the templating technique is one of
the most well-known techniques, in which the template ranged from nano to micro size
is formed first by phase separation or nanocasting, and then the template is removed by
burning or etching [23-25]. A synthetic nanoporous material can be either of an ordered
or disordered porous structure, with the high effective surface area. It is typically 100-

2000 m*/g, 6-8 orders of magnitude larger than in a bulk phase [26].

Zeolites and nanoporous carbons are the well-developed microporous materials
(the nanopore size 2r < 2 nm). There are more than 100 different kinds of natural or
synthetic zeolites or zeolite-like materials, most of which can be used as molecular
sieves that pass only molecules smaller than their pore sizes [27]. As for the nanoporous
carbons, there are carbon blacks and activated carbons, which can be synthesized by
various physical or chemical treatments of organic precursors or graphite [28-30] (as in
Fig.1.5). They can be applied as battery electrodes, separation filters, substrates for
catalysts, etc. CNT is another important material, which has been a subject of active
research since Ijima found it [31]. Silica is one of the most widely used materials for

mesoporous processing (2 nm < 27 < 50 nm) as a template. Synthesis techniques for
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(a)

(b)

Fig.1.5. (a) Atomic structures of a few nanoporous carbons [31]; (b) TEM photo of a
nanoporous carbon studied in the preliminary test.
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silicas have been so established that various pore sizes, pore shapes, pore volume
fractions, and surface structures are controllable [32]. They have been applicable to
various types of applications covering sensing, catalysis, and molecular sieve. In
addition, phosphates, transition metal oxides, and alumina can also be used to
synthesize mesoporous materials [33]. For macroporous processing (2 > 50 nm),
metals, polymers, alumina, etc. are suitable candidates as templates.

In summary, a variety of nanoporous materials and their processing technologies
have been developed. The overall pore structures can be controlled with precision.
Additionally, a number of surface functionalizations and doping techniques have been
developed adjusting nanopore surface characteristics such as conductive,
semiconductive or insulating. Conductive or semiconductive nanoporous materials
include carbons, titanium oxide, alkali metal doped zeolites, and metal alloys of copper

or gold [34,35].

1.4.2 Working principle : Capacitive effect

The surface ion distribution at a solid-liquid interface is field responsive [36-40].
For instance, when a voltage is applied across the interface, the energy well confining
ion motion in electric double layer (EDL) becomes deeper, and thus the interface ion
density increases, so does the change in electrode potential (A¢@). The increase in total
amount of interface charges can be estimated as the excess ion density multiplied by the
total surface area, Q" = oy-A. Thus, if the area, 4, is large, this system can be of a large

capacity. Based on this concept, double-layer supercapacitors have been developed by
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using nanoporous materials that have specific surface areas around 500-1500 mz/g [41-
43], and have been productized to power electric shuttle buses [44].

It is well known that the surface ion density (o) is also thermally dependent
[20]. As temperature increases, because the ions become more mobile, it becomes easier
for them to overcome the energy well and move away from the interface. Thus, both oy
and A¢ decrease [45]. The energy density of a double-layer capacitor can be reduced by
more than 25% as temperature changes by 30-40 °C [46]. In the past, this energy “loss”
was usually regarded as a detrimental factor.

Consider two identical solid-liquid interfaces, as depicted in Fig.1.6. Their
temperatures are different. At the higher temperature, the interface ion density and
potential difference are lower. Therefore, when the two interfaces form a circuit, excess
charges would move from the low-temperature (high-potential) end to the high-
temperature (low-potential) end, until the new equilibrium is established. The generated
transient electric energy is converted from thermal energy. The total amount of
generated charges (the charges that can move between the two interfaces) can be
estimated by Eq.(I-9). Clearly, to enhance the system performance, the surface area, A4,
must be maximized. Similar to the double-layer supercapacitor, the electrode should be
nanoporous. Moreover, for ordinary electrode materials, the thermal sensitivity of
surface ion density is relatively low. To increase the energy conversion efficiency, the
pore surface properties should be modified. From the next chapters, we will discuss the
governing factors for the high energy conversion efficiency, and in the last chapter, we
will report how much energy could be generated from the thermal energy in our

NTEEC system.



CHAPTER 2. Effects of lon Concentration on Thermally-Chargeable Double-
Layer Supercapacitors

2.1. Introduction

While harvesting, storage, and utilization of thermal energy has been an active
research topic for centuries [e.g. 47,48], low-grade heat (LGH), thermal energy
associated with low-temperature heat sources with temperature (7) lower than 250 °C, is
still a blank area of today’s technology [49]. In such a low temperature range, many
technologies that work well at higher temperatures become economically and/or
technologically inefficient. For instance, most of direct heat storage methods based on
phase transformation or chemical reactions are irrelevant for LGH [50]. A few available
LGH storage materials, e.g. paraffin [51], are too expensive for large-scale systems.

An intrinsic difficulty is associated with the low thermal energy density of LGH.
One possible solution is to harvest, convert, and store LGH in other forms, e.g. electric
energy, by employing systems of high energy densities. Converting LGH to electric
energy also helps transport and directly utilizes the harvested and stored energy.

However, conventional thermal-to-electric energy conversion (TEEC)
techniques work poorly in the temperature range of LGH. A TEEC system typically
works in between a high-temperature heat source and a low-temperature heat sink. Its
energetic efficiency can be calculated as {'= ¢.-¢;, where {. = AT/Tj, 1s the Carnot cycle

limit and ¢ is the system efficiency, with AT = Ty,-T; and 71, and 7 the temperatures of

the heat source and the heat sink, respectively. As AT of LGH is small, the Carnot cycle

22
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limit becomes low and, thus, the system efficiency must be ultrahigh to achieve an
acceptable overall efficiency.

Indirect TEEC techniques, such as Organic Rankin Cycle (ORC) machines and
turbine engines, do not meet this requirement. They are often used for applications
where AT > 350 °C [52], e.g. in coal power plants and concentrated solar thermal energy
farms. They demand bulky, massive, and expensive components such as heat
exchangers and pumps. The numerous moving parts also increase the installation,
operational, and maintenance costs. Direct TEEC technology is often achieved by using
thermoelectric materials, which, again, due to the low value of ¢ in the LGH range,
cannot be widely applied in engineering practice.

Note that the Seebeck effect, the working mechanism of thermoelectric
materials, is not the only phenomenon provided by nature that is both thermally and
electrically related. Many other phenomena, e.g. the thermally induced capacitive effect
to be discussed in this paper, also involve energy conversion between heat and
electricity. While in the past they were regarded as trivial, with the development of
novel materials and energy techniques, these concepts should be re-investigated.

Consider two identical supercapacitor-type devices, as depicted in Fig.2.1(a).
Each cell is a half-supercapacitor, consisting of a nanoporous electrode immersed in an
electrolyte solution. Figure 2.1 (b) shows a double-layer (DL) supercapacitor. As a
voltage is applied across the anode and the cathode, ions would be adsorbed at the
electrode surfaces, and electric energy is stored as surface charges. Usually, the
electrodes are nanoporous, so that the specific surface areas, 4, are ultrahigh (~10° m?

per gram of electrode). The large value of A greatly amplifies the system capacitance.
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Depending on the liquid and electrode materials, the working voltage ranges from a
fraction of to a few volts [53].

The high-ion-density surface layer can be formed spontaneously at the
electrode-liquid interface, even without the external voltage [54]. The excess surface
ions induce surface charges in the electrode phase, leading to the formation of electrode
potential (@). The electrode potential is thermally dependent: When temperature varies,
as the mobility of surface ions is changed, the surface ion density becomes different, so
does @. Therefore, the two electrodes in Fig.2.1(a) are of different potentials. When they
are connected, charges would move from the high-potential end to the low-potential
end, converting the absorbed thermal energy to electric energy. This capacitive process
is fundamentally different from the Seebeck effect, as the charge motion and the
thermal conduction are separated. Hence, thermal shorting, which causes the low
energetic efficiency of thermoelectric materials, can be prevented. Due to the presence
of the liquid phase, such a system may not work at a high temperature, but can have a
high performance in the LGH range, as the thermal sensitivity of electrode potential can
be much higher than the Seebeck coefficients of thermoelectric materials. It will be

referred to as thermally-chargeable supercapacitors (TCS) in the following discussion.

2.2. Experimental
To validate the feasibility of TCS for LGH, we investigated a nanoporous
carbon (Cabot BP2000). The as-received material was in powder form. By using a

Micromeritics ASAP2000 Analyzer, a gas absorption analysis was performed and the
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Fig.2.1. Schematics of (a) a thermally-chargeable supercapacitor (TCS) and (b) a
double-layer (DL) supercapacitor.
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range of nanopore size distribution was determined as 2 to 100 nm, with the modal
value at 3 nm. The specific surface area was about 1800 m*/g. It was refluxed in acetone
for 4 hours, and then dried in vacuum at 80 °C for 10 h. In a stainless steel mold, the
refluxed carbon powders were compressed at 400 MPa for 5 min, so as to form
electrode disks. The mass of each disk is around 100 mg.

Two identical nanoporous carbon (NC) disks were firmly pressed on platinum
(Pt) sheets and soaked in electrolyte solution in two separate polypropylene (PP) cells,
as depicted in Fig.2.1(a). The surface area of the Pt sheet was about 100 mm?®. They
were employed as charge collectors. The liquid volume in each cell was 50 ml.

One cell was kept at room temperature by a cold water bath (21 °C), and the
temperature of the other cell was raised by a Corning PC-220 Hot Plate, with a constant
rate of 3 °C/min. The temperature was monitored continuously by type-K
thermocouples. The liquid phase in the two cells was connected by a salt bridge, which
was 5 mm in diameter and 30 mm long. The open-circuit voltage between the two
charge collectors, V, was measured by a National Instrument SCB68 data acquisition
(DAQ) system. Figure 2.2(a) shows a typical V-AT curve. The temperature sensitivity of
V, dV/dT, is shown in Fig.2.3 as a function of the temperature difference, AT. When the
high-temperature cell reached about 60 °C, the two charge collectors were connected
through an external resistor, Ry = 250 Q. A typical discharge curve is shown in
Fig.2.2(b).

