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The semiconductor-sensitized thermal cell (STC) is a groundbreaking thermal energy conversion
technology capable of converting low-temperature heat (<200 °C) directly into electricity. It is based
on the concept of a dye-sensitized solar cell (DSSC), but instead of photoexcited carriers in a dye, STC
depends on the redox reaction of electrolyte ions initiated by thermally excited carriers in a
semiconductor. One of the most appealing features of an STC is that once it reaches discharge
termination, power generation can be restored by turning off the switch and leaving the STC in the heat
source. This paper is the first comprehensive review in English of STCs, which have previously been used
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Introduction

Heat is often regarded as “low-quality” energy. However, when the
sun stops generating heat in 4 billion years, Earth will become
extremely cold and human beings will become extinct—unless
science and technology advance or humans evolve. In other words,
heat is an enormous energy source that can sustain life.

When we examine the density of various forms of environ-
mental energy around us (Table 1), we find that heat has large
energy density.

Geothermal power generation” and Seebeck thermoelectricity®™
are popular technologies that use thermal energy to generate power.
Geothermal power generation requires detecting a heat source and
mining to confirm a water source in the preliminary investigation
stage. Although a heat source can be accurately detected in the
preliminary investigation, the presence of a sufficient water source to
turn the turbine remains uncertain until mining is performed,
resulting in unnecessary expenditures. Primarily, the number of
countries with abundant water sources is limited, making this
technology difficult to implement. In the Seebeck-type power gen-
eration method, voltage is generated due to the difference in the
number of electric charges generated in semiconductors and metals
exposed to high and low temperatures. This method relies on a
temperature gradient, which complicates the module. Therefore, in
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Seebeck-type thermoelectricity, it is not possible to obtain electricity
by fully embedding the device in a heat source.

Extracting electricity directly from a heat source at a con-
stant temperature will have promising applications in electro-
nic equipment, geothermal energy systems, as well as on the
human body. This would complement the applications of
Seebeck-type thermoelectricity, such as recovery of waste heat
in factories, the utilization of heat from automobile exhaust
gases, and space exploration.

Non-equilibrium thermodynamics

The method of extracting electricity directly from a heat source
at a constant temperature is considered a Type 2 perpetual
motion engine. A Type 2 perpetual motion engine a hypothe-
tical device that operates by performing work using the heat

Table 1 Environmental energy type and its energy density

Energy type Energy density
Light (outside) 100 mW cm 2
Light (inside) 100 p4W cm >
Vibration® (machine) 1 G@50 kHz
Vibration® (human) 0.1 G@1 kHz
Heat (machine) 100 mW cm 2

20 mW cm >

Heat (human)
~0.3 yW cm™?

Electromagnetic wave (mobile phone)

“ For vibration power generation, frequency-dependent energy density
is described because power cannot be extracted unless the frequency of
shaking in the installation environment of the device matches the
resonant frequency of the device.
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supplied, generating heat from the work done, and continues to
work indefinitely by reusing the heat generated. This process
repeats in a closed system with a thermal energy conversion
efficiency of 100%.

In fact, this Type 2 perpetual motion engine, troublingly, is
not disproven. Even more troubling is the fact that many people
in science have only studied thermodynamics, which is a closed
system.

Let us consider about our skin for a moment. Your skin acts
as a barrier that separates your body from external environ-
ment. Why was that skin(barrier) formed? Is the formation of
that skin consistent with the law of increasing entropy?

Yes. It is—when the skin can no longer retain its shape; that
is, after death. After death, the skin of everyone reading this will
become sloppy, if left unattended. It will ultimately decompose,
confirming the law of increasing entropy.

Does living contradict the law of increasing entropy? No.
You eat and drink to live. You are breaking up water and food,
thereby increasing the entropy elsewhere. This increase in
entropy continues as long as we live. That is why we are alive
(except when we are nourished and wastes in our body are
expelled, externally by the intervention of medical science).

