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Abstract: Thermo-electrochemical cells (or thermocells) represent a promising technology to convert
waste heat energy into electrical energy, generating power with minimal material consumption and
a limited carbon footprint. Recently, the adoption of ionic liquids has pushed both the operational
temperature range and the power output of thermocells. This research discusses the design challenges
and the key performance limitations that need to be addressed to deploy the thermocells in real-world
applications. For this purpose, a unique up-scaled design of a thermocell is proposed, in which the
materials are selected according to the techno-economic standpoint. Specifically, the electrolyte is

13+/2* redox couples characterized

composed of EMI-TFSI ionic liquid supplemented by [Co(ppy)
by a positive Seebeck coefficient (1.5 mV /K), while the electrodes consist of carbon-based materials
characterized by a high surface area. Such electrodes, adopted to increase the rate of the electrode
reactions, lead to a thermoelectric performance one order of magnitude greater than the Pt electrode-
based counterpart. However, the practical applications of thermocells are still limited by the low

power density and low voltage that can be generated.

Keywords: thermo-electricity; thermoelectric generator; thermo-electrochemical cell; ionic liquid;
scale-up

1. Introduction

The growing recognition of climate change and the need to reduce greenhouse gas
emissions have fueled clean energy investments in recent years at local, national, and
global scales (see, e.g., the recent adoption of the EU’s Green Deal Industrial Plan) [1].
A successful exit from fossil fuel dependency toward carbon-neutral and energy-self-
sufficient societies requires substantial efficiency improvements in today’s renewable energy
technology and diversification of energy sources. Ambient and waste heat are one of the
most ubiquitous renewable energies and secondary or residual energy that can be harnessed
for energy efficiency improvement. Indeed, 70% of consumed primary energy is said to
be ‘wasted” as heat [2,3] from electronic devices (integrated circuits, phones, computers,
etc.), running vehicles, in-door buildings, etc. [4]. Various waste-heat recovery technologies
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exist depending on the size and temperature range of the waste heat, the organic Rankin
cycles and district heating from larger industrial waste streams [5,6], and thermoelectric
generators (TEGs) for smaller and mobile sources. For the latter, the transportation industry
is arguably the most attractive sector for the use of TEGs [7], in particular the automotive
sector, where competition towards ever-cleaner cars is very dynamic and encouraged by
governments. About 70% of fuel energy is lost as waste heat in automobiles via engine
exhaust and coolant [8]. Automotive fuel efficiency can be increased by the conversion of
waste heat into electricity. With the transition to electric vehicles, TEGs also need to transfer
their implementation from conventional vehicles to hybrid and full electric vehicles, where
thermal management involves the cooling of batteries, power electronic systems, and the
motor [9].

Thermoelectric (TE) materials (mostly made of inorganic semiconductors) are capable
of converting heat into electricity (the Seebeck effect) and have been used to recover
low-grade waste heat since the 1950s. However, its market growth has stagnated for
decades due to the low efficiency of TE modules. With a recent advancement in nano-
structuration technology and the development of new materials, remarkable improvements
in the thermal-to-electric energy conversion efficiency (ZT) have been achieved, although
their efficiency and size remain far below those of other heat engines (e.g., geothermal,
Rankine cycles, etc.). Other techno-economic hurdles include the high cost of nanomaterial
manufacturing, the difficulty of maintaining uniform material properties, and the use of
scarce and/or toxic raw elements (Bi, Te, Se, Sb, etc.), preventing their mass deployment
in high-impact market sectors, including buildings and construction (solar panels, smart
windows, etc.), data centers (cooling systems), and transport (e.g., internal combustion
engines and hybrid vehicles), to name a few.