Reference experiments were performed by using a similar experimental setup

with the NC disks being removed; that is, only the Pt charge collectors were tested.
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Fig.2.2. (a) Typical voltage-temperature curves of the nanoporous carbon(NC) and
the charge collector(Pt), with the ion concentration being 1 M. (b) A typical
discharge curve for the carbon based system, with Ry =250 Q.
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2.3.Results and Discussion

From the data of the NC based system in Fig.2.2 (a), it can be seen that as AT
increases, the amplitude of the output voltage, |V] rises monotonically. The value of |V]
reflects the electrode potential difference between the two electrodes, having
contributions from both the NC disks and the Pt charge collectors. However, because
the surface area of the Pt sheet is much smaller than that of the NC disk by a few orders
of magnitude, its effective capacitance is negligible. As the Pt-liquid interface and the
NC-liquid interface are in parallel, the output voltage should be governed by the NC
phase. The magnitude of dV/dT of such as TCS is around 0.8 mV/°C, much higher than
the Seebeck coefficients of thermoelectric materials. When AT is only around 50 °C, the

output voltage can be a few tens of mV.

During discharging, because the temperature does not vary, no thermal to
electric energy conversion would happen. As the new equilibrium is reached, the output
voltage vanishes as the electric energy is dissipated by Ry. The electric energy comes
from the stored energy in the NC electrodes, harvested from LGH. The total energy can
be calculated as [(V/Ro)ds, with ¢ denoting time. The graph in Fig.2.3(b) shows one
example of energy harvesting from the cell with nonporous carbons immersed in 1M
Nal water solution, the cell configuration of which is as depicted in the Fig.2.2(b). The
testing data indicate that the energy density of the NC is more than 0.1 J/g, much higher
than that of ordinary thermoelectric materials [54]. Clearly, LGH energy is harvested

and stored as electricity.
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Without the nanoporous phase, the reference system demonstrates quite regular
characteristics. As AT increases, dV/dT is negative; that is, the electrode potential
decreases, as it should, since at a higher temperature the solvated ions in the interface
double layer are more mobile and the effective surface ion density becomes lower.
When the two charge collectors are connected through the external resistor, the output
voltage decreases instantaneously to zero and no output electric energy can be detected
by using the current experimental setup, suggesting that due to the small surface area of

the Pt sheet, the harvested and stored LGH energy is trivial.

As the ion concentration (C) increases, the dV/dT of the Pt sheet is reduced. At a
large solid-liquid interface, anions are adsorbed on the electrode surface and forms the
inner Helmholtz plane (IHP) [55]. The electrode potential can be described as [56]: ¢ =
(M- D) +H(dwp -d), where oy, dp, and ¢, are the potentials of the electrode surface,
the IHP, and the bulk liquid phase, respectively. The potential drops can be expressed in
terms of integral capacities (K); thus, ¢ = Qu/Ky—mprt Qo/Kiap—bulk, Where the Qy is the
charge on the metal electrode, and the @, is the one in the diffuse layer. The overall
interface capacitance is C; = d Qw/d¢@. Note that Qv = Qcat @y, With Qca being the charge
associated with the specifically adsorbed ions, and, consequently, 1 = dQca
/dQutd Qo/d Qu. Therefore, 1/Ci = 1/Ky—mp - (1/ Kipp—buik)(d @ca/d Qv). Since the THP
structure may be simplified as a monolayer, Qca is linear to the adsorption coverage ()
. Qca = a0, with o being charge amount of anions on 100% coverage. Hence, d¢ =
dQw/Ky—mp - adb/Kip—wuk. The second term is only related with the adsorption.

Therefore, the contribution of adsorption to dpca= ad /Kni—mp.
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As a first-order approximation, the adsorption behaviors can be described by a
Temkin isotherm [57]: 6 = InpC/f = (ksT/B)In[W-C-exp(H,/KgT)], where kg is
Boltzmann constant, /¥ is a parameter related to the molecular and ion distributions in
the surface layer and in the bulk phase, B is a system constant related to the heat of
adsorption, and H, is the heat of adsorption. Thus, d6/dT = kgln(W-C)/B + (dHydT)/B.

Consequently,

d2¢CA _ 1 kpa (1)
dcdT Ky—igp BC

Equation (1) explains why the slope of the plot of dV/dT vs.C is positive, since
the parameters at the right-hand side (RHS) are positive except Ky _;yp and o (Ky1up
is a capacitance by anion adsorption and « is the amount of negative charges, therefore
they are negative). Because the dV/dT at every concentration is negative, the
temperature sensitivity of V' (|dV/dT]) would be reduced as the ion concentration (C)

becomes higher, which fits with the data of the reference experiments in Fig.2.3.

It is remarkable that the above analysis based on the classic interface theory
does not capture the behaviors of NC. First, as shown in Fig.2.2 (a), dV/dT is positive,
suggesting that the electrode potential increases with temperature, which may be related
to the confinement effect of nanopore walls. To derive Eq.(1), it is assumed that the
bulk liquid phase can be taken as the reference state. In a nanopore, such an assumption
may no longer be valid, as the volume fraction of the interior is comparable with that of
the interface zone, especially in the smallest nanopores that are of the largest specific

surface areas and dominate the system behaviors. That is, there are at least two
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competing processes that affect V: the variation in the effective adsorption coverage (6)
and the net ion diffusion along the axial direction. As T increases, even if & still
decreases, as the effective potential at the interior of nanpores may vary faster, the
overall electrode potential can indeed be reduced, resulting in the measured positive

temperature sensitivity.

Second, as the ion concentration changes over a wide range from 0.1 M to 3.7
M, as indicated by Fig.2.3, there is not a clear pattern of the variation in |[dV/d7|. When
C = 0.1 M, the temperature sensitivity of the effective electrode potential is nearly 0.86
mV/°C; when C = 1 M, |dV/dT] decreases to less than 0.75 mV/°C. While the trend
looks similar with the prediction of the classic surface theory, when C further increases
to 3.7 M, the temperature sensitivity rises back to 0.88 mV/°C. The tolerance of the
voltage measurement is quite small (< 0.5%), and the significant changes in |d}V/d7]
cannot be attributed to data scatter. This unique phenomenon may also be associated
with the lack of bulk phase in nanopores. According to Eq.(1), when C is relatively
small, |[d*//dCdT] tends to be large. That is, as the ion concentration is low, the effect of
the decrease in adsorption coverage is more pronounced, which may dominate the
system behavior and leading to a negative correlation between |dV/d7] and C. With a
relatively high ion concentration, the surface layer effect is saturated and the ion
diffusion along the axial direction becomes more important. If the thermal sensitivity of
the effective axial diffusion rate increases sufficiently fast with the ion concentration,
the temperature dependence of the potential at the interior would be reduced rapidly, so

that the overall |d}/d7] increases.
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2.4. Concluding Remarks

It is clear that the above analysis is merely a qualitative, zero-order analysis of
the thermal dependence of confined ion behaviors. It does not facilitate a fully
developed model. Nevertheless, the experimental data validate that the thermally
induced capacitive effect can be employed for LGH harvesting and storage. The thermal
sensitivity of electrode potential can be much larger than the Seebeck coefficients of
thermoelectric materials. As this effect is amplified by the large specific surface area of
nanoporous materials, the energy density of TCS can be quite high. As temperature
rises, the electrode potential of the nanoporous carbon under investigation increases,
and its thermal sensitivity (|d}V/d7]) does not decrease monotonously, which are
contradictory to the predictions of conventional surface theory. These unique
phenomena may be related to the lack of bulk phase in the confining nanopore

environment.



CHAPTER 3. Dependence on Cation Size of Thermally Induced Capacitive Effect
of a Nanoporous Carbon
3.1.  Introduction

Harvesting and storing low-grade heat (LGH) is of both significant scientific
interest and important technological relevance. Usually, LGH refers to the thermal
energy of relatively low temperature below 250 °C [58]. Every day, in the U.S. alone,
many hundreds of Giga-Watt of power is being wasted as LGH in coal and nuclear
power plants [59]. Other LGH sources include solar thermal energy, geo-thermal
energy, ocean thermal energy, wasted heat in vehicles, and even body temperature of
human beings. If LGH can be utilized with high energetic and economic efficiency,
energy security can be much improved and energy-related emission can be greatly
reduced.

Conventional thermal energy harvesting and storage techniques do not work
well for LGH [e.g. 59, 60]. A major problem is the low energy density, making direct
thermal energy storage methods, e.g. those based on phase transformations and/or
chemical reactions [61], irrelevant. An intrinsic difficulty of converting LGH to
electricity comes from the low temperature, which leads to the low Carnot cycle limit,
(.. Thus, the overall energy conversion efficiency ¢ = (- tends to be poor, with
being the intrinsic system efficiency. For large-scale LGH sources, neither direct energy
conversion, e.g. thermoeletrics, nor indirect energy conversion, e.g. Organic Rankin
Cycle (ORC) machines and turbine engines, can work efficiently [62]. To overcome

these hurdles, new mechanisms must be investigated.

34



35

Converting thermal energy to electric energy must be based on processes that
are both thermally and electrically related. Such processes usually involve multiple
phases/matters and take place at their interfaces. For a beneficial interface phenomenon,
using nanostructured materials of ultrahigh specific surface areas (4 ~ 10* to 10° m*/g)
can greatly amplify it. And, among all the interfaces, solid-liquid interfaces should be
given a high priority as they are quite controllable. A nanostructured-materials-based
device that uses solid-liquid interfaces to store electric energy is essentially a double-
layer supercapacitor (DLS). For instance, when two identical nanoporous electrodes are
soaked by an electrolyte solution and an external voltage is applied across them, the
cathode would adsorb anions and the anode would adsorb cations. The stored charge
can be assessed as @ = (.4, where (. is the effective surface ion density. Due to the
large value of 4, Q can be much higher than that of conventional capacitors [41].