This academic theory that states that form is born and can be
maintained in the entropy flow is called the theory of dissipative
structure,®” constructed by Dr Ilya Prigogine,® who was awarded the
Nobel Prize in Chemistry in 1977.° It is also called non-equilibrium
thermodynamics'®"" or the thermodynamics of open systems.">"?

From this point onward, we will introduce the concept of
power generation at isothermal temperatures. However, it is
crucial to note that there is a continuous flow of energy, which
should be discussed in the thermodynamics of open systems as
is the case with other renewable energy sources. For example, a
wind turbine is an open system that rotates because of the
wind. Solar cells are open systems that generate electricity
because of light, and Seebeck-type thermoelectricity is an open
system that produces electricity because of heat flow.

Fundamentally, it is defined that entropy increases if elec-
tricity is flowing.

Power generation at isothermal
temperature

In recent years, numerous isothermal power generation technol-
ogies have been introduced one after another. Far-infrared solar
cells, which generate electricity by harnessing radiant heat (that
exists as electromagnetic waves), similar to solar cells, have
existed for a long time. However, in recent years, there have
been numerous new technologies, particularly those involving
the term “thermophotovoltaic energy conversion”,"*™® plasmon-
induced infrared power generation,"” near-field thermophoto-
voltaic devices that effectively utilize the wavelength selectivity of
photonic crystals'®'® and other advancements.

A metamaterial is placed on one side of a Seebeck-type
thermoelectric element to absorb thermal radiation, resulting
in a temperature gradient in the thermoelectric element to

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The power generation temperature and maximum output power of
thermal energy conversion technology at isothermal temperature. TPV:

thermophotovoltaic energy conversion. STC: semiconductor-sensitized
thermal cell. TE: thermoelectric conversion.

generate electricity.”® Organic molecular thermoelectricity depends
on charge separation at organic donor/acceptor interfaces.”' A
tertiary battery”** generates electricity by taking advantage of
temperature fluctuations in the installation environment. Electricity
can be generated through electron hopping in a nanoparticle fluid
at high temperatures.” Another example is the semiconductor-
sensitized thermal cell introduced in this paper. Several other power
generating principles await further study, such as an open circuit
voltage has been reported without any corresponding discharge
current.>>?° The temperature and maximum power generation
of each are plotted in Fig. 1, which gives insights into the
progress toward direct thermal power generation.

From dye-sensitized solar cell to
semiconductor-sensitized thermal cell

Let us take a short break from thermal power generation and
introduce a chemical-based solar cell called a dye-sensitized
solar cell (DSSC).>”*® This solar cell, commonly called as
“Gratzel cell,” was proposed in 1991 by Michael Gritzel et al.
at the Lausanne University of Technology in Switzerland. The
Gritzel solar cell is thin, light in weight and has a high
efficiency. It can be red or green in color. It has a simple
structure consisting of three parts: a working electrode covered
with dyes, a counter electrode, and an electrolyte and is used in
science experiments for elementary school students.

In a DSSC, electrons in the dye on the working electrode are
excited by light. The excited electrons move to the electron
transport layer to which the dye is attached (the combination of
the dye and electron transport layer serves as the working elec-
trode) and then to the counter electrode. The electrons reduce
electrolyte ions at the counter electrode/electrolyte interface. The
reduced electrolyte ions are oxidized by the holes remaining in the
dye. In this way, excited electrons move between the working
electrode, counter electrode, and electrolyte, generating an electric

Chem. Commun., 2025, 61, 5556-5562 | 5557
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Dye

Fig. 2 Schematic image of a dye-sensitized solar cell and a semiconductor-sensitized thermal cell. Mater.:

current. Quantum-dot-sensitized solar cells that use inorganic
quantum dots instead of organic dyes that tend to degrade, have
also been reported.”

If the photoexcitation of the dye is replaced with thermal
excitation of the semiconductor, the excited electrons will
probably move through the working electrode, counter elec-
trode, and electrolyte in the same way. In other words, elec-
tricity can be generated when heat is applied (Fig. 2). The effect
of excited carriers on the redox reaction is identical, whether
they are photoexcited or thermally excited. In both scenarios,
the energy levels of carriers remain unchanged when trans-
ferred to the electron transport material. The electron does not
retain any memory of whether it was excited by light or heat.

