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Abstract
Abstract: Both heat engines and thermoelectric direct conversion devices require
a cold source; if thermal energy could self-organize into electrical energy, this
convention could be broken. Research reveals that the surface barrier of a solid
emitter generates a negative entropy flow by dissipating the kinetic energy of
emitted electrons, and the thermionic emission from the solid emitter constitutes
a dissipative structure. The solid emitter becomes positively charged upon los-
ing electrons, while the external environment becomes negatively charged upon
gaining electrons, thereby self-organizing into a macroscopically ordered elec-
tric dipole layer. To release the electric field energy of this dipole layer into
the circuit, this study employs a solid emitter as the thermionic emitter and a
molten metal liquid that does not emit electrons and has no surface barrier as
the collector, constructing an experimental thermionic energy conversion device
where the emitter and collector are maintained at the same temperature. Ex-
perimental results demonstrate stable voltage and current output, achieving a
novel method of cold-source-free thermoelectric direct conversion based on self-
organization phenomena. This device holds broad application prospects for the
efficient, simple, and safe implementation of thermoelectric direct conversion.

Full Text
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Abstract

Both heat engines and thermoelectric direct conversion devices require a cold
reservoir. If thermal energy could self-organize into electrical energy, this con-
ventional limitation could be overcome. Research reveals that the surface barrier
of a solid emitter generates a negative entropy flow by dissipating the kinetic
energy of emitted electrons, making thermionic emission from the solid emitter a
dissipative structure. As the solid emitter loses electrons and becomes positively
charged while the surroundings gain electrons and become negatively charged,
a macroscopically ordered electric double layer self-organizes. To release the
electric field energy of this double layer into a circuit, this study employs a
solid emitter as the thermionic cathode and a non-emitting molten metal liquid
without surface potential barriers as the collector, constructing an experimen-
tal thermionic energy conversion device where emitter and collector maintain
the same temperature. Experimental results demonstrate stable voltage and
current output, realizing a novel cold-reservoir-free direct thermoelectric conver-
sion method based on self-organization phenomena. This device holds promising
prospects for efficient, compact, and safe implementation of direct thermoelec-
tric conversion.

Keywords: Thermionic emission; Self-organization; Cold reservoir;
Thermionic energy converter

Classification: TM915

2.1 Thermionic Emission from Solid Emitters and Dissipative Struc-
tures

[Figure 1: see original paper] Comparison of electron and molecular thermal
motion: (A) Schematic of thermionic emission from a solid emitter in an isolated
system, (B) Molecular evaporation from a solid emitter in an isolated system

As shown in Figure 1, comparing electron and molecular thermal motion fa-
cilitates understanding of how electron thermal motion differs from molecular
thermal motion. Since the net Coulomb force on electrons within a solid emit-
ter is zero, electron thermal motion is equivalent to that of ideal gas molecules.
Electrons at the solid emitter surface experience asymmetric Coulomb forces,
constituting the surface potential barrier of the solid emitter, with 𝜙 represent-
ing the surface work function.

Figure 1(A) illustrates that in an isolated system at sufficiently high tempera-
ture, some electrons within the solid emitter possess sufficient kinetic energy to
overcome the surface work function and emit into the surroundings, making the
electrons in the solid emitter an open system. The entropy change of an open
system can be divided into two parts: one caused by interaction between the
solid emitter and surroundings (i.e., the thermionic emission process), called the
entropy flow term, denoted as dSe; the other produced by irreversible processes

chinarxiv.org/items/chinaxiv-201703.00077 Machine Translation

https://chinarxiv.org/items/chinaxiv-201703.00077


of electron thermal motion within the solid emitter system, called the entropy
production term, denoted as dSi.

During thermionic emission, consider an electron in solid emitter A that absorbs
an infinitesimal amount of heat dQ and is transferred to surroundings B through
emission. Since dQ is infinitesimal, the temperatures of solid emitter A and
surroundings B can be considered constant at temperature T.

