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ABSTRACT

A large amount of low-grade waste heat from the industry has usually been discarded. In order to recover the
huge amount of waste heat for a sustainable society, extensive efforts have been made to develop high-
performance and low-cost thermoelectric generators based on the Seebeck effect of solid semiconductors. In
addition, liquid-based heat-to-electricity systems have been developed and demonstrated a good potential for
practical applications. This review aims to provide an overview of the newly developed liquid-based
technologies for waste heat recovery, including thermo-electrochemical cells (TECs), thermally regenerative
electrochemical cycles (TRECs), and thermo-osmotic energy conversion (TOEC) systems. The working
principles of these technologies will be introduced and the key factors affecting their performance will be
discussed. A perspective to discuss the current challenges and application potential of each system and future
research directions will be provided.
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1. Introduction

A huge amount of low-grade heat (<150 °C) from solar thermal, geothermal and industrial
facilities is heavily wasted every year. For example, the rejected energy accounted for 67.5% of
the total energy consumption of US in 2019.! Even worse, a large proportion of waste heat is
low-grade heat.? For example, 92.4% of total waste heat from power plants was below 150 °C in
2007.3 Also, all of the waste heat in food processing, and commercial and building sector almost
belong to the low-grade waste heat.? In the UK, thermal energy accounts for 72% of industrial
energy consumption and low temperature process accounts for 31%.* Thus, a large amount of
waste heat is discarded without utilization. How to effectively and economically recover the low-
grade heat is critical to improve the overall energy efficiency and alleviate heat island effects for
a sustainable future.

There are two main methods for converting the low-grade waste heat into electrical power.
The first one is based on the Seebeck effect of solid semiconductor, or even conducting polymer
electrodes (PEDOT-PSS).>® The other one mainly relies on the liquid-based entropy change
system like temperature-dependent redox couple to use heat as a driving force for power
generation. In addition to these two main methods, some researchers recently developed
electrochemical sodium heat engines for thermal-to-electric energy conversion, which are on the

basis of phase change reactions.’!°

The Seebeck effect was discovered by Thomas Johann Seebeck in the early 19th century. It
was found that the magnetic field was generated when connecting two different metal wires with
different temperatures being applied to the two nodes. It was explained as thermoelectricity
(Seebeck effect). This effect depends on the different thermal responses of different materials,

which create potential difference. For example, more holes are formed at the hot end of p-type
3



semiconductor, creating a hole gradient. As a result, holes tend to diffuse from the high
concentration region (hot end) to the low concentration region (cold end) inside the material,
establishing a potential difference. When a balance is reached between potential caused current
and thermal induced current, a stable voltage can be formed between the two ends. However, the
temperature induced voltage of typical thermoelectric (TE) is generally at pV K! level,® which
is much lower than that of thermo-electrochemical cells (TECs) (mV K™'). Moreover, the
generated current density 1s small, leading to a low power density. For example, the reported
power density of flexible inorganic Ag>S-based thermoelectric semiconductor material is only
0.08 W m?, and the power density of an organic thermoelectric devices is even 2 orders of
magnitude lower.!'For comparison, the power density of liquid-based system such as Cu/Zn -
TRAFB (copper/zinc bimetallic thermally-regenerative ammonia-based battery ) is much higher
(280 W m™2).° Additionally, the thermoelectric semiconductor materials require advanced
manufacturing process, resulting in a high cost and difficulty in large scale commercial
application. The average cost of thermoelectric semiconductor materials is hundreds to thousands
of dollars per kilogram, contributing to 50%-80% of the total cost of the semiconductor-based
thermoelectric devices.!*»'* Nowadays, some scientists focus on the thermal photovoltaic
conversion to harvest waste heat. The electrical power generated from a broadband blackbody
thermal source was demonstrated with a maximum value, i.e. 0.61 W m™ with a temperature
difference of 150 °C.!' The optimization in power density, efficiency and figure of merit is
inherently constrained (which will be discussed below in detail) as the intensive properties such

as Seebeck coefficient, thermal conductivity and electrical resistivity are often coupled together.