Recently, unconventional TE materials such as organic polymers and gels, nanostruc-
tured carbon materials, and complex liquids (electrolytes with dissolved ions) [10] have
emerged as alternative solutions to overcome the bespoke barriers. Despite their low electri-
cal conductivity and low operational temperature range, their resource efficiency (requiring
abundant and non-critical elements and facile and low-cost synthesis methods) and high
shape-versatility make these new TE materials attractive, especially for low-power/low-
temperature TE devices with complex shapes. Furthermore, liquids have the advantage of
ensuring uniform and stable thermoelectric performance across a large material volume,
making them a credible candidate for large-scale applications.

To convert heat into electricity, the thermoelectric liquids are used in a so-called
thermo-electrochemical cell, or thermocell. In its simplest form, a thermocell is a ther-
mally insulating container filled with an electrolyte with dissolved redox couple salts.
Two sides of the thermocell are sealed hermetically with conducting electrodes, across
which a temperature gradient (heating and cooling) is applied. The dominant phenomena
for the generation of electric potential and current are the thermogalvanic and Ludwig-
Soret effects.

The thermogalvanic effect describes the temperature-dependent oxidation and reduction
potentials of dissolved redox species when they react with the electrodes (see Equation (1)).

A+ne” < B 1)

The oxidant A (and reductant B) give to (and take from) n-electrons the electrodes
to generate an electrical current from the thermocell. The temperature dependence of the
redox reaction potential creates a voltage difference (AV) across the thermocell, which is
related to the reaction entropy difference, AS,..

AV ASye

TAT T e

Se = (2)

ASy. is composed of the redox-specific standard reaction entropy and Nernst’s term [11,12].
The thermoelectric voltage can be further boosted by the Ludwig-Soret effect when the liquid
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mixtures contain multiple types (size and charge signs) of molecules and particles. As each
particle/molecule responds differently to a temperature gradient, an additional electric potential
difference can be generated [13].

Despite the difference in the physical/chemical origins of the voltage creation between
solid thermoelectric materials and liquid thermogalvanic systems, it has become customary
to use the term Seebeck coefficient (Se) for describing the voltage-to-temperature ratio as
indicated in Equation (2). The most widely studied liquid-based thermoelectric generator
was based on the Fe(CN)¢3~/4~ (ferro/ ferricyanide) redox salts dissolved in water and
was first reported in 1986 [11]. Ferro/ferricyanide and many other redox couple combina-
tions exhibit S, coefficient values above 1 mV /K, an order of magnitude larger than their
semiconductor counterparts. However, the presence of water limited the use of thermocells
to below 100 °C. The latest advancements in ionic liquids (ILs) with fusion points below
100 °C and boiling points above 200 °C and in nanostructured electrodes are pushing both
the operational temperature range and the power output from liquid TEGs [12,14]. It
should be noted that while the fundamental mechanisms of AS,. production can be, to a
good extent, described by the Born model and its phenomenological extensions [15] in
weak electrolytes, the theoretical foundation of the phenomena in strong electrolytes such
as ionic liquids is still lacking [16].

Several examples of small, laboratory-scale prototypes based on TE liquids are re-
ported, reaching 12 W/m? at AT ~80 °C with water mixed with Fe(CN)¢3~/4~ redox salts
in a thermocell equipped with nanostructured electrodes [14,17,18]. In thermocells based
on ionic liquids/solvent mixtures, a power output of ~0.8 W/m? was reported with Co3*/2*
redox salts and AT of ~70 K, with a corresponding Se value around 2 mV /K [12].

The biggest challenges in increasing the efficiency of IL-based thermoelectric genera-
tors are the solubility of redox salts and the high viscosity (at low temperatures and protonic
ILs), together with the low rates of electrode reactions that hamper thermocells” power
output. To boost the power output, one of the most promising solutions is the structuration
of the electrodes to increase the specific surface area [19-21]. In early research, platinum
group metals (PGMs), such as platinum and rhodium electrodes, were used because their
high catalytic activity minimized charge transfer [12]. However, the prohibitively high
cost of platinum has necessitated the development of more commercially viable electrode
materials. In this regard, carbon-based electrodes are becoming increasingly important as a
promising and affordable alternative to platinum electrodes. Nanostructured carbon mate-
rials, such as single (SWNT) and multiwalled carbon nanotubes (MWNT) and graphene,
have a large surface area, which helps in increasing the number of reaction sites [12,22].

