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Converting waste heat from solar radiation and industrial processes into useable electricity remains
a challenge due to limitations of traditional thermoelectrics. lonic thermoelectric (i-TE) materials offer
a compelling alternative to traditional thermoelectrics due to their excellent ionic thermopower, low
thermal conductivity, and abundant material options. This review categorizes i-TE materials into
thermally diffusive and thermogalvanic types, with an emphasis on the former due to its superior
thermopower. This review also highlights the i-TE materials for creating ionic thermoelectric
supercapacitors (ITESCs) that can generate significantly higher voltages from low-grade heat sources
compared to conventional technologies. Additionally, it explores thermogalvanic cells and combined

devices, discussing key optimization parameters and theoretical modeling approaches for maximizing
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1. Introduction

Driven by the depletion of fossil fuels and the increasing
frequency of climate disasters, the 21st century faces an
unprecedented energy crisis. This has sparked significant
interest from both academia and industry in exploring tech-
niques for converting renewable power sources into electrical
energy.' Several technologies have been developed to harness
heat, including thermoelectric generators (TEGSs), thermoos-
motic energy conversion, and organic Rankine cycles. One key
area of exploration within TEGs involves leveraging the Seebeck
effect of inorganic semiconductors (Bi,Te;), making them
particularly effective in harvesting low-grade heat.>* The eval-
uation of their thermoelectric (TE) performance is commonly
2

based on the dimensionless figure of merit (27), ZT = %T,
where the incorporated factors are electrical conductivity (o),
the Seebeck coefficient (S), thermal conductivity (K), and abso-
lute temperature (7).>°

The literature reports the highest ZT at 3.1 at 783 K, and the
highest ZT at room temperature at 1.3 approximately.”®
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heat harvesting technologies for a more sustainable future.

However inorganic TE materials have drawbacks, including
high costs, scarcity of elements, and limited mechanical flexi-
bility. Efforts to enhance TEG performance are underway
through nanostructuring existing materials, even though this
approach comes with considerable production costs.” On the
other side, TEGs are gaining attention as a promising solution
for powering wearable sensors and devices compared to heat
engines. However, the mechanical stiffness of inorganic semi-
conductors and semimetals restricts their use in portable and
wearable devices.'®

Turning to electronic conducting polymers, their composi-
tion of abundant elements has sparked interest in recent
studies for potentially lowering material costs.'* Despite
substantial efforts and achievements in recent years, the opti-
mized ZT of p-type organic thermoelectric materials still yields
a relatively low Seebeck coefficient (maximum 70 pv K for
commonly produced polymers like PEDOT with a conductivity
of 900 S cm™'). In contrast, the ratio of their electrical to
thermal conductivities is already comparable to that of Bi,Te;
alloys.”* The interconnected material properties present
a challenge in attaining a high ZT for electronic thermoelectric
(e-TE) materials. Specifically, the Seebeck coefficient of e-TE is
typically influenced by the transported excess energy or entropy
to the Fermi level of charge carriers. Consequently, it tends to be
considerably high in insulators characterized by large band
gaps in their electronic band structures. However, the electrical
conductivity is suppressed by such a wide bandgap. The e-TE

© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials with a Seebeck coefficient of ~200 pV K * are typically
optimized to achieve a high ZT or power factor, similar to the
conventional Bi,Te;-based thermoelectric  materials.***
Another difficulty in fabricating devices with such a low Seebeck
coefficient is the large number of p- and n-type pairs required to
achieve a reasonable voltage output, particularly in situations
where there is a small temperature difference, as the case of
harvesting thermal energy from the environment and the body
to power small sensors. Consequently, there is a great need for
new material classes and innovative ideas that can aid in
resolving these issues.*