For comparison, the liquid-based system avoids these problems and introduces more possible

improvement approaches.

The liquid-based systems rely on redox couples to carry charges in the electrolyte. Several
liquid-based novel systems have been recently developed to harvest heat including TECs
(thermo-electrochemical cells), TRECs (thermally regenerative electrochemical cycles), thermal
regenerative ammonia-based batteries (TRABs), DTCC (direct thermal charging cell) and so on.
These cells or cycles are based on early thermogalvanic cells (TGCs) and exhibit the features
and merits of galvanic cells such as metal-ion batteries. Specially, TOEC (thermo-osmotic energy
conversion) is based on the large salinity differences to generate power, which requires a robust
membrane to create a pressurized flux (by a temperature difference) to drive a turbine for electric
power generation. TRECs, TOEC, TRABs and DTCC show obvious advantages over other types
of thermal-to-electric energy conversion technologies. An excellent review by Yang et al. '? has
summarized the developments in TRECs for low-grade heat conversion. However, the current
literature is lacking a systematic review on various liquid-based systems for thermoelectric
energy conversion. In this article, we aim to provide a timely literature review on various liquid-
based systems for converting low-grade heat into electric energy. Not only TRECs, but also other
technologies, such as TOEC, TRABs and DTCC are included. The working principles of
different systems are introduced. Their performance and features are summarized and compared.
The challenges and future research directions are discussed.

2. Liquid-based systems

In this section, different liquid-based systems including TECs, TRECs, TOEC and so on will

be discussed in detail.
2.1 Thermo-electrochemical cells (TECs)
Thermo-electrochemical cells (TECs), consist of anode, cathode, electrolyte and a separator.

TECs are non-isothermal electrochemical cell systems. A voltage is established by holding two
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electrodes at different temperature within the electrolyte. Electrical current can be produced by
connecting the two electrodes. Comparing with the semiconductor-based thermal-electrical
conversion technology, the principle of TECs is based on temperature-dependent redox couple.
The oxidation and reduction reactions happen on the two electrodes and the oxidized and reduced
species transport through the electrolyte. The reactions produce a continuous and stable voltage
if there is no degradation of components of TECs. The 3D and 2D schematic representations of

TEC are shown in Fig. 1.

The whole energy conversion process is a combination of heat transfer, thermodynamics,
electrode kinetics, and mass transfer.!* Some parameters derived from solid-state thermoelectric
systems have been introduced to the TECs to evaluate the efficiency and performance.

The parameter of thermopower (also called temperature coefficient in TECs or Seebeck
coefficient in TE) is the ratio of potential difference to the temperature change, describing the
ability of producing voltage per unit temperature difference. Thermopower is an intrinsic property
of a material. For TE, it is positive if current flows from hot side to cold side inside the
semiconductor, which means the thermopower is positive when the current flow direction in
external circuit is opposite to the temperature decreasing direction, the electric field —dV /dx and
the temperature gradient dT/dx have the same direction. Therefore, the thermopower of n-type
semiconductor is negative while p-type is positive. The thermopower a* of TE is defined as the

ratio of electric field —dV /dx and the temperature gradient dT/dx.'* And it is given below:

o _ _av/dx _ _ V(Tp)-V(Ty) (1)
dT /dx Tu-Ty

where V' is the voltage, Ty and T, are the temperatures of hot side and cold side
respectively. For a redox reaction:
A+ne” - B (2)

The common thermopower a* calculation equation in most of papers is given below:
6



at = V(Th)-V(TL) _ AS
Ty-TL nFr

3)
where 7 is the number of transferred electrons of this reaction, F is Faraday’s constant, AS is
entropy change of this reaction. In regardless of Eastman entropies and transported entropies, AS
is equal to Sz - S4. As the thermopower is related to the entropies, it can indicate the spontaneity
of reactions. Taking Fe**/Fe** redox couple as an example, the entropy is positive up to 1.76 mV
K—l '15