From a techno-economic standpoint, given the abundance of raw materials found in
liquid thermoelectric systems combined with their relatively low electric conductivity and
operational temperature range (compared to, e.g., BipTes-alloy semiconductors) [23-25], their
use becomes most attractive in large-size/low-power thermoelectric generation devices.

The mission of this research is to pave the way for the adoption of thermo-electrochemical
energy harvesting systems based on ionic liquids in large-scale applications. To assess the
scalability of laboratory-scale thermocells, an up-scaled design conceived to fulfill the require-
ments of industrialization is here reported. A unique up-scaled prototype of a thermocell
containing EMI-TFSI ionic liquid supplemented by Co®*/?* redox couples was assembled. To
enhance the effective surface area of electrodes without introducing expensive solutions, cost-
effective carbon-based materials were tested in combination with inert and low-surface-area
coated materials to evaluate their effect on electrical power extraction.

2. Experimental
2.1. Design of the Thermoelectric Cell

The upscaled thermoelectric cell was conceived following the cold-over-hot orientation
condition (see Figure 1a), which promotes natural convection and significantly increases
the performance of the system thanks to the improved mass transport [12]. The cell is
characterized by a sandwich-like structure where the body of the cell is placed between
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the two electrodes, while Al-alloy hot and cold plates close the stack and manage the heat
exchange. PEEK was selected as the material for the body of the cell since it is chemically
inert and capable of operating at temperatures up to 250 °C. The cell body was designed as
a network of parallel, long, thin channels to be filled with the electrolyte (see Figure 1b). The
filling of the channels was managed by a common fill port when the cell was completely
assembled. The filling was performed by means of a peristaltic pump connected to the fill
port in a closed loop. Such a strategy makes the process cleaner and safer and allows for
the electrolyte to be cycled to eliminate the air bubbles being created in the channels.

(a) (b)

Cooling channels ) Channels for
Electrical electrolyte

connector

Holes for fasteners

Carbon sheet

IL + Redox "
PEEK s Ti/Pt current
- collector
Al-alloy plate ™ Mica sheet
S Fill ports

Figure 1. Thermoelectric cell used for the tests. (a) cross-section and (b) detail of the cell body.

Platinized titanium sheet (Ti/Pt) was selected as the current collector thanks to its
conductivity, corrosion resistance, and cost effectiveness. Such a solution consists of a
titanium sheet 1 mm thick coated with platinum (0.5 mm) on both sides. The tailored
process endows the coating of a relatively high roughness that contributes to enhancing the
electrode surface area. However, the process ensures that any potential exposed Ti area
is oxidized to give chemical resistance to the substrate. This is a safety-first approach, as
the process used for the coating ensures that the whole of the substrate is covered. Two
carbon-based sheets were placed in contact between the PEEK cell body and the electrodes
to enhance the electrode’s effective surface area. For electrical insulation purposes, a
0.2 mm thick sheet of mica was placed between the Ti/Pt electrodes and the two external
aluminum alloy plates. The 12 mm thick cold plate was designed with a set of embedded
cooling channels connected to a closed-loop water cooling circuit.

2.2. Materials Selection

A wide range of ionic liquids with a wide electrochemical stability window (ESW),
good ionic conductivity (o), a wide thermal range for the existence of the liquid phase, and
the ability to dissolve redox couples were thoroughly screened. In this study, 1-Ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-TFSI) was finally selected as
the best compromise between the properties. Among the many room-temperature ionic
liquids that are commercially available today, EMI-TFSI presents the best combination of
favorable thermo-electrochemical features. As such, EMI-TFSI is one of the most widely
used ILs in electrochemical applications such as supercapacitors and batteries [26-28].
Responding to a high demand, EMI-TFSI is being produced in large quantities at an
industrial scale, giving further advantage from the techno-economic point of view. The
main physical-chemical properties of EMI-TFSI are reported in Table 1.