Note that the ion adsorption of DLS is also thermally dependent. It is well
known that a “poorly designed” DLS can lose up to 20% of its capacitance with a small
temperature variation of 30-40 °C [63]. While this is usually regarded as a detrimental
effect, recently we showed that its inverse process can be employed to harvest and store
LGH as electric energy, leading to the development of the thermally-chargeable
supercapacitor (TCS) technology [64]. The basic working mechanism of TCS is
associated with the thermally induced variation of electrode potential. As depicted in
Fig.3.1, a possible structure of TCS consists of two identical half-DLS. Each half-DLS
is formed by immersing a nanoporous electrode in an electrolyte solution. As they are
placed at different temperatures (7), there would be a potential difference (V) between

them, because the effective surface ion density changes with 7. Since the temperature
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Fig.3.1. Schematic of a thermally-chargeable supercapacitor (TCS), consisting
of two double-layer (DL) supercapacitor type cells. The counter-electrodes are
separated from the electrodes by porous membrane separators, and are grounded
either externally or internally. The output voltage (V) is measured by the data
acquisition (DAQ) system.
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sensitivity of electrode potential, |[dV/dT], is much higher than the Seebeck coefficients
of thermoelectric materials, a TCS can have a high energy density. Moreover, as the
two half-DLS are separated, the direct thermal conduction between them can be
minimized, so that thermal shorting, the key factor that causes the low energetic
efficiency associated with the Seebeck effect [65], is significantly reduced.

While the preliminary data have shown encouraging results, in order to optimize
TCS a large number of technical and scientific questions must be answered. A critical
one is: How to choose the electrolyte? Since compared with the anion effect, the cation
effect, particular the influence of cation size, can be more important, it will be the focus

of the current research.

3.2.  Experimental

The electrode under investigation was formed by Cabot BP2000 nanoporous
carbon (NC). The material was first refluxed in a vertical reactor in aceton for 4 h. The
refluxing temperature was kept at 60°C by a hot mantle. After vacuum drying at 80 °C
for 8h, the treated NC powders were compressed into thin disks by a type-5580 Instron
machine in a stainless steel mold. The mass of each disk was nearly 200 mg. The
compression pressure was 400 MPa. By using a Micrometrics ASAP-2000 Analyzer, it
was measured that the compressed carbon had a broad pore size (D) distribution from 1
nm to 100 nm, with the modal value at about 3 nm. The smallest nanopores with D < 10
nm contributed to more than 85% of the surface area.

The experimental setup was similar with Fig.3.1, except that the counter-

electrode and the grounding connections were replaced by a salt bridge between the two
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containers. The diameter of the salt bridge was 5 mm and the length was 30 mm. The
two containers were made of polypropylene (PP). Each container contained 50 ml of
aqueous solution of electrolyte, in which the treated NC disks were immersed. The
electrolyte concentration was either 0.1 M or 3.7 M. The electrolyte was either lithium
chloride (LiCl), sodium chloride (NaCl), potassium chloride (KCI), or cesium chloride
(CsCD).

The two NC disks were connected to a National Instrument SCB68 data
acquisition (DAQ) system by platinum (Pt) wires through two Pt charge collectors. One
container was maintained at room temperature by a water bath. The other container was
heated by a corning PC-220 Hot Plate, with the heating rate of 3 °C/min. The DAQ
system continuously recorded the potential difference between the high-temperature and
the room-temperature NC disks. Figure 3.2 shows the typical measurement results. The
average dV/dT is shown in Fig.3.3 as a function of the cation size (d), with the ion
concentration (C). According to the literature data [66], the cation sizes of Li", Na", K,

and Cs" are 0.180 nm, 0.232 nm, 0.304 nm, and 0.362 nm, respectively.

3.3.  Results and Discussion

Figure 3.2 indicates clearly that the effective electrode potential of the NC disk
is highly sensitive to temperature, 7, for all the tested chloride salts. Initially, when both
containers are at room temperature, the potential difference is zero, as it should be,

since the two NC disks are identical. When the temperature difference (A7) increases,
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Fig.3.2. Typical results of the output voltage () as a function of the temperature
difference (AT). The ion concentration is kept as 0.1M.
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the electrode potential of the room-temperature NC disk remains constant, while that of
the high-temperature NC disk rises, causing the measured output voltage (V).

The increase in V' is a unique phenomenon somewhat contradictory to the
prediction of conventional interface theory. At a large electrode surface, usually at a
higher temperature the effective surface ion density is lower, as more ions can diffuse
away from the inner Helmholtz plane (IHP) [67]. The opposite variation in electrode
potential of the NC disk may be related to the confined ion structures in nanopore,
where, when temperature rises, not only the adsorption coverage of IHP changes, but
also the overall ion distribution in the interior would vary. The former is well captured
by classic interface models [e.g. 68], while the latter is often assumed constant. For the
NC disks, the net output voltage is determined by the two competing factors. If the
latter dominates, dV/dT tends to be positive; and vice versa.

First of all, we noted that the sign of the dV/dT is positive. This means that the
moving ion specie associated with the output voltage change is primarily a cation not an
anion. Because the activated carbon usually has acidic functional groups such as
hydroxyl or carboxylic ones on its surface, they can keep the anion from entering its

pores. [69]

Recently, we made a report about the temperature dependence of electrode

potential when specific adsorption of ions exists. In the report we derived one equation

about dV/dT based on Temkin’s isotherm.[70] (:1_1):1( ! {%ln(W-
M-IHP

C) + %%} ,where Ky_,mp is the integral capacity from metal to Inner Helmholtz Plane,

kg 1s the Boltzmann constant, B is a system
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parameter, W is dependent on the distribution of ions, and ¢, is the heat of adsorption.
[71]. According to this relation, the dV/dT should increase with ion size. [72] However,
as in Fig.3.3, the dV/dT decreased with increasing ion size. This result says that the
tested cations were not specifically adsorbed on the electrode surface. It is well know
that alkali metal ions cannot be specifically adsorbed, because the process is
thermodynamically unfavorable. [73]

The temperature sensitivity of electrode potential is dominated by the surface
ion behaviors, strongly affected by the ion properties. The factor of cation size can
come in through a few effects. First, the solvated structure is a function of the cation
size. For a smaller cation, with the same ion charge, the coordination number of the
hydration shell is smaller, which affects the effectiveness of inducing counter charges in
the electrode surface (Qv). On the one hand, as the increase in Qy raises the electrode
potential, the absolute value of d}/dT would be larger even when the portion of varied
surface charges is the same. On the other hand, a higher electrode potential causes a
higher energy barrier for the surface ions to diffuse away from OHP, which may reduce
the effects of temperature increase. Second, usually the cation mass (m) and the cation
size (d) are correlated; a smaller cation tends to be more lightweight. With a larger m, a
cation is less mobile while its ability to overcome energy well is lower. Other important
issues include the interaction among solvated cations, anions, and water molecules, the
distribution of cations along the radius and the axial directions in nanopores, the

distortion of hydration shells, etc.
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These factors affect the system performance simultaneously, competing against
each other. As some of them tend to lower the temperature sensitivity of electrode
potential and the others tend to increase it, there may exist a critical cation size at which
|dV/dT] is maximized. When the cation size is relatively small, the influences of cation
mass are pronounced, and |dV/d7] may increase with d. If the cation size is relatively
large, the influence of solvated structure may be important, and |d}V/d7] tends to

decrease as d further increases.

However, the experimental data in Fig.3.3 suggest that for the nanoporous
carbon and the chloride salts under investigation, the temperature sensitivity of
electrode potential decreases monotonically as the cation size increases, even for the
smallest lithium and sodium ions. In the tested samples, the NC disks are identical and
the solvent, the cation charge, the anion specie (CI'), the ion concentration are all the
same. The only major difference is the cation size. For both dilute (0.1 M) and high-
concentration (3.7 M) solutions, |dV/d7T] is nearly 0.85 mV/°C for lithium salt, and
decreases to about 0.52 mV/°C for the largest cesium salt, by almost 40%. The
relationship between |dV/d7] and d is quite nonlinear. When the cation changes from
lithium to sodium and from potassium to cesium, the decrease in |dV/d7] is quite
evident. The difference between sodium and potassium cations is within the tolerance of

the measurement.

This phenomenon should be associated with the influence of nanopore walls. In
a nanopore, particularly in the smallest micropores (D < 2 nm) that contribute most to

the specific surface area and dominate the system performance, the space is insufficient
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for fully developed hydration shell clusters. Not only the distribution of solvated ions
would change, but also the molecular configuration of each shell is different [74,75].
Thus, the above analysis for large surfaces breaks down. Moreover, in such a small
nanopore, there is no bulk phase and the entire confined liquid phase is exposed to the
solid atoms. The equilibrium between the OHP and the interior may not be reached, as
the ion diffusion along the axial direction has different characteristic time scales [76].
As the cation size increases, the hydration shell tends to swell and the confinement
effect of nanopore walls is more pronounced, and the “shear” force that the hydration
shell must overcome to slide against the nanopore surface is larger [77]. As the excess
ions are effectively less mobile, the confined ion structure is less sensitive to the
temperature change, so that |[dV/d7] is lowered. When the cation size is relatively small,
the interaction among adjacent hydration shells is anisotropic. In the intermediate range
of cation size, such an effect is somewhat reduced; thus, the electrode potentials of
sodium and the potassium ions tend to have similar thermal sensitivity. For larger
cations, the distortion of the hydrations hells is significant and |dV/d7] continues to

decrease.