However, the current carriers are ions but not electrons inside TECs. In order to follow the
definition of thermopower in TE, as the thermopower is positive when the current flow direction
in external circuit is opposite to the temperature decreasing direction, a more appropriate

definition is given based on the electric field and temperature gradient. Taking this into

consideration, the equation needs to be corrected. The corrected thermopower is as below:

_ V(@Tp)-V(TY) _ AS
- Ty-T,  nF

4
Therefore the thermopower for Fe**/Fe*" redox couple should be -1.76 mV K!. The Fe**
obtains an electron at the hot side of TECs (cathode) while Fe?" losses an electron at the cold
side (anode). The current direction is exactly same to the temperature decreasing direction. When
introducing the TE definition into TECs, the p-type electrolyte is with the same direction between
electric field and the temperature gradient. So the n-type electrolyte is with positive corrected
thermopower, the p-type is with negative corrected thermopower. Briefly, if the hot side is
cathode, cold side is anode then it is p-type electrolyte with negative corrected thermopower. The
inconsistencies in experimental methods and calculations attribute to the confusion in
thermopower data. This paper will provide the original thermopower to show the respect of the

authors. The thermopower data of typical redox couples will be given and the p-type or n-type

electrolyte will be noted according to the actual situation mentioned in each paper in Table 1.



Table 1

Thermopower a of typically different redox couples.

Redox couple Original p/n Electrolyte Reference

thermopower type*

a (mV K1)
[Fe(CN)6]* -1.42 n 0.4 M in water 15
/[Fe(CN)e]*
[Fe(CN)6]* 4.2 n 24 M urea and 2.6 M GdmCl 26
/[Fe(CN)e]*
[Fe(CN)e]* 3.73 n 3 M GdmCl 27
/[Fe(CN)]*
Fe(ClO4)2/Fe(Cl04)s 1.76 P 0.8 M in water 15
/15 0.97 n 0.01 M in in ethylammonium 32
nitrate (EAN) ionic liquid
Fe.I/[Fe][ls] 1.67 n 30 mM [DiBoylFc][l3] in 7
[Emim] [NT£]
[Co(py-pz)s]* 3" 2.36 p 0.1M in 3:1 29
DMSO:[Comim][eFAP]
[Co(bpy)s]*"** 1.21 n 0.05M 3
[Co(bpy)3]ClL/[Co(bpy)3]Cl3 in
water
Cu?*/Cu(s) 0.73 p 1 M CuSOj4 in water 33
Zn*"/Zn(s) 0.64 p 1 M ZnSOy4 in water 33
NiO/NiOOH 1.05/2.83 p 1 M NiSOyq in water 33%

*According to the unified concept in this perspective, the p-type electrolyte is with negative
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corrected thermopower, the n-type electrolyte is with positive corrected thermopower.

*1.05 is for range AT =5-30 °C and 2.83 for the range of AT =30-60 °C

In addition to the thermopower, the figure of merit ZT is another important parameter for

evaluating the energy performance of thermoelectric systems. '®
ZT = azg (5)

Where ¢ is ionic conductivity and « is thermal conductivity of the material. While the modified

figure of merit has been introduced in some materials for TECs applications.'’

. 252
7T = azl””’;;;‘” (6)

Where z is the charge of the ion, ¢ is the concentration of the redox couple, R is the gas constant,
Dyim 1s the limiting diffusion coefficient. The largest power generation efficiency is determined
by figure of merit under a certain temperature difference. Though the desirable ZT is more than
2 for efficient devices,'® the practical ZT value is still very low. High ZT values can be obtained
from high ionic conductivity and thermopower as well as low thermal conductivity. The ordinary
thermoelectric semiconductor materials are usually with high conductivity, high thermal
conductivity but low thermopower, since the carrier contributes to heat transfer and conduction,
increasing ZT becomes an intrinsic problem. However, for the liquid-based systems, ionic
conductivity, thermal conductivity and thermopower are influenced by more factors. Therefore,
more methods are available to improve ZT.
The last parameter is thermal-electrical efficiency (related to Carnot efficiency) which is

named as power conversion efficiency. The efficiency is expressed as:

Ty-T
n=Ne KT = N (7)
_ 1/4Voclsc
T Ak(AT/d) (8)

where 7 is thermal-electrical efficiency, 7. is Carnot efficiency, 71, is relative power
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conversion efficiency which indicate the final heat conversion occupies proportion of heat from
Carnot cycle, Ty and T, are the temperatures of hot side and cold side respectively, V,. isthe
open circuit voltage, I, is the short circuit current, A is the cross sectional area, d is the
electrode separation distance.!® As the maximum mean power density is reached near half of the
open circuit potential,'® the term 1/4V,.I,. represents the maximum power output. While the
term Ak(AT/d) is the input thermal energy to maintain the temperature difference. However,
due to the low current, the output of TECs is small. When thermal-electrical efficiency is

combined with equation (3), the thermal-electrical efficiency is given as:

1

__ 4ASjscRr

== )

. Isc

Js¢ = Y (10)
d

Ry = % (11)

where jg. is the short circuit current density, Ry is the thermal resistance of TECs. Since the
heat-to-electricity efficiency is usually less than 1%, lower than the expected efficiency (2%-5%)
for practical energy harvesting application.?’ Further efficiency improvement of TEC requires
the development of electrolyte with low thermal conductivity, redox couple with high reaction
entropy and electrodes with high ionic conductivity and fast kinetics. '

Firstly, in order to increase the Carnot efficiency, the larger difference of operating temperature
is required. Hence the electrolyte system and separator need to be explored for operating with
higher temperature difference. Some non-aqueous electrolytes have a higher maximum working
temperature. With the low boiling point of an aqueous system, various ionic liquid-based
electrolytes have been explored due to their high boiling point, high ionic conductivity and low
thermal conductivity, which theoretically indicate a higher ZT at a higher temperature. What’s
more, the large temperature gradient can be produced by lowering the thermal conductivity,

which means that higher power is available. For instance, the improved electrolyte leaded to 66%

10



increase in ionic conductivity and nearly 6% decrease in the thermal conductivity, and thus
produced the highest thermocell power density (12 W m™) of TECs with a temperature difference
of 90 °C.*!

However, the thermopower of the redox couple highly depends on the nature of the ionic liquid.
It is shown that the thermopower of 0.4 M I/I5" in ionic liquid (from 0.03-0.26 mV K™!) is lower
than that in aqueous (0.53 mV K!) or organic solvents (0.34 mV K). Particularly the value
increases with decreasing concentration of redox couple because more solvent ions are available
to solvate the redox ions in ionic liquid with lower concentration, thereby the environment of
solvation environment is accentuated.’”” The relationship between thermopower and
concentration of redox couple matches Sosnowska’s modelling prediction very well. Moreover,

as introduced by the authors, quantitative structure—property relationship (QSPR) and read-

across techniques could be utilized to explore higher thermopower ionic liquids with particular
structure features. For example, the ionic liquids with smaller size, symmetric and less branching
of ionic ions cation and high vertical electro-binding energy of the anion are predicted to have
higher thermopower.?

Specially, the biggest challenge for utilizing ionic liquid is the high viscosity of some types of
ionic liquid. Thus, organic mixed electrolyte systems have been investigated in terms of
improving mass transport properties which can be indicated by the diffusion coefficient. The
results have been shown as expected, the diffusion coefficients of mixed electrolyte systems (1:1
ionic liquid: PC (Propylene carbonate)) are much higher than those of pure ionic liquids. For

example, it is around 7.7x10""! m? s~! of [Co(bpy);]*"** in mixed electrolyte systems ([Csmim)]
[NTf,] and PC) but 1.2x107"! m? s™! in neat ionic liquid ([Csmim] [NTf,]), leading to a higher

power density of mixed electrolyte systems. The power density is 7.78 mW m? of mixed

electrolyte systems and 2.04 mW m™ of neat ionic liquid.?*
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Fig. 1. Power generation of the cell using 24 M urea and 2.6 M GdmC]l with cyanide electrolyte.