Table 1. Relevant properties of the EMI-TFSI ionic liquid.

ESW 0@25°C Tmelting Tcrystallization Tdecomposition
46V 9.4mS/cm 23°C —41°C >300 °C [29]

Among the various commercially available redox couples examined, cobalt com-
plexes with pyridine chelating ligands (e.g., bpy (tris(2,2-bipyridine)) and ppy (tris(2-(1H-
pyrazol-1-yl)pyridine) give the highest Seebeck coefficient and power output, as well as
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prolonged temperature and chemical stability [30,31]. Between the two Co redox couples,
[Co(ppy)]**/2* was chosen for the present study for its higher availability (and thus less
costly). Therefore, the ionic liquid-based electrolyte used in the prototype is composed of
EMI-TFSI with a concentration of 30 mM of [Co(ppy)]**/?*redox couple. The diffusion coef-
ficient was measured by following the procedure reported in the Supplementary Materials.
The diffusion coefficient of the considered electrolyte was 1.7 x 10~7 cm?/s at ambient
temperature and 2.7 X 10~7 ecm?2/s at 120 °C.

It is well known that the surface properties of the electrode material can influence the
electrochemical interface between the electrode and the electrolyte in the cell, so that the
current density generated by the device can depend on the effectiveness of the discharge
process of the redox couple at the electrodes. In this view, carbon-based electrodes are
considered a promising solution since they are characterized by a high surface area, which
increases the number of reaction sites. The four carbon-based materials considered in this
research were selected because they represent a cost-effective solution already existing on
the market and are largely used in other electrochemical systems such as fuel cells, where
the maximization of the surface area and catalytic activity of the electrodes is of fundamental
importance to obtaining high-output electric power. The first electrode material is a woven
carbon cloth (hereinafter CC) purchased on FuelCellStore. In addition, two different types
of carbon papers produced by SGL Carbon were considered: (i) Sigracet® 39AA (hereinafter
39AA), a non-woven plain carbon paper fully graphitized that has no PTFE treatment,
and (ii) Sigracet® 39BB (hereinafter 39BB), which is characterized by a bilayer structure
consisting of a macro-porous backing material (carbon fiber paper support that integrates
a 5% wt of PTFE) and a microporous carbon-based layer (MPL), which contains 20 to
25 wt% PTFE. The fourth electrode consists of Sigracet® 39BB modified with a 15 pm thick
coating that contains a fluorinate binder and a high surface area Vulcan XC-72 carbon black
(hereinafter 39BB + V).

The SEM analysis was performed on the carbon materials to observe the surface
morphology at high magnification. CC is a woven material made of carbon fibers with
a diameter between 7.5 and 11.5 um (Figure 2a,b). The 39AA material shows a random
network of straight carbon fibers with diameters between 6 mm and 8 mm (see Figure 2¢,d).
The spaces between the fibers are filled by flakes-type carbon particles, which also cover
the fibers. These particles derive from the manufacturing process, where the raw paper
is impregnated with a carbonizable resin with the addition of carbon fillers before being
cured and graphitized. Moreover, 39AA and the macro-porous backing material of 39BB
(Figure 2e,f) are characterized by a similar morphology since they are produced with the
same process. However, the 5% wt amount of PTFE in 39BB is clearly visible at higher
magnification. On the other side, the MPL appears compact but is largely characterized
by deep fractures (Figure 2g,h). The coated side of 39BB + V is shown in Figure 2i,] where
the Vulcan-based coating surface appears similar to the MPL, but it is thicker because the
Vulcan coating was superimposed on the microporous layer.