3.4. Concluding Remarks

Clearly, detailed analysis on thermally induced ion transport in nanopores must
be carried out to fully understand the TCS performance. The current experimental
research merely raises the question, instead of answering it, that the confinement effects

of nanopore walls may be critical to the thermal sensitivity of electrode potential.
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Nevertheless, the testing data have showed that using different cations can significantly
affect the TCS properties. When the cation size increases, with everything else being
the same, |dV/d7] decreases. The decrease in |dV/d7] is more pronounced when the
cation size is relatively small or large, compared with the intermediate range of d. This

finding may open a new area of study for the eventual system optimization.



CHAPTER 4. Anion Size Effect on Electrode Potential in a Nanoporous Carbon

4.1. Introduction

While it has been well known that low-grade heat (LGH) is ample, currently
there is still no satisfactory technique that can efficiently harvest and store it [e.g. 48].
By definition, the temperature of LGH is usually lower than 250 °C. Important LGH
sources include the coolants in coal and nuclear power plants, solar thermal energy,
geothermal energy, ocean thermal energy, wasted heat in vehicle engines, among
others. Due to the low energy density, ordinary thermally triggered phase
transformations and chemical reactions are inefficient for LGH storage [78]. Moreover,
directly storing thermal energy imposes tough challenges to thermal insulation and

energy transportation, and is inconvenient to utilize the energy in other forms.

The major technical difficulties associated with converting LGH to electricity
are caused by the relatively low temperature, 7. The Carnot cycle efficient is ¢, = AT/T,
with AT =T — T; and T; being the reference temperature. For LGH with 7 in the range of
80 °C to 200 °C, & is only ~20% to ~ 40%. Thus, the system efficiency, {; must be very
high so that the overall energetic efficiency ¢ = ¢.-¢s can be sufficient. However, both
direct energy conversion of thermoelectric materials and indirect energy conversion of
Organic Rankin Cycle (ORC) engines do not work for LGH as efficiently as for higher
temperatures [79], leading to high power costs around a few to tens of dollars per Watt

[80]. The indirect energy conversion methods also demand sophisticated supporting
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components such as pumps, heat exchangers, etc. that have a large number of moving

parts, further much increasing the installation, maintenance, and operational costs [81].

Recently, in an experimental study on nanoporous materials [64], we
demonstrated that, except for the classic Seebeck effect, other thermally and electrically
related processes can be employed for direct energy conversion, e.g. the thermally

affected capacitive effect that will be investigated in the current research.

As an electrode is in contact with an electrolyte solution, its surface would be
spontaneously electrified as a certain amount of ions are adsorbed [82]. The surface ion
layer is formed by the anisotropic force fields from the solid phase and from the liquid
phase, characterized by the adsorption coverage (). Since the inner Helmholtz plane
(IHP) can often be regarded as a monolayer of solvated ions, the induced surface charge
is linear to the adsorption coverage: Q. = a6, where « is a coefficient dependent on the
ion and electrode properties. The double-layer structure of surface charges leads to an
electrode potential (@) normal to the solid-liquid interface. When temperature rises, due
to the variation in ion mobility, the adsorption coverage becomes different, and the
surface charge and the electrode potential would also change. As the electric field
varies, a certain amount of electric energy is effectively stored in the system, which is
converted from the consumed thermal energy. When this capacitive effect is greatly
amplified by the large surface area of a nanoporous electrode, the energy density can be
very high. Such a system, in essence, becomes a thermally chargeable supercapacitor
(TCS), which works in the temperature range of LGH (the working temperature is

limited by the boiling point of the electrolyte solution).
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The TCS performance is dependent on a large number of system parameters,
such as the surface area and properties of electrode materials, the grounding structure,
the working temperature range, as well as the liquid phase. Previously, we investigated
the influences of the ion concentration [71] and the cations [83]. In this paper, we will

analyze the anion effects.

4.2.  Experimental procedure

The experimental setup is depicted in Fig.4.1. In two polypropylene (PP)
containers, two identical electrodes were immersed separately. The electrodes were
made of Cabot BP2000 nanoporous carbon (NC) powders. The NC sample was first
refluxed with aceton in a vertical apparatus consisted of a round-bottom flask and an
Allihn condenser. The temperature was maintained at 80 °C by a thermal mantle for 4 h,
followed by drying in a VWR 1410 vacuum oven at 80 °C for 12 h. Then, about 200
mg of NC powders were compressed in a stainless steel mold by a type 5580 Instron
machine at 400 MPa for 5 min, forming an electrode disk. By using a Micrometritics
TriStar-3000 Gas Absorption Analyzer, a Brunauer-Emmett-Teller (BET) analysis was
performed and the specific surface area was measured as 1810 m*/g. The nanopore size
had a relatively broad distribution from the lower end of the mesoporous range (2 nm)
to the lower end of the macroporous range (~100 nm), with the modal value at about 3
nm. Each electrode contained a NC disk and a platinum (Pt) foil charge collector that
were firmly compressed together. The surface area of each Pt foil was lem”. The

electrodes were soaked in an electrolyte solution. The potential difference between the
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Fig.4.1. Schematic of a TCS, formed by two half-DLS at different temperatures.
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two electrodes (V) were measured between “A” and “B” by a National Instrument SCB-
68 Data Acquisition (DAQ) system. The components were connected by Pt wires. The
circuit was completed by a salt bridge between the two containers. The diameter and the
length of the salt bridge were 5 mm and 30 mm, respectively. By using a corning PC-
220 hot plate, the liquid phase in one of the containers was heated slowly, with a
constant heating rate of 3 °C/min. The other container was kept at 21 °C by using a cold
water bath. The liquid phase was a 1 M aqueous solution of sodium salt. The solute was
either sodium fluoride (NaF), sodium chloride (NaCl), sodium bromide (NaBr) or
sodium iodide (Nal). Figure 4.2 shows the typical output voltage, through which the
average temperature sensitivity of output voltage (d}/dT) can be calculated, as shown in

Fig.4.3.

Reference experiments were carried out on the charge collectors. The setup was
similar with the NC system, except that the two NC disks were removed. The testing

results of V" and dV/dT are also shown in Figs.4.2 and 4.3.

4.3. Results and discussion

All the tested samples are of the same electrode materials, solution (water), ion
concentration (1 M), cation (Na"), and anion charge. The only difference among them is
the anion specie, particular the anion size (D). According to literature data, the anion
sizes for F, CI', Br, and I' are 0.238 nm, 0.334 nm, 0.364 nm, and 0.412 nm,
respectively. In the reference system, the electrode is the metallic foil. Initially, when

the temperatures of both containers are the same, the output voltage is zero, since both
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sides have the same electrode potential. As the temperature of one container (7)
increases, the electrode potential became more negative, which means the density of
anion near the interface is decreasing, that is, the anions are desorbing from the
electrode surface. According to the classic Temkin isotherm [70], 6 =
(ksT/B)In[W-C-exp(@o/ksT)], where kg is Boltzmann constant, W and B are system
parameters related to the molecular and ion distribution and a system constant (5>0),
respectively and @, is the heat of adsorption. The electrode potential can be derived as
[83]: ¢ = (V/Ky—mprtl/Kip—bux) 9, where Kymp and Kpp_bux are the integral
capacitances of from electrode to IHP and from IHP to bulk solution, respectively; S is
charge amount when the surface is fully covered dependent on the interaction among
solid atoms, solvent molecules, and solvated ions. Since the reference temperature (77)

is constant, dV/dT = d¢/dT. Thus,

av 1
dT  Km-iHp

{EInW- o) + 250} Eq (1)

,with ¢ being the ion concentration. In our test with planar Pt electrode, the temperature
sensitivity was increased with smaller anion. This phenomenon states that the
adsorption behavior of the smaller anion is more sensitive to temperature change. As
shown in the eq. (1), the temperature dependence of the heat of adsorption (dQy/dT)
affects the temperature sensitivity of the electrode potential. It was reported that
molecular shape and size has an effect on the dQy/dT. [84] Likewise, we speculate that

the anion size also affect the second term in the eq. (1). The dQy/dT is, in
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thermodynamic sense, defined as a change in heat capacity (AC) before and after the
adsorption. [69] Before the adsorption, the anion is solvated with several water
molecules. When it’s adsorbed on the surface, it loses some part of hydration shell. This
makes the difference in the C. Because smaller anion has higher hydration number and
the change in hydration number should be more than that in larger anion case. [85] As a
result, the dQo/dT of smaller anion should be higher than that of bigger anion, and the
dV/dT should so. This reasoning is compatible with the test result with Pt foil electrode

in Fig.4.3(b).

As NC disks are added in the system, due to their large capacitance associated
with the ultrahigh surface area (10° times larger than the surface area of the Pt foil),
they would dominate the measured output voltage (V), as the contribution from the
charge collectors is trivial. It can be seen that, dV/dT is positive; that is, the effective
electrode potential increases with temperature, which is contradictory to the prediction
of the classic theory discussed above. This unique phenomenon may be related to the
lack of bulk liquid phase in nanopores; i.e. the interior cannot be regarded as a reference
state. Usually, activated carbon has acidic functional groups such as hydroxyl or
carboxylic surface group on its surface. Such negatively charged functional groups
hinder anion’s entrance into the nanopore. [86] The primary change in ion density with
increasing temperature is in that of cations, hence, the dV/dT has the positive sign. The
desorbed cations must diffuse along the axial direction of nanopores to reach the ion
reservoir outside the pore, which has different characteristic time scales from the

electrode potential change. As temperature increases, both the adsorption coverage and
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the diffusion characteristics would vary. If the latter changes faster than the former,

even when the effective @decreases, the overall electrode potential may still increase.

Another interesting phenomenon is, when the anion size increases, the electrode
potential becomes more thermally sensitive, and dV/dT increases. For the smallest
anion of F', dV/dT is around 0.53 mV/°C; as the anion size becomes larger (CI'), dV/dT
increases to nearly 0.63 mV/°C; when the anions are the even larger Br™ and the largest
I', dV/dT are ~0.67 mV/°C and ~0.72 mV/°C, respectively. The dV/dT-D relationship is
somewhat linear. From the testing data shown in Fig.4.3(a), there is no clear evidence
showing that whether the anion size effect is more pronounced when D is relatively
small or large. This result cannot be explained by the classic theory that the system free
energy associated with ion adsorption is smaller for larger anions [86,87] — As the IHP

of larger anions tends to be more stable, its thermal sensitivity should be lower.