Reprinted with permission from ref. 26. Copyright 2018 Nature.

Secondly, improving the intrinsic character is a practical way to increase the potential and
current generated from the cell, which requires redox couple with high thermopower. A series of
aqueous and non-aqueous redox couples have been extensively investigated. Most of the redox
couples are metal ion-based couples. It is reported that (Fe(ClO4)2/Fe(ClO4)3 has the highest
thermopower(1.76 mV K'!') among the reported Fe?*/Fe*" salt system with different counter ions
due to altered solvation shells of Fe?*/Fe** because of the non-covalent interactions.!> Particularly,
the thermopower of aqueous ferri/ferrocyanide ([Fe(CN)s]*/[Fe(CN)s]*) is less concentration-
dependent than other redox couples. The high thermopower of aqueous ferri/ferrocyanide
([Fe(CN)6]*/[Fe(CN)s]*) is attributed to the large reaction entropy.?® The impressive 4.2 mV K-
! thermopower is achieved by enlarging the entropy change by guanidine chloride (GdmCl) and
urea (Fig. 1). The higher charge of [Fe(CN)¢]* causes “packed” solvation shell, resulting in the
stronger reaction with Gdm™. While urea tends to bond with [Fe(CN)¢]*, leading to the
synergistic effect of the significant entropy change.?® And by utilizing the similar crystallization
effect with the reactant ions, the reaction balance is changed to a preferable direction,?” which
brings high power density of 6.86 W m™ and thermopower of 3.73 mV K'!' with temperature
difference of 51 °C. Besides GdmCI, a series of redox inactive ions have been added to the

[Fe(CN)s]* ", [Fe(H20)s]*"*" electrolyte to explore the non-covalent interactions, reaction
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entropy change, water structure in reaction kinetics. The entropy change in [Fe(H20)s]*"*"
significantly depends on the anion structure breaker such as Cl1O* and CI- while the entropy
change in [Fe(CN)s]* 7 relies on the cation structure making such as Li*. The phenomenon is
due to the non-covalent interactions induced by the inert ions as supporting electrolyte, leading
to the altered solvation shells. By adding the structure making or breaking ions, the negatively
charged electrostatic center will attract or repel the new ions through electrostatic interaction.
This leads to the rearrangement of water-CN structure. The interaction within the solvation shell
of redox specie can be observed by FTIR (Fourier-transform infrared spectroscopy), where
different structure making/breaking ability will result in lesser peak displacement. The higher
thermopower can be obtained by adding suitable inactive ions to produce the larger entropy.
However, the reactions kinetics should be carefully considered because the ions may tightly
couple with the water molecules after adding structure making cation, which requires higher
energy to restructure and consequently lowering the reaction kinetics.?

Cobalt-based redox couple has been demonstrated to perform well in both aqueous and non-
aqueous systems, which provides an optional substitute for iron based redox couple. The
thermopower of cobalt-based redox couple in ionic liquid is relatively high. The highest

thermopower is 2.36 mV K™! using Co?"**

(py-pz)s complex owing to small radius, the bi-dentate
ligands, lower degree of charge delocalization and the change in electronic spin state, compared
to the other complexes investigated.” The reported highest output can reach up to 880 mW m™.
30 While the thermopower of Co?"”**(bpy); redox couple is influenced by the solubility,
supporting electrolyte, electrode surface area, diffusion rate.®® However, though the
thermopower of [Co(bpy)s]>7*" in water (1.21 mV K™!) is lower than that in organic solvents, the
diffusion rate is higher than that in organic solvents, which offers faster mass transport and higher
£ 31