Recently, the discovery of “ionic thermpower” in electrolytes
has introduced a novel phenomenon for heat-to-electricity
conversion, which are hundreds of times larger than the elec-
tronic Seebeck coefficients found in conventional thermoelec-
tric materials. It was established that the ionic Seebeck effect is
the primary cause of the enormous thermopower, which can
reach several mV K™ '. An electrolyte that is subjected to
a temperature gradient will undergo thermal diffusion of its
internal ions until equilibrium is reached. The ions are finally
reorganized, leading to the formation of an ion concentration
gradient (also known as the Soret effect). This kind of ionic
Seebeck effect can be found in gel electrolytes, inorganic solid
electrolytes, ionic solids, and liquids.'* Among ionic thermo-
electric (i-TE) materials, polymer-based electrolytes have gained
attention due to their solid or gel states, facilitating easier
device manufacturing. Additionally, i-TE materials possess
excellent flexibility and stretchability, enhancing their potential
for practical applications. These i-TE materials can be utilized
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in flexible TE devices to harness power from irregular heat
sources.”” Two primary sources of ionic thermovoltage genera-
tion are Soret effect and thermogalvanic effect. Both effects
involve an electrolyte for ion movement and electrodes for
conducting currents and providing potential. The former effect
is the thermodiffusion of ions that takes place in redox-free
electrolytes. This phenomenon is primarily driven by the elec-
tric double layer (EDL), which forms as ions accumulate at the
electrodes.'® However, the utilization of thermodiffusion among
ionic charge carriers within an electrolyte has been imple-
mented to convert heat into electrical energy, subsequently
storing it in a supercapacitor.®*® The later effect occurs in
thermogalvanic cells based on thermogalvanic process. This
effect arises from temperature-dependent entropy changes,
originating from the electron transfer between redox molecules
and the electrode."®

Recent research on i-TE materials has made significant
progress over the past decade as illustrated in Fig. 1. Shu et al.
reported the fabrication of high-performance, flexible, and
thermally stable carbon-based TE materials with an impressive
power factor (S%¢) of 38.7 uW m ™" K 2. A fabricated TE device
achieved a maximum power density of 79.3 nW cm ™2 under
a temperature difference of 20 K and a cold-side temperature of
300 K, showcasing the potential for cost-effective, high-
performance TE applications.” In the last decade, a novel i-TE
film composed of carbon-based materials, an ionic liquid (1-
butyl-3-methylimidazolium chloride, BMIM:Cl), and a cross-
linker (N,N’-methylenebisacrylamide, MBA) was developed. The
film exhibited enhanced TE performance, characterized by
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Fig. 1 Recent advances in strategic development and application of ionic thermoelectric materials and devices.
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a high Seebeck coefficient (—76.7 mV K™ '), power factor (753.0
uW m~' K~?), and dimensionless figure of merit (Z7) of 0.19 at
383 K. A flexible, 9-legged thermoelectric device measuring 25 x
25 mm?® was fabricated, achieving a maximum power density of
1.32 mW cm ™2 under a 20 K temperature difference. This work
presents a promising foundation for developing high-
performance, flexible i-TE materials and devices."”

Recent advancements in i-TE materials have shed light on
their mechanisms and operational modes within ITESC mate-
rials by Zhao et al.”> 2017. They underscore the application of i-
TE materials in energy conversion devices. Conversely, Wu et al.
2021 studies centered only on ionic conductors with promising
applications in thermoelectric converters.’® Agar and their
colleagues explored thermogalvanic cells, which utilize
temperature-dependent redox pairs in the electrolyte to
enhance the system's thermoelectric efficiency.?” In 2023 Shuai
et al' review examined insightful strategies for thermo-
electrochemical systems and TE performance. These reviews
collectively elucidate the current state of research in the
emerging field of ionic thermoelectrics covering i-TE mecha-
nisms, material characteristics, figure of merit and energy
conversion application. However, these reviews fall short of
adequately highlighting the i-TE materials in energy integrated
devices and ionic thermogalvanic cells based on electro-
chemical energy conversion system. Additionally, they do not
provide a discussion on the utilization of combined ionic
thermoelectric devices, as well as the significant categorization
of theoretical modeling.**>*%?>