Even with the hindrance of the negative charges in the entrance of the nanopore,
the anion seems to enter the pore and make the difference by its size effect. In a
nanopore, due to the confinement effect, anions’s specific adsorption can be enhanced,
causing a “squeezing” effect [88]. The combined influences from both the cations and
the anions may lead to the opposite trend in dV/dT change. Particularly, as the solvated
structures of larger anions are less stable, stronger bonds may be formed with the
solvated cations and/or water molecules. Such a larger-scale structure can be more
sensitive to the temperature change, so that the variations in the adsorption coverage
and the electrode potential are promoted. Another possible mechanism, similar with the

above discussion on the ¢-T relationship, is related to the confined ion diffusion in
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nanopores. As the hydration shells of larger anions are relatively unstable, their
thermally driven diffusion can be easier than that of smaller ones. Thus, the confined
structures of smaller anions are farther away from the equilibrium, resulting in the

reduced thermal sensitivity of effective electrode potential.

4.4.  Concluding remarks

To summarize, through an experimental study on a nanoporous carbon based
TCS, it is found that anion size has significant effects on the thermal sensitivity of
electrode potential. Contradictory to the prediction of classic theories, the electrode
potential increases with temperature, which may be attributed to the lack of bulk phase
in nanopores. Moreover, |d}V/d7] increases with the anion size; that is, with everything
else being the same, increasing anion size has a beneficial effect for enhancing the TCS
performance. Qualitative discussions are given for these unique phenomena. The

detailed mechanisms and processes are still under investigation.



CHAPTER 5. Thermal Sensitivity of electrode Potentials of A Few Metallic
Materials

5.1. Introduction

To enhance energy security and to reduce energy-related emissions, it is critical
to better utilize the energy that is currently being wasted and/or even regarded harmful.
One of the important energy sources is low-grade heat (LGH), thermal energy with the
temperature (7)) lower than 200 °C to 300 °C [58], such as the wasted heat in coal and
nuclear power plants, distributed solar thermal energy, geo/ocean-thermal energy,
wasted heat in vehicle engines, etc. If LGH can be harvested, stored, and used with high
energetic and economic efficiency, from coal power plants alone, many Giga-Watt of
additional power can be generated in the U.S. [59]. For another example, today’s best
solar panels can convert only ~16% of solar energy to electricity [89]; the rest of energy
is eventually dissipated as LGH. If the wasted LGH can be harvested with an efficiency
of 5-8% (the Carnot cycle limit for solar panels is around 10%), the overall efficiency

can be largely increased by nearly 50%.

However, the low temperature associated with LGH demands a very high
system efficiency, which cannot be achieved by conventional thermal-to-electric energy
conversion (TEEC) technologies, including the direct TEEC techniques based on the
Seebeck effect and the indirect TEEC techniques such as Organic Rankin Cycle (ORC)
machines and turbine engines [62]. The major issue of the indirect methods is the high
cost, typically more than a few dollars per Watt [50], due to the low energy conversion

efficiency and the high installation, maintenance, and operational costs associated with
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the expensive supporting components and moving parts, such as pumps, heat
exchangers, etc. The main technical difficulty of thermoelectric materials is thermal
shorting; i.e. as electrons move from the high-temperature end to the low-temperature
end and electric energy is generated, thermal conduction also occurs spontaneously

[65]. Moreover, the energy density of thermoelectric materials is usually quite low [49].

Searching novel TEEC techniques that can work better for LGH has been an
active area of study for the past decade [90]. A TEEC process must be based on one or
multiple physical and/or chemical phenomena that are both thermally and electrically
sensitive. Recently, in a preliminary research on thermally induced capacitive effect
[91], we developed the technology of thermally-chargeable supercapacitors (TCS). In a
TCS, two half-supercapacitors are placed at different temperatures, as depicted in
Fig.5.1. Each half-supercapacitor consists of an electrode immersed in an electrolyte
solution. At the solid-liquid interface, the solvated ions are subjected to anisotropic
force fields and form a double layer, inducing counter charges in the electrode phase
[67]. Thus, a certain amount of electric energy is stored as the surface charges. A
potential difference is generated between the electrode and the liquid phase, which is
often referred to as electrode potential. As temperature varies, accompanied by the
change in effective surface ion density, the electrode potential would become different.
Consequently, when the two electrodes in a TCS are connected, a net output voltage can
be measured. If the electrode is a nanoporous material of an ultrahigh surface area (10°-
10° m%/g), the capacitance of such a device can be quite high [19], leading to a high

energy density. The TCS works in the LGH temperature range, below 100 °C if the
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liquid phase is aqueous. Due to the high mobility of the surface ions, even with a small
temperature difference of only a few tens of °C, the output voltage can be on the scale
of 10> mV [19], higher than that of thermoelectric materials by more than an order of
magnitude.

With a constant internal impedance, the harvested and stored electric energy by
a TCS is proportional to V', where ¥ is the net output voltage. It is clear that, in order to
maximize the harvested LGH energy, the thermal sensitivity of electrode potential,

dV/dT, must be as high as possible. This will be the focus of the current study.

5.2. Experimental

The experimental setup is shown in Fig.5.1. Two identical electrodes were
immersed in a formamide (FA) solution of lithium chloride (LiCl). The ion
concentration was 21%. The electrodes were foils of platinum (Pt), nickel (Ni), copper
(Cu), or indium (In). The rational of choosing these materials will be discussed in the
next section. The electrodes were placed in two 50 ml containers, separately. The
containers were connected by a salt bridge, with the diameter of 5 mm and the length of
30 mm. By using a cold water bath, one of the containers was kept at room temperature
(T7). The other container was heated by a Corning PC220 heat plate, with a constant
heating rate of 3 °C/min. The temperatures of the two electrodes were monitored by
type-K thermocouples, with a National Instrument HH-20A Reader.

As the temperature difference between the two electrodes (A7) increased, a
significant output voltage (V) was measured between the two electrodes by a National

Instrument SCB68 data acquisition (DAQ) system. Figure 5.2 shows the typical V-AT
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Fig.5.1. Schematic of a TCS, formed by two identical electrodes separately
immersed in an electrolyte solution.
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curves for the four materials under investigation, based on which the average thermal
sensitivity of electrode potential (dV/dT) was calculated, as shown in Fig.5.3. For self-
comparison purpose and for the sake of simplicity, the average dV/dT was taken as
Vinax/ATmax, Where Viax and ATy are the maximum potential difference and the
maximum temperature difference reached in the experiments, respectively. It

qualitatively describes how rapidly the output voltage increases with temperature.

5.3. Results and Discussion

The experiment is so-designed because we speculate that the thermal sensitivity
of electrode potential is related to the work function (WF) of the electrode material.
Work funcition is a concept in Solid State Physics, defined as the minmum energy that
is required to remove an electron from the Fermi level to vacuum [92]. For the metallic
materials investigated in this study, the conduction band is partly filled and the Fermi
level is inside the band [93]. The value of WF is typically a few eV, depending on a
number of factors, such as the packing mode of atoms, the crystallographic orientation,
etc. It is closely correlated to trhe ionization energy and insensitive to the surface
charges. It can be calculated as WF = Wy — Ey, where Wj is the potential difference
caused by surface dipole, and Ef is the Fermi energy. According to literature data [93],
the values of WF of In, Cu, Ni, and Pt are 4.1 eV, 4.8eV, 5.2¢V, and 5.5¢V,

respectively.

In the classic Gouy-Chapman model [94], the adsorbed ion structure at a solid-

liquid interface is simplied as an electric double layer, consisting two capacitive
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components: One from the Helmholtz layer, Cy, and the other from the diffusion layer,
Cp, as depicted by the right-hand side (RHS) of Fig.5.4. While this model is useful to
explain many surface phenomena, e.g. the temperature dependence of electrode
potential and surface tension, it does not directly capture the influence of the solid

phase.

According to the Jellium model [95], a third capacitive component, Cy, should
be taken into consideration, which comes from the electron spillover over the electrode
surface and can result in an assymetric electron distribution, leading to the formation of

a relatively strong dipole moment.

The total capacitance between the bulk liquid phase and the electrode surface
(Ciotal) 18 over all the three capactive components because they are connected in serial;

that is

11,1 1
Cot = X5 = T ()

The potential difference over the electrical double layer can be determined as MASp = Q
/ Crwtal, Where @Q is effective surface charge over the electrical double layer. The
distribution of the surface charge is determined by the temperature and the electric field
within the layer, which can be described by the Poisson-Boltzmann equation [96]. Also,
the capacitances in all the regions are changed, because they are dependent on electric
field. Here, because the Cy and Cp do not include the metal phase effect in Gouy-
Chapman model, it may be reasonable to look into only the change in the Cy; when the

electrode phase varies, and the variations in Cy and Cp, are secondary. The metal
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contribution to the change in the potential difference related to the temperature variation

can be written,

dMaSe)y _ d (Q) _ 1 (dQ  M,s JdCm) 1 de
daT _dT(CM)_CM{dT Q" }N @)

where in the above equation the second term can be ignored, because the temperature
dependence of the Cy; is trivial above room temeprature. [95,97] From Eq.(2), it can be
seen that, the derivative of the potential difference with respect to temeperature change
is proportional to the term, 1/Cy.

The Jellium model describes the contribution of the electrode phase to the
overall capacitance of the double layer [95], in which Cy is highly dependent on the

bulk electron density in the electrode (7+):

1 8mn4eg a_a (3)

Cm ad  4Q
where a, e,, and Q are semi-empirical parameters capturing the effects of the electronic
density profile, the electronic charge, and the surface charge density, respectively. From
Egs.(2) and (3), it can be derived that the partial potential change is proportional to the
bulk electron density (n:), which is correlated to the work function [98]: A metallic

material that has a high n, value usually also has a high WF value.