curren

With the very early redox couples (such as ferric/ferrous and ferri/ferrocyanide redox couple)
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widely applied, iodide/triiodide redox couple (0.97 mV K') 32 and other metal based redox
couples are under development. However, the reported redox couple combined with the solid
metal and aqueous ion requires consumption of metal, which is not available for the continuous
power generation. Burmistov’s group used the traditional scheme of a thermogalvanic cell to
investigate metal electrodes. The high thermopower of nickel electrode may be attributed to the
nickel and hydroxides on electrode surface. The possible decay process of transformation of
hydroxides of three and divalent nickel results in the 2.83 mV K thermopower.*>* The

thermopower of different redox couples is listed in Table 1 which is compared with the

thermopower of thermoelectric materials in Fig. 2.8

Seebeck coefficient |S]
(rVK?)

p-type n-type
250
PEDOT:Tos (2011) [14)
Bulk Bi,5Sb, (Te, [48] 200 Bulk Bi,Se, ;Te, ; [49]
PEDOT:PSS + Te NRs [18] . Ceq:Crylhpp), [65]
PEDOT:PSS on p-Bi,Te, film [63] 150 _~ Screen-printed Bi,Te[21]
= — FBDPPV:N-DMBI [69)
Screen-printed Sb,Te, [21] —— Poly[K (Ni-ett}] [66]
o T~ PEDOT:PSS on n-Bi,Te; film [63]
PEDOT:PSS [15] 100
PANI + CNTs [17) -type CNTs (68
PEDOT:Tos {2014) [59] T TIS,/[{HA) e H20)g 55 DMSO)a] [70]
PEDOT:PSS + CNTs [61) 50
PEDOT: BTFMSI [62]
PCOTBT [60]
PEDOT:PSS + Bi,Te, NSs [19] 0 K.Cro [64]

Fig. 2. The thermopower of thermoelectric materials for both p-type and n-type. Reprinted with

permission from ref. 8. Copyright 2015 Royal Society of Chemistry.

Thirdly, more and more researches aim to increase the Ig. and lower the R;, which in turn
can boost the power output. The current density depends on the voltage according to the Bulter-

Volmer equation, the diffusion rate, effective surface area of the electrode, the electro-kinetic

14



rate constant, cell thickness and the convection.'® According to Nernst-Plank equation, I,
consists of migration current density j,, and diffusion current density j;. ji. tends to increase
with the enhanced diffusion effect because j,, and j,; are positively related to concentration
gradient and diffusion rate. This was proved by Salazar’s group. The kinetic and mass transfer
resistance analysis of 0.4M potassium ferri/ferocyanide demonstrates that the current density is
mainly limited by the low diffusion rate at cold electrode. The greater consumption of redox
couple at cold electrode results in current density reaching the limiting value.!* However, high
diffusion rate does not always provide higher current density. Kim and co-workers®* explored
the diffusion and current generation in porous electrode by both quantitative description and
experimental method. Fe(ClO4)2/Fe(ClO4); 1s utilized in their TEC. They tried to increase the
current by increasing the volume of the porous electrode. However, the current density increases
from 11.3 A m™ with one-layer carbon fiber lamination to 16.4 A m™ with four-layer carbon fiber
lamination. The average current density per layer even decreases from 11.3 A m™ with one-layer
carbon fiber lamination to 4.1 A m? with four-layer carbon fiber lamination. The decreased
effectiveness can be explained that the ion concentration decreases with ion diffusing through
the electrode. The generated current becomes smaller due to the consumption of ions along the
way into the electrode layer. It means that the ion diffusion hampers the high current density
inside the porous electrode.®*

The jg. can also be improved by increasing the effective area. The carbon-based electrode
shows a promising potential to increase the j,. and efficiency because of its large surface area.
Carbon-based electrodes are possibly alternative to Pt electrode for their low cost. The highest
energy relative power conversion efficiency 7, reported is up to 3.95% , the maximum power
density is 6.6 W m when applying high surface area carbon-nanotube aerogel electrode with a
temperature difference of 51 °C.>> As excellent nanometer thermoelectric materials, carbon-

based materials including MWNT,' carbon single-walled nanotube (SWNT)/reduced graphene
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oxide (rGO)*® show potential to be applied to TECs with high energy efficiency. The reason is
explained by Hu et al.'” that the large j,. generated by MWNT is caused by the large number
of redox reaction sites established by the large surface of electrode. Consequently, the electron
transfer at the electrode-electrolyte surface is enhanced by the fast kinetics.