This review will begin with a historical overview of i-TE
materials, then move on to the Soret effect (thermodiffusion
effect) and thermogalvanic effect, which serve as the primary
driving forces behind the state of the art regarding the
combined effect of both ionic systems involved in i-TE mate-
rials. The optimization parameters and theoretical models for
TEG (one and two dimensional case) are outlined and examined
in the final section. Consequently, the present review aims to
not only stimulate the development of novel i-TE materials but
also foster collaboration between researchers specializing in
energy storage devices, thermodiffusion, and thermogalvanic
phenomena. By bridging these areas of expertise, we can
significantly advance our understanding of temperature-
dependent ion transport and unlock applications beyond the
capabilities of traditional electronic materials in low-grade
energy harvesting technologies.

2. Historical overview of ionic
thermoelectric materials

The exploration of ionic thermoelectric materials commenced
with the investigation into ion thermodiffusion conducted by
Swiss physicist and chemist Charles Soret (September 23, 1854,
to April 4, 1904). Soret conducted experiments in which sodium
chloride and potassium nitrate were placed in a vertical tube
measuring 30 cm in length and 2 cm in diameter. The tube top
and bottom ends were maintained at temperatures of 80 °C and
room temperature, respectively. He observed that the
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concentration of salt solutions in the tube did not remain
uniform. Between 1879 and 1884, Soret published several
papers (originally in French) documenting his thermodiffusion
experiments. These papers were later summarized and briefly
discussed in English by Platten and Costeséque.® The migra-
tion of ions induced by a temperature gradient resulted in the
generation of a potential difference known as ionic thermo-
power. This phenomenon bears similarity to the Seebeck effect
observed in electronic conductors or semiconductors, but the
underlying principle differs significantly. Ionic thermopower is
primarily governed by the disparity in ion contributions to
conductivity and the transport numbers of cations and anions.
Consequently, when there is a substantial difference in the sizes
of anions and cations, high values of ionic thermopower are
expected. One of the earlies works was carried out by Toshio
Tkeda in the 60s measuring the ionic thermopower of the
combination of ionic solutions based on: Ag, AgNO3; Cu, CuSOy;
Ag, AgNO3; Cu, CuSO,; Hg, HgO, LiOH or NaOH or KOH; Hg,
Hg,SO,, Na,SO, varying the concentration from 0.01 to 2.0
molal.**** Moreover, the first studies of polyelectrolytes in
particular, polystyrene sulfonic acid, were considered for ther-
mocells during that decade.”® In latest 70s, starting to appear
the first works utilising molten salts for ionic thermoelectric
applications, in particular, mixtures of LINO; + AgNO; and
NaNO; + AgNO;.”” However, it was not until 2016 when ionic
thermoelectric materials started to be used as ionic thermo-
electric supercapacitors with the work of Crispin et al?®
reporting the thermoelectric properties of a polymeric electro-
Iyte based on polyethyleneoxide treated by NaOH with an
exceptionally high ionic thermopower up to 11.1 mvV K.
During the last decade, research on ionic thermoelectric
materials has been focused on hydrogels combining different
electrolytes and natural based polymer matrices in particular
cellulose and lignin. Highlights the work reported by Li et al.*®
with a very high ionic thermopower up to 24 mV K" obtained
for oxidized cellulose membranes. For the case of lignin, several
works published by our group have been demonstrated the
enormous potential of lignin-based membranes and hydrogels
in combination with KOH as electrolyte as ionic thermoelectric
materials reaching very high iZT values (0.6-3.5).**° In addition,
the combination of the ionic thermoelectric effect in thermo-
galvanic cells has recently opened avenues for maximising the
thermoelectric performance. A good example of this is the work
published in Science by Han et al.,** where they developed
wearable device consisting of 25 unipolar elements based on
a gelatin matrix modulated with ion providers (KCl, NaCl, and
KNO;) for thermodiffusion effect and a redox couple [Fe(CN)s* 7/
Fe(CN)s®>] for thermogalvanic effect. The device generated
more than 2 volts and a peak power of 5 microwatts using body
heat. In recent years, significant progress on thermoelectric
fiber-based woven devices can be integrated with other func-
tional components to create smart textiles. These components
include moisture sensors, triboelectric generators, wearable
current-voltage regulators, and energy storage units like tiny
supercapacitors. Such integration of i-TE materials represents
a valuable advancement for researchers working on flexible,
wearable thermoelectric materials and devices, as well as their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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novel applications in customized thermal management and
electronic skin.*