According to the entropy increase principle, the entropy flow of solid emitter A
is:

𝑑𝑆𝐴
𝑒 = −𝑑𝑄

𝑇
The entropy flow of surroundings B is:

𝑑𝑆𝐵
𝑒 = 𝑑𝑄

𝑇

The total entropy flow of the electron system is:

𝑑𝑆𝑡𝑜𝑡𝑎𝑙
𝑒 = 𝑑𝑆𝐴

𝑒 + 𝑑𝑆𝐵
𝑒 < 0

The total entropy of the electron system is:

𝑑𝑆 = 𝑑𝑆𝑖 + 𝑑𝑆𝑡𝑜𝑡𝑎𝑙
𝑒

Therefore, from equations (6) and (7), for an open electron system, as long as
a sufficiently large negative entropy flow is maintained, the system can sustain
some ordered state. The negative entropy flow of -𝜙/T plays a crucial role in
the spontaneous process from disorder to order. Only electrons with kinetic
energy greater than the solid emitter’s surface work function can be selectively
emitted by the surface potential barrier. The surface potential barrier of the
solid emitter acts similarly to a“Maxwell’s demon,”dissipating energy equal to
the surface work function 𝜙 for each emitted electron. In contrast, the Maxwell’s
demon in Figure 1(B) cannot consume molecular kinetic energy and thus cannot
form a dissipative structure. Therefore, thermionic emission from solid emitters
satisfies one condition for dissipative structures.

As shown in Figure 1, the emission rates of both electrons and evaporated
molecules from the solid emitter surface follow Maxwell’s velocity distribution.
Because Coulomb force is long-range while molecular force is short-range, the
effect of Coulomb force far exceeds that of molecular force. In Figure 1(B),
vapor molecules in the surroundings undergo random thermal motion, distribut-
ing uniformly throughout the surroundings in equilibrium state. In Figure 1(A),
electron density in the surroundings increases with proximity to the solid emit-
ter, forming an electron cloud state where electron thermal motion is far from
equilibrium. Thus, thermionic emission from solid emitters satisfies another
condition for dissipative structures.
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In Figure 1(B), the gravitational force from the solid emitter on vapor molecules
is negligible, and no interaction exists between vapor molecules and the solid
emitter. In Figure 1(A), electrons are continuously emitted from the solid emit-
ter due to thermal motion, while simultaneously returning from the surround-
ings to the solid emitter under Coulomb force. This nonlinear Coulomb force
feedback drives electron thermal motion toward complexity and order. There-
fore, thermionic emission from solid emitters satisfies the third condition for
dissipative structures.

In summary, thermionic emission from solid emitters conforms to dissipative
structure theory and represents a self-organization phenomenon in nature.

2.2 Macroscopic Ordered Structure

As shown in Figure 1(A), during thermionic emission, the net charge of electrons
lost by the solid emitter is +q, while the net charge gained by the surroundings
is -q, forming a macroscopic electric double layer similar to that at the positive
electrode in chemical batteries. The electric field direction of this double layer
points from the solid emitter to the surroundings. Therefore, the macroscopic
ordered structure spontaneously formed by thermionic emission from solid emit-
ters is an electric double layer, and the thermionic emission process is one that
self-organizes disordered thermal energy into ordered electric field energy. As
long as a certain critical temperature is exceeded, the solid emitter will emit elec-
trons, enabling self-organization of thermal energy into electric energy without
requiring a cold reservoir.

2.3 Efficiency of Thermal Energy Self-Organization into Electrical
Energy

Electrons within the solid emitter obey kinetic gas theory. The thermal energy
Q absorbed by an electron manifests as translational kinetic energy Ek, where
� is the Boltzmann constant, and the average translational kinetic energy of
electron thermal motion is:

𝐸𝑘 = 3
2𝜅𝑇

Taking a coefficient 𝛼 (𝛼 > 3/2), the kinetic energy of an emitted electron can
be assumed as:

𝐸𝑒𝑚𝑖𝑡𝑡𝑒𝑑 = 𝛼𝜅𝑇

The electric field energy of the electric dipole is We, and the efficiency � of ther-
mal energy self-organization into electric field energy for one emitted electron
is:

𝜂 = 𝑊𝑒
𝐸𝑒𝑚𝑖𝑡𝑡𝑒𝑑

= 𝜑
𝛼𝜅𝑇

From equation (10), since infinite temperature T or zero 𝜙 is impossible, and
effective � requires sufficiently large T, the solid emitter cannot self-organize all
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thermal energy into electric energy, nor can all thermal energy at any temper-
ature be self-organized into electric energy. Therefore, the cold-reservoir-free
solid emitter converting thermal energy into electric energy through thermionic
emission is not a second-kind perpetual motion machine, but rather an applica-
tion and development of the second law of thermodynamics in non-equilibrium
thermodynamics.

The solid emitter can be regarded as a cold-reservoir-free thermionic energy
generator. To release the electric field energy from this double layer into a
circuit, a collector that does not emit electrons at the same high temperature
must connect to the surroundings, and molten metal liquid satisfies this con-
dition. These considerations provide the theoretical foundation for developing
cold-reservoir-free direct thermoelectric conversion experimental devices.