The composition of the materials impregnated with the IL-based electrolyte was char-
acterized by X-ray photoelectron spectroscopy (XPS). Figure 3 illustrates the electronic
states of elements exposed to the surface of carbon-based electrode materials. According
to Figure 3, there are no significant differences in the elements identified on the surfaces
of the four spent specimens investigated. The XPS spectra show mainly the presence
of graphitic carbon, fluorine, oxide, nitrogen, and sulfur. The latter two varieties come
from the interaction with the ionic liquid; in fact, they reflect the binding energy associ-
ated, respectively, with organics containing nitrogen at around 400.4 eV [32] and sulfur
compounds at around 167.2 eV [33,34]. Fls has a dominant peak at 687.2 eV associated
with halogenated compounds [35] related to the ionomer used for electrode preparation,
which contains fluorine. However, the impregnation with EMITFSI also contributes to
determining the fluorine peaks.
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Figure 2. SEM images of carbon-based supports at 100x and 1000x magnification. (a,b) CC,
(c,d) 39AA, (ef) 39BB macro-porous backing material, (g,h) 39 BB MPL, and (i ) coated side of
39BB + V.

39BB

__,.__-ﬂ‘\———"&.-—-\____,{
r39AA

CcC

1200 1000 800 600 400 200 O
Binding Energy / eV

Counts / a.u

Figure 3. Results of X-ray photoelectron spectroscopy measurements performed on the carbon-based
materials used as electrodes in the thermogalvanic cells.

The carbon-based materials were also characterized in terms of their electrochemical
surface area (ECSA) and electric resistivity. ECSA measurements were performed following
the procedure detailed in the Supplementary Materials. The electric resistivity of electrode
materials is measured by the determination of the V-I curve. To do that, for each material, a
disk with a diameter of 6 mm is placed in a cell composed of two gold-coated electrodes
to reduce contact resistance, and its thickness was evaluated using a micrometer. The
electrical resistance of the sample was measured using a linear potential ramp from 0 V
to 0.5V, and the current was recorded accordingly. The resistance was calculated using
Ohm’s law and corrected considering the contact resistance of the measuring setup. Table 2
summarizes the characteristics of the materials considered in the present study.
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Table 2. ECSA and electrical resistivity of the carbon-based materials used as electrodes in the
thermo-galvanic cell.

Thickness ECSA @ T,,,;,/T=120°C  Electrical Resistivity

Material MPL (um) (/em?) (mOhm.m)
CC No 330 3.03/2.71 49
39AA No 280 2.71/1.47 5
39BB Yes 315 5.46/3.41 3
39BB + V Yes 330 4.33/3.04 46

2.3. Thermoelectric Test Setup

The thermoelectric test bench is depicted in Figure 4. The upscaled thermoelectric
cell was placed on an electric heater plate in a cold-over-hot orientation. The temperature
of the cell was monitored and recorded by two pairs of thermocouples, one on the hot
plate and the other on the cold plate. To vary the temperature on the hot plate, the power
of the heater was modulated, while the temperature on the cold plate was modified by
changing the temperature of the cooling water. The average value of the temperature
difference between the hot and cold plates (AT) is measured during each test. A series
of tests was performed to fix the external condition of the cell when the temperature of
the hot and cold plates stabilized after changing the operating conditions. The electrical
measurements are performed from the two current collectors of the cell, one on the hot
side and the other on the cold side, which are connected to a potentiostat/galvanostat test
system, IVIUM—VerteX, controlled via the IviumSoft© software release 4.1098.

Tee/Ip TCP/IP

Host computer

Heater

Temperature Therrmacell IVIUM — Vertex

acquisition module ] ) test system
Electrical

Thermocouples connection

Water cooling pipelines

Figure 4. Setup for thermoelectric testing.