3. lonic thermoelectric system

This section explores the essential principles underlying ther-
modiffusion and thermogalvanic systems, giving rise to the i-TE
phenomenon. We explore several phenomenological models to
understand how these effects result in the creation of an electric
potential difference. The principles of heat transfer in i-TE
materials are examined considering recent advancements.

3.1 Basic mechanisms

Electronic (e-TE) and ionic thermoelectric (i-TE) materials both
offer pathways for converting heat into electricity, but their
underlying mechanisms differ significantly. In e-TE materials
(Fig. 2a), the Seebeck effect drives the process. Under
a temperature gradient (AT), electrons (or holes) act as charge
carriers, propelled by an electromotive force.*® Due to their
negative charge, electrons migrate from the hot to cold side,
generating an electric potential difference against the temper-
ature gradient. i-TE materials, however, rely on two distinct
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sources for potential generation: thermodiffusion and the
thermogalvanic effect. Thermodiffusion leads to ion concen-
tration gradients within the material due to AT, creating an
internal potential. Additionally, the thermogalvanic effect
harnesses the temperature dependence of electrode/electrolyte
interactions, resulting in another potential contribution, as
depicted in Fig. 2b and c.*

3.2 Thermodiffusion based system

The thermodiffusion-based system, originating from the Soret
effect that was first discovered by Soret and Ludwig in the 19th
century, plays a pivotal role in i-TE materials. Under a AT ions
migrate from the hot to cold side, leading to concentration
imbalances at the electrodes. To maintain electrical neutrality,
both cations and anions participate in this process within the i-
TE material. However, the distinctive migration speeds (diffu-
sion rates) of these ions are influenced by variations in size,
coulomb force and activation energy, resulting in different
diffusion rates between cationic and anionic ions. This leads to
an imbalance in the concentrations of each type of ion. As
shown in Fig. 2d, a double-layer region containing a Helmholtz
layer and a diffusion layer form close to the electrolyte/electrode
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Fig. 2 Representation of (a) diagram portraying a group of n-type and p-type e-TE materials, (b) thermodiffusive-based i-TE materials, (c)
thermogalvanic-based i-TE material, (d) the internal structure of a thermodiffusive-based i- TE materials in its operational mode, reproduced with
permission.* Copyright 2023, Wiley-VCH. (e) Electric double-layer in supercapacitor, reproduced with permission.** Copyright 2019, Elsevier.
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interface following the Gouy-Chapman-Stern theory.*® The
difference in ion concentration causes a dilute region to be near
one electrode and a viscous region near the other, which results
in different chemical potentials in each electrode's Helmholtz
layer. Thus, an electric potential difference between the two
electrodes is initiated by the chemical potential difference
between the two Helmholtz layers.™

A recent study on i-TE materials, inspired by Soret effect,
draws a parallel intention with e-TE materials based on the
Seebeck effect, as both exhibit the ability to generate thermo-
voltage associated with charge transfer enthalpy. However,
some noteworthy differences are present. (i) Ions can have
charges significantly higher than electrons, depending on their
overall valence state. Electrons have a charge of one unit. (ii)
Unlike ion transport, electron transport is confined within
a particular energy window and follows the Fermi-Dirac
statistical functional. (iii) Electrons are the only carriers that
contribute to electrical conductance in e-TE materials, while
cations and anions are also involved in i-TE materials. Impor-
tantly, (iv) electrons can traverse an external circuit, while ions
accumulate at electrodes, leading to the formation of an electric
double layer (EDL), as depicted in Fig. 2e. This process induces
a transient thermoinduced current, illustrating the charge
stored in the EDL capacitors. By utilizing high-capacitance
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significantly increased, enabling the charging of a super-
capacitor or a battery.* This principle is employed in the design
of ionic thermoelectric supercapacitors (ITESCs), which
combine the functionalities of a thermoelectric generator and
a supercapacitor. The establishment of an equivalent circuit,
combining a TEG and a supercapacitor, is crucial for electronic
material-based thermoelectric applications.**”