Thermal excitation carriers in
semiconductors

Heat is often considered a small, poor-quality energy compared to
light, and that it cannot produce large amounts of energy. Indeed,
at room temperature, air molecules have a kinetic energy of only
0.038 eV. However, when a semiconductor is heated, the atoms
that compose the bands vibrate in the lattice, generating thermal
excitation carriers with energy corresponding to the band*® (Fig. 3).
As the position of the band depends on the arrangement of the
atoms, the potential of the carriers is independent of the magni-
tude of the thermal energy. In fact, Mizuguchi et al. reported that
polycarbonate is oxidized by thermally excited holes in the valence
band of titanium dioxide, a well-known photocatalyst.>

E Lattice vibration

. qﬁ

molecule  semiconductor

Fig. 3 When heat is given to a molecule, the molecule converts that
thermal energy into kinetic energy and moves. When heat is given to a
semiconductor, the atoms that make up the semiconductor vibrate in the
lattice, producing electrons and holes. The energy E of the electrons and
holes reflects the orbital energy in the semiconductor, which has redox
capacity. kg: Boltzmann's constant. T: temperature. E¢: Fermi level.
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material.

The number of thermal excitation carriers in a semiconduc-
tor follows the Fermi-Dirac equation. For example, 2.4 x 10"
carriers are generated in a 1 cm® Ge semiconductor at 80 °C,
which is more than the number of photons, 4 x 10" cm™
(calculated as 555 nm monochromatic light) at 1 lux in a room.
Furthermore, the number of excited carriers is comparable to
that of a solar cell because, unlike light excitation, which occurs
at the irradiation ““surface,” thermal excitation spreads through
the entire “body” via thermal conduction.

In summary, both thermal and light excitation have a sufficient
number of excited carriers, and when the carriers move within the
material after excitation, they are in the same state. Oxidation by
thermally excited holes has also been confirmed. Then in the
DSSC system, the redox reaction is possible using the thermal
excitation carriers of the semiconductor instead of the light
excitation carriers of the dye; i.e., electricity can be generated by
heat. We named this new thermal energy conversion technology a
“semiconductor-sensitized thermal cell (STC),” inspired by dye-
sensitized solar cells. We did not call it a thermal cell to prevent

confusion with a thermoelectrochemical cells.?*3?

Proof of concept of STC
Redox reaction by thermal excitation carriers

A semiconductor with many thermal excitation carriers n is
suitable for STC. Here, n can be defined using energy bandgap
width E,, temperature T, density of states at conduction and
valence bands, N., N,, respectively, given by the following
equation:

Ly
n=+/N.Nye 2kT

Here, E, is neither too large nor too small. A too large energy
band gap, E, leads to lower n and too small E, leads to lower
acquisition voltage when made in an STC.

The first semiconductor chosen for STCs was B-FeSi,, which
garnered attention as a thermoelectric material in 2015. It has a
band gap of 0.7 eV, making it suitable for using heat below
200 °C. It does not use rare metals, giving it a material cost
advantage. For the electron transport layer, n-Si was selected,
which is often used in combination with B-FeSi, as a light-
emitting device. Copper ions were selected as electrolyte ions

This journal is © The Royal Society of Chemistry 2025
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because their redox potential is almost same with that of the
valence band of B-FeSi,. A solid electrolyte, the Cu-ion super
conductor called CUSICON, was selected as the copper ion
conductor.