Finally, the structural design of the thermoelectric devices also significantly influences the
energy efficiency. Teflon cell, Mark II TEC, coin-type TEC and Teflon flow cell are introduced
and examined with MWNT electrode. The mass transfer is strengthened by decreasing the
distance between electrodes. The relative power conversion efficiency 71, is up to 1.4%, which
is higher than other structures."

The structure of adjustable series-connected TEC arrays shows a promising potential in the
wearable devices. Due to the low voltage of single TEC, adjustable series-connected TEC arrays
may expand the working voltage window. A basic simple TEC device is established based on p-
type electrolyte and n-type electrolyte corresponding to the n-type and p-type elements of a
conventional thermoelectric generator. p-type electrolyte ([Fe(CN)s]*/[Fe(CN)s]*, -1.42 mV K-
1 and n-type electrolyte (Fe(ClO4)2/Fe(ClOs4)3), 1.76 mV K) use redox couple of opposite
thermopower, leading to the same current direction in possible series path!>. However, the
Fe(Cl04)2/Fe(ClO4); electrolyte is actually p-type electrolyte and the ([Fe(CN)s]*/[Fe(CN)e]*
electrolyte is actually n-type electrolyte according to our definition. The TEC arrays with
solidified electrolyte can be explored in such long cycle time applications such as wearable
electronic system because of the outstanding mechanical properties without leakage problem.
The solid state of semisolid state electrolyte enables the integration of TECs in large scale. Yang

et al.’’

assembled integrated gel-based flexible thermocell. The gel electrolyte contains
Poly(vinyl alcohol) (PVA) and redox couples (FeCly/FeClz and K4Fe(CN)s/K3Fe(CN)g). The
thermopower of PFC gels (FeClo/FeCls) is 1.02 mV K' while that of PPF gels
(K4Fe(CN)6/K3Fe(CN)s) side is -1.21 mV K'!. But the mean thermopower is 0.6 mV K™! which
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is lower than those of PFC and PPF because of the significant thermal contact resistance. The
generated voltage varies linearly with the temperature. The device containing 59 PFC and PPF
can deliver a voltage of 0.85 V and a power output of 0.3 uW with a temperature difference of
12 °C.37 Although it provides high voltage, maximum power output is still low, which is possibly
owning to the poor mass transportation of solidified electrolyte.

However, with researches focusing on the efficiency, the researches in optimization of power
output of TEC are limited. The reported highest power is 12 W m™ by improving electrolyte
(0.9 M KsFe(CN)s/(NH4)sFe(CN)s), electrolyte-filled thermal separators (sponge thermal

separator), carbon electrode materials (activated carbon cloth).?!

2.2 Thermally regenerative electrochemical cycles (TRECs)

In order to create the temperature gradient to utilize Seebeck effect, the TEC is designed to
separate the hot and cold electrode, which produces a distance between two electrodes. Therefore,
the relatively high ohmic resistance caused by the significant distance between the two electrodes
leads to a low energy efficiency. This ohmic loss can be reduced by narrowing the distance while
setting the temperature-dependent redox couples at different time. Thermally regenerative
electrochemical cycles (TRECs), convert a full electrochemical process in spatial dimension at
a certain time into four steps including charging and discharging processes in sequential.

TREC is designed to possess two electrodes with opposite thermopower. According to recent
reports, the thermopower of cathode and anode are mostly negative and positive respectively. As
above mentioned, the thermopower of the cell is determined by the total entropy change in the
full cell reaction. If a.; is negative, the cycle is correspondingly cooling - discharging -
heating - charging while if the a.,;; is positive, the process turns to be heating - discharging -
cooling - charging.