3.3 Ionic thermoelectric generators

Ionic thermoelectric generators (ITEGSs) are gaining recognition
for their ability to efficiently recover low-grade waste heat.
However, their practical application is hindered by low power
and energy density. To address this, scientists have developed
innovative ITEGs with enhanced power and energy density,
enabling continuous charging of small devices. By synergisti-
cally combining electrode redox reactions with the thermo-
diffusion effect, these ITEGs demonstrate impressive
thermoelectric conversion properties. This technology holds
commercial promise for powering wearable electronics and
sensors, opening new avenues for advanced ionic thermoelec-
tric devices with improved heat-to-electricity conversion and
storage capabilities.®® Li et al*® introduced a generator mode
where an i-TE cell is directly connected to a load resistance after
voltage build-up. This study reported the three stages ITEG
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a temperature difference (A7), a voltage is generated across the
i-TE material due to the movement of ions from the hot to the
cold side. Power output: once a sufficient voltage is built up, an
external circuit can be connected to the i-TE device. This allows
for the flow of ions and the generation of electrical power.
Reactivation: to maintain consistent power output, the i-TE
device needs to be reactivated. This involves removing the
temperature difference (A7) to allow for the redistribution of
ions within the material, preparing it for the next charging and
discharging cycle.*

Fig. 3b demonstrate a i-TE generator fabricated by coating
a fabric with a PEDOT/DMSO/[EMIM] solution.*® This process
yielded a continuous, 8.78 pum-thick TE layer on the cotton yarn,
contrasting with the discontinuous structure of pristine
PEDOT-coated yarn. This enhancement is attributed to the
PEDOT/DMSO/[EMIM] composite's higher viscosity and surface
tension, preventing yarn penetration. The surface-coated yarn
demonstrated significantly improved flexibility compared to its
pristine counterpart. Moreover, the maximum power factor
(S’0) was optimized to 24.7 uW m ' K 2, a substantial
improvement over the pristine PEDOT value of 0.00684 pW m*
K 2. Researchers have focused on practical application of long-
term power generation of the gelatin-KCI-FeCN**>~ i-TE cell
by designing 3D hierarchical Au/Cu electrodes as shown in
Fig. 3c. The optimized i-TE cell shows high output power and
thermopower, making it a potential electricity source for
sensors and wearable electronics. This watch-strap-styled device
generates 2.8 V and 68 uW when worn on the arm, with a skin
temperature of 30 °C and an environmental temperature of 20 ©
C, resulting in a AT of approximately 10 K. The high output
voltage can drive sensors without additional DC-DC voltage
boosters, as most sensors operate within a voltage range of 1.5-
3.6 V. Compared to other i-TE and electronic thermoelectric (e-
TE) devices, optimized devices demonstrated the output voltage
and power are significantly 127% and 1360% respectively, and
substantially higher than other reported devices. The device can
directly power various electronics, including an LED bulb and
a thermohydrometer. It also harvests heat from the body,
generating a stable voltage of approximately 1.04 V under
a small AT of approximately 3.9 K in an indoor summer envi-
ronment, enough to drive a digital watch without voltage
boosters.* Additionally, a thermogalvanic i-TE module was
developed using guanidine chloride (GdmCl) and urea-
enhanced [Fe(CN)s' /Fe(CN)s>"] electrolytes. A polyamide
frame housed 50 individual units, each containing a graphite
electrode sandwiching the electrolyte. This module generated
an open-circuit voltage of 3.4 V and a short-circuit current of 1.2
mA under an 18 K temperature difference, capable of powering
an LED array. Notably, the device effectively harvested human
body heat, producing a stable voltage of over 0.3 V under
a minimal temperature difference of 1.3 K** (Fig. 3d-f).