The long-term power generation by the STC was confirmed
at 600 °C, where Cu-ion conduction occurs in the CUSICON,
under an air atmosphere and N, gas. X-ray photoelectron
spectroscopy (XPS) analysis of the CUSICON interface in contact
with the working electrode and the counter electrode, respec-
tively, after long-term discharge showed oxidation of copper
ions on the working electrode side and reduction of copper ions
on the counter electrode side. In other words, it was confirmed
that the redox reaction of ions can be induced by thermal
excitation carriers; this was the first study on STC.** The higher
purity of B-FeSi, gave better electric power generation.>*

Later, in an STC using germanium as the semiconductor
and a polymer containing copper ions as the electrolyte, it was
observed that the color of the electrolyte on the semiconductor
side oxidizes to brown and the color of the electrolyte on the
counter electrode side reduces to white. This was confirmed by
tracking the color change before, during, and after discharge,
taking advantage of the fact that the divalent copper ion is
brown and the monovalent copper ion is white.*®

Both light- and heat-excited power generation

After confirming the redox potential of thermally excited carriers,
we decided to check whether a semiconductor-sensitized cell could
generate electricity either by light or by heat. The semiconductor
materials used were organic perovskite (CH;NH;PbI;)*"*® and
silver sulfide,* both semiconductors that have been used in dye-
sensitized solar cells.*”*" Thus, power generation was confirmed
for both materials, both by light and by heat (Fig. 4).

Furthermore, two major differences were identified.

(1) The open circuit voltage (V,.) in thermal excitation is
smaller than that in light excitation.

(2) In light excitation, electricity is generated all the time
during light irradiation, but in thermal excitation, electricity
generation stops at a certain temperature (even though there is
always a heat inflow to keep the temperature at a certain level).
After the discharge ends, it can be switched off and left in the
heat source to reset, making it ready for discharge again in heat.

The difference in V,. in point (1) is due to the quasi-Fermi
level and the Fermi level (Fig. 5). When a semiconductor is
exposed to light, more electrons and holes are produced than in
thermal equilibrium.** To describe the behavior of the large
amount of photoexcited charge produced, the Fermi level of
electrons and holes is set to the quasi-Fermi level. The quasi-
Fermi level is lower than the Fermi level, resulting in a smaller
open circuit voltage for thermal excitation than that for light
excitation. The relationship between the Fermi level and the V.
of STC was carefully examined by adjusting the Fermi level of
the entire semiconductor electrode by varying the doping
amount of n-Si, which acts as the electron transport layer.*?

Later, STC power generation using CuFeS, was reported,
suggesting its broad applicability.** The STC power generation
temperature was confirmed to be in the range of 20-600 °C,

This journal is © The Royal Society of Chemistry 2025
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close to the reported temperature of Seebeck thermoelectrics
(the cooling part was —100 °C and the heating part was 600 °C).
STCs generate electricity even though they are small. The cost of
producing output power may be lower than that of Seebeck
thermoelectrics, which require a temperature gradient and typi-
cally occupy a larger volume. Of course, the STC output relies on
the thermal energy density in the space. The most suitable STC
applications are in large spaces with abundant heat sources, such
as geothermal energy sites, abandoned mines, and data centers.

Power generation recovery

To confirm the long-term discharge behavior of STCs, we
needed an electrolyte that can easily transfer ions at relatively
low temperatures, has low volatility, and remains stable over
long periods. Therefore, we focused on polyelectrolytes, espe-
cially polyethylene glycol (PEG)—a well-known, chemically-
stable polyelectrolyte solvent. Here, a Ge semiconductor was
used. Sealing is very important in Ge-PEG systems as both Ge
semiconductors and PEG are denatured by water and oxygen.

Fig. 6a shows voltage change behavior during termination
and recovery of power generation.”® If the STC is discharged at a
certain temperature, the discharge will eventually stop. After the
device is turned off and left in the heat source for a while, it will be
ready to be discharged again. The longer the switch is turned off,
the longer the subsequent discharge time, though it gradually
reaches saturation. Fitting analysis indicates that this discharge is
not an electric double-layer discharge. In addition, inductively
coupled plasma (ICP) elemental analysis of the electrolyte after
long-term discharge confirms that this discharge is NOT caused by
the dissolution of the semiconductor electrode.

The discharge terminates for two reasons. (i) There is not
enough reactant at the interface. (ii) Equilibrium is reached. We

0.4
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03 r
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Fig. 6 Voltage behaviour of n-Si/Ge/copper ionic electrolyte/FTO at
80 °C, 100 nA discharge and recovery (a);** conceptual diagram of
Nernst's equation (b); blue: discharge (switch on), orange: recovery (switch
off). E¢: Fermi level. Eq: standard redox potential. c,, cr: concentration of
oxidized and reduced elements. Do, Dg: density of states of oxidized and
reduced ions (Copyright © 2019 Royal Society of Chemistry).
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will delve a little deeper into this “equilibrium state at the set
temperature.”