The four electrode materials under investigation have quite different work
functions [93], among which In has the smallest WF. According to Fig.5.2, when
temperature changes significantly by nearly 50 °C, the measured electrode potential of
In is quite random, probably reflecting the drifting of the internal grounding. The
average temperature sensitivity (d//dT) is only 0.4mV/K, as shown in Fig.5.3. When

the electrode material is chagned to Cu, the WF value increases to 4.8eV, and the
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electrode potential increases monotonically with the temperature. The average
temperature sensitivity is 1.4mV/K. For Ni and Pt, the WF values are even much higher,
and dV/dT are 4.1mV/K and 6.5mV/K, respectively, both higher than that of Cu. It is
clear that dV/dT is positively correlated to WF, fitting well with the prediction of the

Jellium model.

Note that except for In, for which the voltage change is qutie small and the
measurement results are governed by data scatter, for the rest of the three
electrodematerials (Cu, Ni, and Pt) the value of dV/dT is relatively linear to the value of
WF, suggesting that the first order approximation used in the above analysis is quite

plausible.

Figure 5.2 also shows that the temperature dependence of electrode potential is
nonlienar. For Cu, Ni, and Pt, the increase in electrode potential is relatively slow when
the temperature is relatively low, and V rises increasingly fast as the temperature
becomes higher. The change in electrode potential is related to the variation in the

effective adsorption coverage, which can be promoted as 7 is higher [91].

5.4. Concluding Remarks

In summary, as temperature changes, due to the associated charge motion (A(Q),
the potential difference across the double layer of an electrode-electrolyte interface
would vary. The temperature sensitivity of electrode potential is higher if the electrode
material has a higher work function, which is of a beneficial effect to the TCS

performance. This effect can be explained quite well by the Jellium model, having
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important relevance to the optimization of the electrode phase in TCS for harvesting

and storing LGH.



CHAPTER 6. Performance of Thermally-Chargeable Supercapacitors in Various
Solvents
6.1.  Introduction

Low-grade heat (LGH) is one of important energy sources that currently cannot
be fully utilized. Usually, LGH is referred to as the thermal energy of heat sources of
relatively low temperatures (< 250 °C) [58]. An example of LGH source is the wasted
heat in power generation plants, which is as much as hundreds of Giga-Watt in the U.S.
[59]. Other examples include geo-thermal energy, ocean thermal energy, distributed
solar thermal energy, etc. [99]. If the energy from these LGH sources can be harvested
and stored as electric energy with high energetic and cost efficiency, significant

additional “green” power can be generated.

However, the low temperature associated with the LGH makes its harvesting
and storage prohibitively difficult by using conventional thermal-to-electric energy
conversion (TEEC) techniques. Particularly, the cost and energetic efficiencies of
available TEEC methods are quite low for LGH. The major issue for the indirect TEEC
procedures is the high installation, operational, and maintenance costs. As any energy
conversion process, the upper limit of the energetic efficiency of LGH harvesting is
determined by the Carnot cycle limit: ¢, = AT/T, where T is the LGH temperature and
AT is the temperature difference between 7 and the reference temperature (7). For a
high-temperature heat source, due to the large temperature difference, the Carnot cycle
limit is quite high, so that the overall TEEC efficiency ¢ = {.-{m may be sufficient to

cover the high costs related to the expensive components such as pumps and heat
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exchangers as well as the large number of moving parts. Here, ¢, indicates the machine
efficiency. For LGH, while the system costs are similar, the efficiency of energy
harvesting (¢) considerably decreases, resulting in a poor cost-performance balance,
typically around a few U.S. dollars per Watt [80], which is non-competitive compared
with the grid power.

For the direct, Seebeck effect based TEEC procedures, the key challenges
imposed by LGH are associated with the low energy density and the poor energetic
efficiency [100]. The low energetic efficiency is caused by both the low Carnot cycle
limit and the thermal shorting effect [64]; i.e. as electrons diffuse from the heat source
to the heat sink, electric energy generation and thermal energy conduction take place
simultaneously, and the thermal energy involved in the latter is essentially wasted. As a
result, the cost of harvested energy is often even higher than that of the indirect
procedures. In order to utilize the LGH, novel TEEC methods must be developed.

In a recent experiment on thermally dependent capacitive effect [6], we
investigated the concept of thermally-chargeable supercapacitors (TCS). As depicted in
Fig.6.1, a possible structure of TCS consists of two half-capacitors placed at different
temperatures. Each half-capacitor is formed by immersing an electrode in an electrolyte
solution. At the electrode-liquid interface, as solvated ions are adsorbed by the solid
surface, an ionic double-layer structure would be formed [83], which induces counter
charges in the electrode surface, accompanied by the development of an electrode
potential, i.e. the potential difference normal to the interface. This capacitive effect is
dependent on temperature. When temperature changes, as the adsorption coverage

becomes difference, the electrode potential varies. Thus, as the two half-capacitors are
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connected, a net output voltage can be produced. The generated electric energy is
converted from the consumed thermal energy, and this process can be greatly promoted
if large-surface-area, nanostructured electrodes are employed. The preliminary testing
data showed that the TCS works well for LGH, since the electrode potential is most
thermally sensitive in the low temperature range. The energy density of a TCS can be
on the scale of 10* mJ/g with a relatively small AT ~ 50 °C [83], much higher than that
of thermoelectric materials.

One of the key factors dominating the TCS performance is the output voltage, V,
the different between the electrode potentials of the two half-capacitors. With
everything else being the same, the energy density of the system is proportional to V.
Since usually the reference temperature (7;) is kept constant, with a give temperature
difference, the value of V' is governed by the thermal sensitivity of the electrode
potential of the high-temperature half-capacitor, dV/dT = d¢/dT, where ¢ is the electrode
potential. The magnitude of dV/dT is related to a number of factors, such as the
electrode material, the surface properties, the ion charge/size/concentration, as well as
the solvent properties. In the current study, the investigation is focused on the solvent

effects.

6.2.  Experimental

For the reasons that will be discussed in the next section, we investigated three
different solvents: dimethyl sulfoxide (DMSO), water, and formamide (FA). Two types
of TCS electrodes were analyzed. The first was platinum (Pt) foil. Each foil was 100um

thick, with the size of 10 mm x 10 mm. They were separately placed in two
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polypropylene (PP) containers, as depicted in Fig.6.1. Each container contained 50 ml
of 1 M lithium chloride (LiCl) solution. The liquid phases in the two containers were
connected by a salt bridge, which was 5 mm in diameter and 30 mm long. The salt
bridge was employed to simplify the system structure. It could actually be replaced by
internal grounding with counter electrodes [19]. The two electrodes were connected to a
National Instrument SCB-68 Data Acquisition (DAQ) system through Pt wires, so that
the voltage between them was monitored continuously.

Initially, both containers were kept at room temperature, 23 °C. By using a
corning PC-220 Hot Plate, one of the containers was heated to 63 °C, with a constant
temperature increase rate of 3 °C/min. The temperature was measured by type-K
thermocouples through an Omega HH-20A Reader. Figure 6.2(a) shows the measured V'
as a function of temperature increase. The average thermal sensitivity of electrode
potential, dV/dT, was calculated as AV/AT, where AV is the output voltage when the
temperature difference AT = 40 °C, as shown in Fig.6.3.

The second type of electrode under investigation was a nanoporous carbon (NC)
obtained from Cabot (Product No.: BP2000). The as-received material was in powder
form. By using a Micromeritics TriStar-3000 Gas Adsorption Analyzer, the main modal
value of pore size distribution was determined as ~3 nm. The specific surface area was
1810 m?/g. The particle size ranged from a few microns to a few tens of microns. The
material was refluxed in neat aceton at 80 °C for 4 h in a vertical tower, and then
filtered and repeatedly rinsed by warm water and methanol. By using a type 5580
Instron machine, about 200 mg of the treated NC particles were pressurized into a thin

disk, with the diameter around 5 mm and the thickness around 1 mm. The compression
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pressure was 40 MPa and the compression time was sufficient to reach the stable
structure. Two NC disks were used in the thermal sensitivity measurement experiment,
replacing the two Pt electrodes in the first testing setup, respectively. The measurement
procedure was similar to that of the Pt based system. The experimental data of the

output voltage are shown in Fig.6.2(b).

6.3.  Results and Discussion

The working mechanism of TCS is based on the capacitive effect. As the
electrode is immersed in the electrolyte solution, at the solid-liquid interface there
would be a high-ion-density zone, where the structure of the solvated ions is double-
layered. The effective surface ion density is much higher than that in the bulk liquid
phase. As a result, counter charges are induced in the electrode surface, generating
electrode potential, ¢, normal to the interface. As temperature changes, due to the
thermally dependent surface ion density and motion, the electrode potential would vary.
Thus, as the two electrodes in a TCS that are of different temperatures are connected, a
net output voltage, V, can be measured. The associated electric energy is harvested from
the thermal energy. Such a system works best in the LGH temperature range, in which
the solid-liquid interface is stable and thermally sensitive.