3. Experiment
3.1 Experimental Apparatus

[Figure 2: see original paper] Experimental apparatus: (A) Photograph of the
experimental setup, (B) Schematic diagram of the apparatus structure

The experimental apparatus consists of a tungsten electrode (5.8 mm diameter ×
20 mm height) inserted into a closed-bottom ceramic tube (6 mm inner diameter
× 0.5 mm wall thickness × 40 mm height), placed in a corundum crucible and
filled with copper particles. Molybdenum wire sheathed with insulating ceramic
tube serves as the conductor.

In the experimental apparatus, the electron emitter is tungsten (W > 99.5%)
with a surface work function of 4.55 eV; the electron collector is molten copper
liquid (Cu > 99.95%); the conductor is molybdenum wire (Mo > 99.5%). Possi-
ble electromotive forces from alloying reactions between copper, tungsten, and
molybdenum are excluded. The wires connecting the high-temperature emit-
ter and collector to the room-temperature ammeter and voltmeter are made of
the same molybdenum material to exclude possible thermoelectric electromotive
forces from the Seebeck effect [3].

The experiment employs 𝛼-Al2O3 transparent ceramic tubes (𝛼-Al2O3 > 99.7%)
used in high-pressure sodium lamps as the ceramic separator. Intergranular
pores (< 0.1 nm) are smaller than tungsten and copper atomic diameters but
larger than electron diameter. At high temperatures, this separator electrically
isolates the emitter and collector while maintaining a small gap and allowing
emitted electrons to diffuse through, similar to separators in chemical batter-
ies. The crucible is a corundum crucible (𝛼-Al2O3 > 97%), excluding possible
electromotive forces from chemical reactions between copper, tungsten, and 𝛼-
Al2O3.

A gap of approximately 0.2 mm exists between the tungsten electrode and ce-
ramic tube. While filling this gap with alkali metal vapor could significantly
reduce the emitter work function and eliminate space charge accumulation [4],
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sealing is difficult. Considering the large difference in saturated vapor pressure
between copper and tungsten, this study adopts copper vapor evaporated from
the collector to naturally fill the gap, simplifying the experiment.

3.2 Experimental Method

The vacuum tube furnace has a maximum heating temperature of 1973 K with
temperature control precision of $±0.5𝐾𝑎𝑛𝑑𝑎𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑧𝑜𝑛𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑜𝑓20𝑚𝑚.𝑇 ℎ𝑒𝑐𝑜𝑟𝑢𝑛𝑑𝑢𝑚𝑡𝑢𝑏𝑒(�−𝐴𝑙{2}𝑂{3}$
> 97%) has a diameter of 60 mm. The vacuum pump’s ultimate pressure is
4$×10^{-4}$ Pa. At 1773 K, the leak rate of the furnace tube sealing system
is < 0.15$×10^{-5}$ Pa・L/s, excluding electromotive forces from chemical
reactions due to air leakage.

The thermionic energy conversion experimental device is placed in the constant
temperature zone of the vacuum tube furnace to ensure uniform temperature
distribution. During heating, the vacuum pump continuously evacuates gases
from the furnace tube. When heated to copper’s melting point of 1357 K, the
vacuum level in the furnace tube reaches 4$×10^{-4}$ Pa. The vacuum pump is
then turned off, allowing copper vapor from the molten copper liquid to fill the
gap between the tungsten rod and ceramic tube. At this point, the pressure in
the room-temperature section of the furnace tube is approximately 2$×10^{3}$
Pa until heating to 1773 K. The ammeter has an internal resistance of 10 Ω with
measurement precision of $±$0.1 �A. The voltmeter has an internal resistance
of 10 MΩ with measurement precision of $±$0.1 mV.

4. Experimental Results and Discussion
4.1 Relationship Between Voltage, Current, and Temperature

[Figure 3: see original paper] Relationship between current, voltage, and tem-
perature

Current is measured directly under short-circuit conditions, and voltage is mea-
sured directly under open-circuit conditions. In the temperature range from
1573 K to 1773 K, current and voltage values are recorded every 10 K, with
each measurement point held for 5 minutes to ensure uniform temperature and
stable voltage/current. Figure 3 shows the experimentally measured relation-
ship between current, voltage, and temperature. Each temperature point yields
corresponding voltage and current values, both increasing with temperature.
Voltage increases from 91 mV to 227 mV, while current increases from 14 �A to
115 �A. Possible electromotive forces from crystallographic structural changes in
experimental materials are excluded. The experimental device produces stable
DC voltage and current output, with the tungsten rod as the positive electrode
and molten copper liquid as the negative electrode. When power to the vacuum
tube furnace is cut off, voltage and current persist in the circuit, excluding pos-
sible induced electromotive forces in the thermionic energy converter within the
vacuum tube furnace. Therefore, the experiment proves that thermal energy
can be directly converted into electrical energy without a cold reservoir.