3.4 Ionic thermoelectric supercapacitors

Over the last few years researchers reported that ionic thermo-
electric supercapacitors (ITESCs) create a transient thermo-
induced current by forming an EDL at the electrodes through

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the aggregation of thermally diffused ions. Supercapacitors or
batteries can be charged by using high-capacitance electrode
materials, which can greatly increase the accumulated charge.*?
Zhao et al. explored the thermoelectric characteristics of the
PEO-NaOH solution by injecting the liquid electrolyte contained
within a 1 mm thick, 10 mm diameter cylindrical chamber. The
planner surfaces of Au electrodes were deposited on each side,
making direct contact with the polymer electrolyte (see Fig. 4a).
Thermistors embedded beneath the electrodes monitored the
temperature difference (DT). The open voltage induced by Soret
under different AT conditions was explored while subjecting
one side of the device to heating and the other side to cooling,
as depicted in Fig. 4b. The investigation of thermovoltage was
conducted within various AT conditions between 25 to 35 °C.
Five minutes after stabilization at each AT, the voltage was
recorded. The outcomes, showcased in Fig. 4c, reveal a linear
variation of Viyermo With AT. From the linear fit, the researchers
calculated an ionic Seebeck coefficient of +11.1 mV K" for the
PEO-NaOH electrolyte. Using both CNT and Au electrodes yields
similar saturation of Vinermo ¥S. time (Fig. 4c) and the evolution
of Vihermo VS. AT (Fig. 4d). This suggests that electrodes nature
does not influence the results, indicating that the thermovolt-
age is the inherent property of the polymer electrolyte.®
However, in recent years, researchers have found that the
thermopower of ionic thermoelectric devices does not solely
depend on the intrinsic properties of the materials but also
includes a significant contribution from electrode polarization,
necessitating careful consideration and correction in measure-
ments.” This can be expressed as AV = SAT + AVelectrode, Where
AV is the total measured voltage difference, SAT is the ther-
moelectric voltage, and AVjectrode 1S the voltage contribution
from electrode polarization. When an inert metal is used as
electrode, the term of AVqjectrode cOuld be negligible.

3.5 Operational mechanism of ITESCs

Wang et al.* reported the four distinct steps that comprise the
comprehensive operational mechanism of ITESC in Fig. 5a,
making it easier to extract energy from i-TE materials. The first
step of the charging process described, setting up the device for
a AT, which causes an open circuit to produce thermal voltage.*®
The representation in Fig. 5a has a positive thermal voltage
arise at the cold side, primarily due to dominant sodium cation
thermodiffusion. Moving on to the second step, the EDLC is
charged by connecting the electrodes, via a load or a short
circuit. In this stage, an electric current flow from the electrodes
with a higher electric potential to the one with a lower potential,
all while maintaining the AT. The third step involves an equil-
ibration period, involves removing the load and the AT from the
circuit. Importantly, the charges that were stored at the elec-
trode-electrolyte interface did not disappear even as the ions
diffused back. Since there is no thermal voltage generated,
stored charge at electrodes controls the ensuing open circuit
voltage at AT = 0, which should be observed in this step with
a sign opposite to initial thermal voltage in step I. Finally, the
fourth step involved the loss of stored charge due to the EDLC
discharging through an external circuit load resistance. Once
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(a) Illustration of the ITESCs device (left) featuring two distinct electrodes (right, Au and CNT), along with the reaction occurring in the

solution. (b) Recorded Vihermo and AT during the heating process using the Au electrode. (c) The observed Vihermo While heating with either CNT
or Au electrodes. (d) Vinermo at various AT values using CNT electrodes (black solid squares) and Au electrodes (red open squares), reproduced

with permission.?® Copyright 2016, Royal Society of Chemistry.