When the Fermi level Eg of the electrode is different from the
redox level Eieqox, Eredox bDecomes equal to Er by Nernst's
equation as the reaction proceeds,’® and the acquired current
is apparently zero (Fig. 4b, right).

Eredox = E° + (RT/nF)In(c,/cg)

where E° is the standard redox potential; ¢, and cy are the
concentrations of oxidized and reduced ions.

In STC, the equilibrium state A at which the discharge ends
is considered to be when E,.qox = Er is reached.

This is precisely the difference between light and heat. As
mentioned above, in the case of light, there is no cessation of
the reaction according to the Nernst equation, because V. is
generated from the quasi-Fermi level of the electrons (macro-
scopically, it can be understood that light introduces a non-
equilibrium state into the system). With heat, however, only
Fermi levels are formed. At a constant temperature, the equili-
brium state A will be reached at some time and power genera-
tion will be terminated.

When turned off, no chemical reaction occurs at the counter
electrode interface; at E;eqox = Er, many oxidized ions accumu-
late at the semiconductor electrode/electrolyte interface, and
many reduced ions accumulate at the counter electrode/elec-
trolyte interface, resulting in non-uniform ion concentration.

To resolve this non-uniformity, the oxidized and reduced
ions diffuse during the switch-off period. Thus, the system
moves far from the equilibrium state A and will be ready to be
discharged again.

The above is considered to be the principle of the recovery
phenomena by switching on and off. This phenomenon was
clarified by carefully changing the distance between electrodes
and taking into account the ion diffusion length obtained from
electrochemical impedance measurements.”” Obviously, the
ionic conductivity of the polymer electrolyte plays an essential
role in obtaining high currents and reducing the recovery time.

Conclusions

The above gives a brief description of the power generation and
recovery behavior of STCs. STCs are often compared to Seebeck
thermoelectrics. However, the significant difference is that
STCs do not require a temperature gradient at the installation
site (although they do need something to create heat flow in the
overall system just as wind power requires wind).

Recently, a study of STCs using gel electrolytes has been
published, and the scope of research is moving from theoretical
studies to practical applications.*® In theory, an STC tends to
have a large voltage but a small current. Therefore, it is
important to increase the specific surface area of the electrode,
the ion concentration, and the ionic conductivity. Semiconduc-
tors with high thermal excitation charge will be ideal for STCs.
For an electrolyte, it is preferable to choose one where the redox
reaction occurs smoothly within the electrolyte. An example of

This journal is © The Royal Society of Chemistry 2025
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this would be the electrolyte used in redox flow batteries. The
biggest hurdle to the practical application of STCs is likely to be
the soaring price of semiconductors. In this regard, it is necessary to
develop inexpensive semiconductors that remain affordable
throughout the process, including sourcing raw materials and
fabrication scaling from the basic research level to commercial level.

For humans, it makes a big difference whether electricity is
generated by light or heat. It is not the energy source that dictates
electron movement, but rather the quantity of electrons involved.

In p-n junction solar cells, a large number of photoexcited
carriers is generated, establishing a quasi-Fermi level and resulting
in electricity. Seebeck thermoelectrics, which generate electricity
from temperature differences, also generate electricity due to the
concentration gradient created as a result of high number of
electrons. In these cases, electrons can be expressed as a statistic
and treated as a wave. On the other hand, DSSCs and STCs generate
electricity when there is at least one reactive electron and one
reactive substance, respectively. In such chemically reactive power
generation, electrons are represented as particles (Fig. 7).

The emergence of STC will help us further explore these four
energy conversion technologies: p-n junction solar cells,
DSSCs, Seebeck thermoelectrics, and STCs, from the perspec-
tive of the “number of excited charges’” and will further deepen
our understanding of each type of energy conversion.
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