The tests on the prototype were performed at constant current (galvanostatic condi-
tions) by changing the current every 10 s from 0 mA to the maximum value, which reduces
the voltage of the cell to zero (see Figure 5a). The voltage of the cell was measured at the
end of each 10 s step, which is defined as a reasonable time to obtain a stable value without
extending too much the duration to reduce as much as possible temperature variation on
the cell plates during the test. The measurements of the voltage and the current were used
to evaluate the open circuit voltage (OCV) and the maximum power (Pmax) at different
temperatures and materials. The power is computed by multiplying the current and the
voltage, and the Py is obtained by evaluating the maximum of the curve obtained from
each test (see Figure 5b). Apart from the testing carried out considering the different carbon
materials, the cell performance was also evaluated with the Pt coating as the sole elec-
trode. This cell, identified as “void”, was then used as a benchmark to assess the boosting
introduced by high-surface-area electrodes.
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Figure 5. Example of the potentiostat/galvanostat test procedure adopted during the campaign:
(a) current steps of 0.1 mA, 10 s long; (a,b) evaluation of power and max power during tests.

3. Results and Discussion

The cell configuration that is representative of a unit for large-scale applications is
here represented by a stand-alone system characterized by a large surface-to-volume ratio
to optimize the functional thermoelectric surface. To increase the power, it is desirable
to have a large cell cross-section area as well as a large electrode surface area. It is well
known that thermal convection in thermoelectric cells, apart from increasing mass transfer,
also increases heat transfer. Consequently, the large cross-section of the upscaled cell
combined with convection would lead to a large thermal exchange, which would reduce
the energy efficiency. Therefore, the thermal exchange between the electrodes, which took
place between the materials of construction and electrolyte, needs to be minimized. This
aspect, together with the need to enhance the mass transport properties of the system,
represents the main challenges to be tackled in conceiving the architecture of the up-scaled
cell. The design approach here proposed, which consists of a network of parallel, long,
thin channels, allows for reduced thermal transport by convection because each channel,
being separated by insulating material, cuts down on the formation of large convection
eddies while still maintaining a large portion of the electrode surface area available for
power generation.

The thermoelectric performance of the upscaled thermocell here proposed was as-
sessed by measuring the output of the cell as a function of the differential temperature
between the hot and cold sides (AT). In particular, the tests aimed to quantitatively measure
the impact of the carbon-based electrodes on the generated power. The OCV and the
Pmax as a function of AT are reported in Figure 6, where the power density (Pmax/S) is
calculated considering the active area of the cell, which is defined as the surface of the
electrode contained by the O-ring. Figure 6a reveals that the different electrodes do not
influence the OCV measured at different temperatures. The dispersion of results at a
defined AT can be associated with small temperature variations in the system. Furthermore,
the OCV characteristic of the ‘void’ cell does not change when a carbon-base electrode is
introduced into the cell. This clearly demonstrates that the additional electrodes do not
affect the potential of the thermocell. However, this potential difference represents an
equilibrium property of the system; during cell operation, the maximum power output is
also limited by various overpotentials within the system. Concerning the ohmic drop, the
internal electrical resistance of the cell is not affected significantly by the presence of the
carbon-based electrodes due to their reduced thickness and low resistivity. On the other
hand, the curves in Figure 6b reveal a trend: the power output clearly depends on the
ECSA of the electrodes. In the case of carbon-based electrodes, the greater ECSA increases
the number of reaction sites, leading to faster electron transfer kinetics from the redox
couple, reducing the charge transfer overpotential, and enhancing the maximum generated
power. Specifically, the 39BB electrode, which exhibits its MPL at the interface with the
electrolyte, introduces a boost factor of about 3 with respect to its counterparts without
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MPL (CC and 39AA). The modification of the 39BB sample with Vulcan XC72 carbon does
not entail an improvement in the thermoelectric performance. The Vulcan-based material
increased the electric resistivity of the materials but was not able to improve the access
of the redox couple inside its porous structure. In fact, the Pr,x measured with 39BB +
V results slightly reduced with respect to the 39BB counterpart, perfectly in line with the
relationship between the ECSAs.