the charging process is finished, the DT is no longer necessary
and is only needed for stages I and II. After completing a full
cycle, brings the ITESC back to its initial state.”>** The repeated
cycling yields highly reproducible charge-discharge current
patterns, as illustrated in Fig. 5b. These observations under-
score the stability of the device and suitability for harvesting
energy from fluctuating heat sources. This characteristic also
makes it possible to store and use energy without a constant
heat source. Such a device is particularly well-suited for use with
intermittent heat sources like solar energy, allowing capacitors
to charge during the day and discharge during the night.”®

3.6 Stored charge and energy

To understand the charging mechanism of the ITESC, Dan Zhao
et al. investigated the relationship between the stored electrical
energy in the supercapacitor and the ionic thermopower,
signifying the thermal voltage generated by the electrolyte. This
involved charging and discharging the ITESC under different
AT and subsequently calculating the energy stored in the
supercapacitor by integrating the current over time across
a load resistance."

E= %C(ATS)Z 1)
where C is the capacitance, S is ionic thermopower and AT is
applied temperature gradient. Fig. 5c illustrates Dan Zhao et al.
findings, that the measured stored energy (depicted as red dots)
exhibits a quadratic increase in relation to the AT (indicated by
the red dashed line). Additionally, they plotted the stored energy
obtained in the device when charged by an external power
supply, against the charging potential (Fig. 5c by the blue line

14128 | Chem. Sci., 2024, 15, 14122-14153

and triangles) and overlaid it with the thermally charged curve.
Their investigation demonstrated that the increase in both the
generated and stored electric energy follows a quadratic rela-
tionship with the ionic thermopower. The relationship was
directly linked to the charging potential, as expressed by the
equation V = AT-S.">*

3.7 ITESCs for integrated energy conversion-storage

Drawing inspiration from the work of Xinyu Yang et al.,* they
proposed a model for understanding the charge-discharge
behavior of an ITESC based on an equivalent circuit (as shown
in Fig. 6a). Within this framework, the thermal voltage arising
from the DT acts as the driving force. During stages i and ii, the
absence of voltage signals points towards an equilibrium state
within the device, with electrons and holes balanced at the
positive and negative electrodes.” It is crucial to note that
a temperature gradient of 0 K would result in minimal redis-
tribution of Na" ions within the electrolyte interface. Addition-
ally, without a counterbalancing charge attraction, electron and
hole movement across the interface would not be expected.
When the external circuit remained disconnected during stages
i and ii, limited ion transport resulted in an inherent charge
imbalance. This imbalance generated a potential difference
across the positive and negative electrodes, measurable as the
open-circuit voltage (Fig. 6b). Analysis revealed a linear rela-
tionship between this voltage and the applied DT, with the
highest recorded voltage of 0.45 V achieved at ~30 K DT.
Further investigation conducted a series of calculations to
evaluate the quantity of charge transferred during stage iii. The
results presented in Fig. 6c¢ illustrate a nearly linear correlation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Operation principle of ITESC (a) schematic mechanism: (i) AT generates ionic thermal voltage, (ii) thermoelectric charging, (iii) AT removal
for ion equilibrium, (iv) discharging. (b) Charging/discharging with periodic heating, reproduced with permission.** Copyright 2017, Wiley-VCH.
(c) Depicts the energy density of the ITESC compared to both AT and electric charging methods. The red open circles represent the data for the
ITESC, while the blue open squares represent electric charging. The dashed lines show theoretical predictions based on thermal voltage (Vinermor
dashed red line), electric voltage (Veectric, dashed blue line), and effective voltage (Vegfective: dashed and dotted black line), reproduced with

permission.?® Copyright 2016, Royal Society of Chemistry.

between the amount of charge and the loop, contingent on the
DT. However, discharge capacity suffered a notable decline due
to internal resistance contributing to a voltage drop. Xinyu Yang
reported a more comprehensive understanding of the energy
consumption dynamics during both charging and discharging
processes, to assess the charge-discharge ratio in relation to AT
and voltage. Fig. 6d showcases the remarkable consistency of
the charge-discharge ratio across va