The variation in the potential difference between the electrode phase and the
bulk liquid phase can be stated as A¢g = A(Q/C), where Q is the effective surface charge
density and C is the effective surface capacitance, and “A” indicates the thermally
induced change. In an electrolyte solution, a solid-liquid interface consists of a few

capacitive components: Cy that captures the contribution of the electrode at the Jellium
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edge, Cy that reflects the solvent contribution in the Helmholtz layer, and Cpp that is
related to the diffuse layer. The potential difference between the electrode phase and the
bulk liquid phase can be written as Ag = AQ(1/ACyv + 1/ACy + 1/ACpyr) [9]. All the
three terms at the right-hand side (RHS) are thermally dependent, among which Cy is
related to only the electrode phase while Cy and Cpp are dependent on the solvent
properties. [82] According to Trasatti [101], the potential of the electrode phase at the
potential of zero charge (PZC) state shows a strong dependence on the temperature
variation. Under the PZC condition, the contributions from the charges in the electrode
or the liquid are trivial. The thermal sensitivities of surface potential (dgsdipole/dT) are -
1.15 mV/°C, -1.23 mV/°C and -1.66 mV/°C for DMSO, water, and FA, respectively.
From Figs.6.2(a) and 6.3, it can be seen that the thermal sensitivity of output potential
of the three solvents are indeed different. The average values of dV/dT are -5.4 mV/°C, -
1.0 mV/°C, and -0.3 mV/°C for FA, water, and DMSO, respectively. The trend of the

Trasatti’s result quantitatively fits with the experimental data, while is much weaker.

The difference between them may come from the influence of the adsorbed ions
in the surface double layer. Since the capacitance associated with specifically adsorbed
ions (C,gs) 1s the smaller compared with other capacitive components [102], it has
dominant effect on the overall surface capacitance, Cyy. In a solution of a relatively high
ion concentration, the degree of adsorption is significant, as reported in [103] that
chlorine ions can generate an unusually large potential difference; e.g. the electrode
potential can change by as much as 100 mV with a variation in the effective surface ion

density of 2 uC/cmz. Under this condition, Cy and Cags are much smaller than Cy and
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Cp, and A¢ should be expressed as Ag = AQ(1/ACy + 1/AC,q4s). As the solvent changes,
the degree of adsorption becomes different. The adsorption process consists of three
steps: removal of the solvation shell, removal of the solvent layer on the electrode
surface, and the adsorption procedure. There is a certain free energy change associated
with each step, and the overall system free energy is lowered after the adsorption
process is completed. Usually, a solvent of a higher dielectric constant has higher
solvating ability. That is, in such a solvent the ions tend to stay in the solvated state, so
that the adsorption is relatively difficult. For the solvents under investigation, FA has
the highest dielectric constant and DMSO has the lowest dielectric constant. Therefore,
on the electrode surface, FA tends to have the lowest degree of adsorption and DMSO
tends to have the highest degree of adsorption. A low degree high thermal sensitivity of
electrode potential, promoting the surface potential effect.

While the classic surface theory explains well the measured dV/dT data of Pt
electrode, according to Fig.6.2(b), the solvent effects for the NC electrode based system
are entirely different. For water, FA, and DMSO, the thermal sensitivity of output
voltage is 0.68 mV/°C, 0.23 mV/°C, and 0.15 mV/°C, respectively. First, the output
voltage, i.e. the electrode potential of the high-temperature electrode, is positively
correlated with temperature, 7. Second, there is no clear pattern of the relationship
between the magnitude of dV/dT and the surface potential and/or the dielectric constant
of the solvent.

Both of the characteristics are contradictory to the above discussion and should
be related to the confinement effects of nanopore walls. In the NC electrode, the

majority of the solid-liquid interface is in the smallest nanopores of the nanopore size
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ranging from 1 to a few nm. On such a small length scale, the solvated structure can be
distorted, and, therefore, the free energy change associated with the removal of
hydration shell can be different from that at a large solid surface, and the influence of
solvent molecules on the degree of adsorption tends to be distinct. Furthermore, the
surface ion structure is strongly affected by the nanopore surfaces, and the double layer
structure may break down [104]. In the smallest nanopores, the entered confined liquid
phase is exposed to the solid atoms, and the concept of surface zone must be redefined
[e.g. 74]. Probably more importantly, in a nanopore, the thermally driven ion motion
can be quite unique. Due to the ultrahigh surface to volume ratio, the liquid in the
interior may not be regarded as a bulk phase, and the dominant ion motion should be
along the axial direction, which has a different time scale compared with the ion
diffusion normal to the solid-liquid interface. In the confining nano-environment, the
molecular size of solvent becomes critical. The sizes of water, DMSO, and FA
molecules are 0.25 nm, 0.47 nm, and 0.62 nm, respectively. Thus, as a first order
approximation, the sizes of solvated lithium cation are 0.65 nm, 1.09 nm, and 1.39 nm
for the three solvents, respectively. While for water the smallest nanopores provide a
barely enough space to form the Helmholtz layer, for DMSO and FA the space is
insufficient. Consequently, the ion motion in DMSO and FA is highly suppressed,

leading to the much reduced thermal sensitivity.

6.4. Concluding Remarks
In summary, through an experimental study, it was confirmed that for a large

electrode conventional surface theory explains quite well the solvent effects on the
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output voltage of a thermally chargeable supercapacitor, based on the analyses on
surface potential and dielectric constant. However, when the electrodes are nanoporous,
the conventional theory breaks down, which must be attributed to the strong
confinement effects of nanopore walls on the sovlated-ion motion. The details of the

thermally driven behaviors of confined ions are still under investigation.



CHAPTER 7. Using Thermally-Chargeable Supercapacitor for Fluctuating Low-
Grade Heat Sources

7.1.  Introduction

Low-grade heat (LGH) is defined as the thermal energy associated with
relatively low temperatures (< 250 °C) [58]. It is ample in nature and in industry. For
instance, in the U.S. alone, hundreds of Giga-Watt of LGH is wasted in the cooling
systems in coal and nuclear power generation plants [59]. For another example, if the
wasted heat in vehicle engines can be harvested and utilized with a high cost and
energetic efficiency, the fuel efficiency of the vehicles can be considerably enhanced
[105]. Other examples of LGH include solar thermal energy, which accounts for up to
84% of the total energy received by today’s solar panels and is being wasted [89,106];
geo/ocean-thermal energy, which currently has only a limited market size due to the
lack of cost-efficient energy harvesting and storage techniques [107]; and our body

temperature, which may be utilized for self-powered bio-devices; among others.

In the past, LGH harvesting and storage was achieved either through indirect
thermal-to-electric energy conversion (TEEC) techniques using turbine engines or
Organic Rankin Cycle (ORC) machines [62], or through direct TEEC techniques using
thermoelectric materials [108]. In both methods, the TEEC system works in between a
high-temperature side (the heat source) and a low-temperature side (the heat sink); i.e. a
temperature gradient, usually constant, must be maintained during the TEEC process.
The heat source triggers physical processes that are both thermally and electrically

related, such as the phase transformation in an ORC machine or the thermally driven
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electron diffusion in a thermoelectric material, converting a portion of the consumed
thermal energy to electric energy.

The major issues of the conventional TEEC techniques of LGH include the low
energy density and the low energetic efficiency, both leading to the poor cost-
performance balance. For instance, in a thermoelectric material, as the electrons diffuse
from the high-temperature heat source to the low-temperature heat sink, thermal
conduction also takes place. Such a phenomenon, often referred to as the thermal
shorting effect, causes a relatively low system efficiency (&), often < 10% for LGH
[65]. Due to the low temperature of LGH, the Carnot cycle efficiency ¢ = AT/T is also
low, where AT is the temperature difference between the heat source (7) and the heat
sink (77). Thus, the overall energetic efficiency of the TEEC system, {'= ¢ ¢, 1s usually
insufficient to cover the relatively high material cost. For the indirect TEEC systems
such as the ORC machines, the high cost comes from the relatively expensive
components such as heat exchangers and pumps, as well as the sophisticated
installation, operation, and maintenance procedures associated with the large number of
moving parts [62]. Usually, the cost of the harvested power from LGH is around a few
dollars per Watt [ 18], much less competitive compared with the grid power.

Another problem of the conventional TEEC techniques is the requirement of the
stable temperature gradient. Due to the relatively low energetic efficiency, to generate
useful electric energy a relatively large amount of thermal energy must be consumed
and dissipated, and, therefore, the heat exchange components are often massive and
bulky. Furthermore, for many LGH sources, generating stable temperature gradients

may be problematic, such as in a desert area where the temperature field is quite
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uniform. Note that the temperatures of some of these LGH sources fluctuate. It is
desirable that novel technologies can be developed to harvest and store electric energy

from these changing LGH sources, with high energy densities.

7.2. Experimental

Figure 7.1 depicts the experimental setup. The reason why it is so-designed will
be discussed in the next section. Figure 7.1(a) depicts a system that works in a constant
temperature gradient, and Fig.7.1(b) shows its counterpart that work with temperature
fluctuation. In Fig.7.1(b), one electrode and one counter-electrode were immersed in 50
ml of 1 M aqueous solution of sodium chloride (NaCl), sealed in a polypropylene (PP)

container.

The electrode was prepared by using Cabot BP2000 nanoporous carbon (NC).
The as-received NC was in powder form. It was refluxed in aceton at 80 °C for 4 h in a
vertical tower, and then vacuum dried in a VWR 1410 vacuum oven at 80 °C for 10 h.
About 10 mg of the treated NC powders were firmly compressed into a conductive disk
on a 0.Imm thick platinum (Pt) sheet, by using a type 5580 Instron machine. The
compression pressure was 40 MPa and the compression time was 5 minutes. The size of

the Pt sheet was about 10 mm by 10 mm.

The counter-electrode was made of a multiwall carbon nanotube (MWCNT)
obtained from cheaptubes.com, with the product number of sku-030102. The material
was refluxed in an acidic solution that contained 1 part of nitric acid (HNOs) and 3 parts

of sulfuric acid (H,SO4) at 140 °C for 4 h. After filtering and repeated cleaning with
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water and acetone, 10 mg of the treated CNT was firmly compressed into a disk on a Pt
sheet that 0.1mm thick and 10 mm by 10 mm large. The compression was performed by
a type 5580 Instron machine, with the pressure of 40 MPa and the compression time of
5 minutes.