(a) (b)
200 | 70 |
. Voud Void
0O 39AA 0] 60 —39AA
occ s | —cC ]
< 39BB+V 5 B —39BB+V
150 11 3988 L —.50 | |—398B T I/I
) of
- oY €
= o %4 = 40
= 100 o £
3 0 2 5
o @DQQ X
£
ad & 20
50 o
o8q”
< 10
ol ‘ 0! :
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
AT[°C] AT[°C]

Figure 6. Thermoelectric test results obtained with different electrodes: (a) OCV and (b) Pmax/S as
a function of the AT between the hot and cold sides. The Pmax /S curves are obtained by fitting the
experimental data using a polynomial regression.

The practical applications of thermocells are limited by the low voltage that can be
generated. Although the maximum potential of a single cell will be limited by the Seebeck
coefficient and the temperature gradient, the voltage of the future liquid-based TEG can
be maximized, as is done in solid semiconductor-based TEG modules, where p-type and
n-type semiconductor legs are joined electrically in series and thermally in parallel. There is,
however, a general lack of chemically and thermally stable redox species that are soluble in
ILs and possess large negative Seebeck coefficients. A possible candidate is Fe(CN)g>~/4~
(ferri/ferrocyanide). A few groups have reported chemical methods to synthesize organic
ferricyanide from potassium-ferricyanide salt [29,30]. The reported Se coefficient in 1-
butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide (an ionic liquid similar
to the one used in this study) is —1.37 mV /K, very close in magnitude to the 1.5 mV /K
of the [Co(ppy)]>*/?* salts examined in this study. Following the steps proposed by Jiang
et al., we were able to dissolve Fe(CN)s>~ in EMIM-TFSI (by replacing the K* ions by
EMIM+), then electrochemically reduce Fe(CN)g>~ into Fe(CN)¢*~. However, we could not
obtain a stable signal for several days. So further research should be devoted to this field
of investigation.

4. Conclusions

This study demonstrates the feasibility of building a thermogalvanic cell at a scale
compatible with the construction of a thermoelectric generator. The design challenges
and the key performance limitations that need to be addressed for scaling up such a
system in real-world applications are discussed. In particular, this paper tackles one of
the main hurdles that hampers the performance of thermocells, which is the low rate of
electrode reactions. For this purpose, the effective surface area of electrodes was enhanced
to considerably increase the number of reaction sites at the electrode/electrolyte interface.
Cost-effective carbon-based materials characterized by a large electrochemical surface area
were used to evaluate their effect on the generated electrical power. The results of the
experimental campaign show a clear dependence of the power output of the cell on the
electrochemical surface area of the electrodes in contact with the electrolyte. Consequently,
the cells integrating the carbon-based electrodes show thermoelectric performance far
better with respect to the Pt electrode-based counterpart.
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However, the design and construction of efficient thermogalvanic electric generators
for industrial heat recovery require both fundamental studies and further development of
the design. In particular, the development of the following solutions is highly required:

e  Jonic working fluids are able to resist at very high temperatures (>300 °C), enabling in
this way the possibility of exploiting higher temperature gradients.

e Redox couples have high mobility in the working fluid and electrolyte—electrode
interface.

e  Electrodes with an increased electrochemical surface area could be obtained by tailor-
ing the composition of the microporous layer and selecting active carbon with a pore
distribution compatible with the size of the molecules composing the redox couple
and the electrolyte.

o The improved system design is able to maximize the temperature gradient between
the cold and hot sides of the generator.

e  Optimized heat transfer between the heat source and the hot side of the generator
(and conversely between the heat sink and the cold).

All these requirements need to be combined with the general stringent constraints for
the selection of materials to be used for industrial applications. In particular, the system has
to be sustainable from an environmental and economic perspective; the used materials have
to be easily recyclable, not toxic to human beings or the environment, and not based on
the use of critical raw materials. From this point of view, the identification of a sustainable
alternative to the cobalt-based redox couple would represent a further major step due to
the concerns related to cobalt environmental toxicity and reduced availability.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en17010001/s1, Figure S1: Voltammetries with rotating disk
electrode at ambient temperature and 120°C (left). Relationship between current and square root of
the angular velocity of the RDE (right). Reference [36] are cited in the supplementary materials.
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