chinarxiv.org/items/chinaxiv-201703.00077 Machine Translation

https://chinarxiv.org/items/chinaxiv-201703.00077


4.2 Relationship Between Voltage, Current, and Time

[Figure 4: see original paper] Relationship between current, voltage, and time
at 1773 K

Figure 4 shows the relationship between current, voltage, and time for the
thermionic energy converter at constant temperature 1773 K. Current rapidly
decreases from 155 �A to a smaller stable value of 115 �A, similar to a capacitor
discharge process. Voltage rapidly increases from 180 mV to a larger stable value
of 227 mV, similar to a capacitor charging process. This pattern resembles an
RC series circuit in DC circuits [5]. Here, the insulating property of the trans-
parent ceramic tube functions as the dielectric in a capacitor, consistent with
the experimental apparatus’s capacitive structural characteristics. Meanwhile,
the transparent ceramic tube allows electron diffusion, creating large resistance
that results in relatively small output voltage and current.

Current cannot rely on electron transport through the ceramic separator alone;
charges must cross the ceramic diaphragm. Based on the circuit’s current direc-
tion, either electrons emitted from the tungsten rod cross the ceramic diaphragm
to reach the molten copper liquid, or copper ions cross the ceramic diaphragm
to reach the tungsten electrode. Molten copper liquid cannot ionize at this tem-
perature, and copper atoms cannot pass through high-purity aluminum oxide
ceramic to become copper ions. Therefore, the current in the circuit is inferred
to originate from electrons thermionically emitted from the tungsten electrode.

With experimental electromotive force interference excluded, the experimental
device maintained stable voltage and current output for 2 hours in the constant
temperature zone of the tube furnace, ensuring uniform temperature distribu-
tion. The experiment again proves that thermal energy can be directly converted
into electrical energy without a cold reservoir.

4.3 Comparative Analysis of Three Energy Conversion Devices

In this experiment’s thermionic energy converter, the emitter at high temper-
ature source emits electrons, while the collector at the same high temperature
source does not emit electrons because it is molten metal liquid.

Phototubes can directly convert light energy into electrical energy, where the
emitter under illumination emits electrons while the collector with larger work
function does not emit electrons [7]. Traditional practical thermionic energy
converters have emitters at high temperature source emitting electrons and solid
emitters as collectors at low temperature source that do not emit electrons due
to low temperature [8].

Comparing these three devices, the collector is prevented from emitting electrons
by different methods, and the collector’s role is merely to release electrical energy
into the circuit. Therefore, cold-reservoir-free thermionic energy conversion is
feasible.
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4.4 Inferences and Speculation

[Figure 5: see original paper] Comparison of electron circulation and current cir-
culation: (A) Schematic of electron circulation between solid and surroundings,
(B) Current circulation between solid and molten metal

As shown in Figure 5(A), during solid thermionic emission, electrons continu-
ously absorb heat and emit from the solid emitter to the surroundings, while con-
tinuously returning from the surroundings to the solid emitter under Coulomb
force. Random thermal motion and ordered electrical motion cyclically coexist
between the solid and surroundings. As shown in Figure 5(B): If the molyb-
denum wire and ceramic separator are removed from the experimental device,
electrons emitted from the solid possess initial kinetic energy and move toward
the non-emitting molten metal collector, generating corresponding current in
the circuit. This reveals a possible physical effect of current circulation between
solid and molten liquid under high-temperature conditions.

Speculation: Can this cold-reservoir-free thermionic energy conversion device
directly convert the inexhaustible thermal energy from Earth’s volcanic lava
into electrical energy? Earth, composed of solid emitters and lava, resembles the
structure shown in Figure 5(B). Can the physical effect of current circulation
between solid and molten liquid explain the formation mechanism of Earth’s
magnetic field?

Studying thermionic emission from solid emitters using non-equilibrium ther-
modynamics reveals that thermionic emission is a dissipative structure through
which solid emitters self-organize thermal energy into electrical energy. This
experiment, using a tungsten electrode as the thermionic emitter and molten
copper liquid as the collector, realizes a novel cold-reservoir-free direct thermo-
electric conversion method based on self-organization phenomena.
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