The electrode and the counter-electrode was sandwiched with a 25 pum thick
celgard 3501 porous membrane separator, and placed at the center of the PP container,
immersed in the electrolyte solution. The two Pt sheets, serving as the charge collectors,
were connected through switch “A” and an external resistor (Ry), 200 Q for the cell with
NaCl solution and 300Q2 for the Nal cell. At room temperature (7;), switch “A” was
turned on for 20 min, until the potential difference between the electrode and the
counter-electrode converged to zero. The output voltage (V) was measured by a
National Instrument SCB68 Data Acquisition (DAQ) system. Then, switch “A” was
turned off and the temperature of the system (7) was raised at the rate of 3 °C/min, by
using a Corning PC-220 Hot Plate. The temperature was monitored by type-K
thermocouples equipped with a Omega HH-20A Reader. The open-circuit output
voltage was plotted as a function of the system temperature, 7, in Fig.7.2.

We performed two experimental sets with different electrolyte and different
temperature range to get higher output voltage. For the first testing cell, the electrolyte
was 1M of sodium chloride (NaCl) and when the system temperature was increased by
42 °C higher than the room temperature, 7' was maintained constant. For the other one,
the electrolyte was 1M of sodium iodide (Nal) and the temperature rose from 5°C by 65
°C. Switch “A” was turned on again and the discharging curve was measured over the

external resistor, as shown in Fig.7.3. After J vanished, the system was cooled down to
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room temperature at a constant rate of 5°C, with switch “A” on, returning to the initial
system configuration. Altogether 3 temperature fluctuation cycles were tested. The
system performance in the second and the third cycles was nearly identical to the first

one in the both cells.

7.3.  Results and Discussion

Figure 7.1(a) shows a system that we investigated previously [64]. It works in a
constant temperature gradient between two identical PP containers. In each container, a
NC electrode is immersed in an electrolyte solution. The liquid phases in the two
containers are connected through a salt bridge. Initially, the two containers are of the
same temperature and the potential difference between them (V) is zero. As one of the
containers is kept at constant temperature, 7;, the other one is gradually heated, and a
significant output voltage is generated, with the thermal sensitivity of about 0.64
mV/°C.

The output voltage comes from the thermal dependence of electrode potential in
the electrolyte solution. When a solid surface is in contact with a liquid phase, due to
the difference force fields from both sides of the interface, the surface ion structure
becomes double-layered, leading to the formation of compact Helmholtz layer that
induce counter charges in the electrode phase [109]. The potential difference between
the liquid phase and the solid surface is referred to as the electrode potential. When
temperature changes, since difference factors, such as the ion mobility, the effective
liquid viscosity, and the potential functions among solid and liquid atoms/molecules and

solvated ions, vary with different rates, the electrode potential becomes different. For
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the NC electrode, because the nanopore walls confine the ion motion along the radius
direction and the effective time constant of axial ion diffusion is on a different scale, the
electrode potential tends to increase with temperature, 7. As a result, when the high-
temperature electrode and the room-temperature one are connected, a certain amount of
thermal energy can be converted to electric energy, which is amplified by the large
surface area of the NC disk (~10° m?%/g). During this process, the heat source does not

change.

In the current experimental setup, two nanostructured electrodes are used. The
NC electrode is similar with the one discussed above, and the counter-electrode is
surface-conditioned CNT bundle. The surface conditioning treatment activates the
surface hydroxyl and carboxylic functional groups. They are separated by the porous
membrane separator, so that electric shorting is prevented. At room temperature, such a
structure is essentially a double-layer supercapacitor (DLS). If a voltage is applied
across the electrode and the counter-electrode, a large amount of electric energy can be

stored.

In our test, no external electric power source is involved. The two materials are
of different electrode potentials. When switch “A” is turned on, a transient current is
generated, until a new equilibrium condition is reached, at which the net output voltage
between the two electrodes is zero. This is the initial condition of the TEEC procedure.

When temperature, 7, rises, the electrode potentials of the electrode and the
counter-electrode vary. The temperature sensitivity of the electrode potential (d//dT) of

the NC electrode in 1M NaCl solution is the same as that in the two-cell test, ~ 0.64
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mV/°C. The temperature sensitivity of the electrode potential of the counter electrode in
the same soltuion is of a much smaller magnitude and an opposite sign, ~ -0.09 mV/°C.
As switch “A” is turned off, the potential difference between the two electrodes
increases monotonously with 7, with a rate of 0.83 mV/°C (Fig.7.2), the same as the
summation of the thermal sensitivities of the two electrodes, as it should be. For the
second test with Nal solution, the overall temperature sensitivity the cell was 0.92
mV/°C. The difference in the dV/dT between the both tests came from the difference
anion. [72]

The thermal sensitivity of electrode potential of a material is determined by a
large number of factors, including the work function of electrode, the surface properties,
the ion concentration, the ion charge, the ion size, the nanoenvironment, etc. For the
current system, the liquid phase for the electrode and the counter-electrode is identical.
The difference in dV/dT must come from the solid phase. For instance, in the NC
electrode, the solvated ions are confined in the nanopores. Based on the gas absorption
analysis result [110], the nanopore size distribution is bimodal, with the peak value
contributing most to the specific surface area around 2-3 nm. In such small nanopores,
no bulk liquid phase can exist and the ion diffusion must be along the axial direction. In
the CNT counter-clectrode, while the surfaces are nanostructured, the solvated ions are
not confined, directly accessible to the surrounding bulk liquid phase. Consequently, not
only the magnitude of dV/dT of the two materials are different, but the signs are
opposite. The counter-electrode surface is quite polar, and, therefore, the surface ion
structure is less sensitive to the temperature change. With a higher 7, as the solvated

ions are more mobile, the effective adsorption coverage decreases, so does the electrode
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potential. In the NC electrode, the confinement effect of nanopore walls is the
governing factor, which suppresses the direct ion exchange between the confined liquid
phase and the bulk ion reservoir, resulting in the increase in electrode potential as T
becomes higher.

At an elevated temperature, as switch “A” is turned on and the two electrodes
are connected, a transient current will be generated. Charges move from the high-
potential end to the low-potential end, as shown in Fig.7.3. The output electric energy
can be calculated as [F*/Rodt, with ¢ indicting time, through which the energy density of
the system is determined as 18 mJ per gram of electrode material with NaCl solution
and 101mJ per gram with Nal solution. In such a LGH temperature range, this value is
much higher than that of thermoelectric materials [49].

When the new equilibrium is established and V' vanishes, as switch “A” is kept
on, the system temperature is decreased back to the initial point, 7;. During the cooling
process, the solvated ions redistribute at the solid surfaces, and return to the initial
configuration, ready for the next energy harvesting/storage cycle. As such procedures
are repeated, significant electric energy is generated associated with the temperature

fluctuation.

7.4.  Concluding Remarks

By taking advantage of the difference in thermal sensitivities of electrode
potential of a nanoporous carbon (the electrode) and a surface conditioned carbon
nanotube bundle (the counter-electrode), a single-cell thermally-chargeable

supercapacitor system is developed. It harvests and stores LGH as electric energy as
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temperature fluctuates, and does not demand a temperature gradient. With the same
temperature change, the output voltage of the single-cell TCS can be higher than that of
the two-cell system, as the thermal sensitivities of the electrode and the counter-
electrode are of opposite signs. The range of the energy density of the systems under
investigation is from 18 mJ/g to 101mJ/g with a relatively small temperature variation

of 42°C to 65°C.



CHAPTER 8. Conclusions

To develop advanced energy harvesting systems, a novel concept using
nanoporous materials is investigated. We found the working mechanism of our
NTEECS, and investigated how to improve its performance in terms of electrode,
electrolyte and solvent. Our experimental data have shown encouraging results: the
output voltage and the energy conversion efficiency are higher than that of conventional
thermoelectric materials by orders of magnitude.

First, the testing data have showed that using different cations can significantly
affect the TCS properties. When the cation size increases, with everything else being
the same, |dV/d7] decreases. The decrease in |dV/d7] is more pronounced when the
cation size is relatively small or large, compared with the intermediate range of d.

Second, temperature rises, the electrode potential of the nanoporous carbon
under investigation increases, and its thermal sensitivity (|d}V/d7]) does not decrease
monotonously. These unique phenomena may be related to the lack of bulk phase in the
confining nanopore environment.

Third, it is found that anion size has significant effects on the thermal sensitivity
of electrode potential. Moreover, |dV/d7] increases with the anion size; that is, with
everything else being the same, increasing anion size has a beneficial effect for
enhancing the TCS performance.

Fourth, the temperature sensitivity of electrode potential is higher if the
electrode material has a higher work function, which is of a beneficial effect to the TCS

performance. This effect can be explained quite well by the Jellium model, having
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important relevance to the optimization of the electrode phase in TCS for harvesting
and storing LGH.

Fifth, it was confirmed that for a large electrode conventional surface theory
explains quite well the solvent effects on the output voltage of a thermally chargeable
supercapacitor, based on the analyses on surface potential and dielectric constant.
However, when the electrodes are nanoporous, the conventional theory breaks down,
which must be attributed to the strong confinement effects of nanopore walls on the
sovlated-ion motion.

Finally, by taking advantage of the difference in thermal sensitivities of
electrode potential of a nanoporous carbon (the electrode) and a surface conditioned
carbon nanotube bundle (the counter-electrode), a single-cell thermally-chargeable
supercapacitor system is developed. It harvests and stores LGH as electric energy as
temperature fluctuates, and does not demand a temperature gradient. With the same
temperature change, the output voltage of the single-cell TCS can be higher than that of
the two-cell system, as the thermal sensitivities of the electrode and the counter-
electrode are of opposite signs. The range of the energy density of the systems under
investigation is from 18 mJ/g to 101mJ/g with a relatively small temperature variation
of 42°C to 65°C.

For future work, we have much room for improving the performance of the
NTEECS, for example, by taking another high surface area electrode with high
workfunction, finding new solvents suitable to nanoporous environment and applying
the understandings the motion of ions in confined nano-structures. We also expect to

develop more optimized cell configuration for practical use.
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