A dimensionless parameter y has been introduced to adjust to TRECs electrode material.
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Compared with ZT, the electric conductivity is changed to specific charge capacity while the
thermal conductivity is replaced by specific heat. y is used to describe the character related to
efficiency which is also similar to ZT merit of figure (y = ag./cp), where q. is the specific charge
capacity, c¢p is the specific heat of an electrode. y is calculated to evaluate the efficiency.
Apparently, y is increased with the higher thermopower and specific charge capacity and lower
specific heat of an electrolyte ',

The calculation of conversion efficiency can be defined as the net work (W) divided by the
input heat (Q). For the net work, the maximum output is ATAS minus the energy loss both at high
and low temperature (mainly because of the resistance). The input heat can be divided into two
steps. In the first heating step, the energy of raising temperature of system QOur is relevant to the
heat recuperation efficiency. It is expressed as Our = (1-71r)Cp AT, where nyp 1s the efficiency
of recuperation efficiency and G, is the total heat capacity of the whole cell. The second heating
charging process, the total input energy at high temperature is Ou (Ou = Tu AS). So the efficiency

of heat to electricity is given below:**

ATAS—W o

n= THAS+(1-NHR)CpAT (12)
While:
ATAS = a,.;Q.AT (13)
Wioss = I(Ry + RL) (14)
Y = % (15)
ne= "t (16)

Where Q. is the charge capacity of the cell, C, is the total heat capacity of the cell, ae is
the thermopower of the whole cell, Ry and R; are internal resistance at high and low
temperature respectively, I is the current used in charging and discharging processes. The

efficiency related to Carnot efficiency is shown below:
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1-I(Rg+RL)/|Xcent|AT
14+nc(1-nuR)/1Y|

n =1 (17)

1-I(Rg+RL)/|Qceul] AT
= 1
r 141 (1-1HR) /1Y ] (18)

Besides the efficiency, the maximum power output (P4, ) is obtained when the load resistance

is equal to the resistance of the cell.

_ _CceuAT
 2(Ry+Ry) (19)
_ (acellAT)2 (20)

Max " 8(Ry+RL)
However, the efficiency formula does not take consideration of the effect of energy loss W),¢

on the heat exchange. The modified equation is given by Chen:

_ ATAS—W s
THAS+(1-NHR)CpAT—Wipss /2

n (21)

Fig. 3 shows the development and performance of different thermoelectric technologies
including their power densities and relative efficiency relative to Carnot. The power density of
TREC is approximately ranging from 1 to 10 W m,*’ however, actually this value should be
lower than 1 W m™ based on our calculations. The point is the unit conversion of non-metal solid
electrode TREC from W g to W m™. The typical power density cases are given as approximately
0.178 Wm2®0.015 Wm?2*0.015W m?* and 0.332 W m>2.* The power density is hindered
by the resistance of the cell including the resistance of the solution and the cell structure, more
importantly, caused by low mass transfer of ions. In comparison with the theoretical voltage
value, the potential of the whole cell is relatively low with the small output current. This
overpotential arises from the mass transfer problem. This still requires further research to

enhance the power density.
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Fig. 3. Comparison of low-grade thermal energy conversion approaches, (a) The power density
and efficiency relative to the Carnot (b) The research time of different approaches, TEC with
platinum (TEC-Pt) or with carbon nanotube electrodes (TEC-CNT); SGE (salinity gradient
energy) systems including RED (reverse electro-dialysis) and PRO (pressure retarded osmosis);
TREC; TRB and TOEC. Reprinted with permission from ref. 40. Copyright 2018 Royal Society

of Chemistry.

TREC was first reported in the 19th century. Nowadays researches of TRECs have turned from
harvesting high-temperature heat (such as from fuel cell**?) to harvesting low grade waste heat.
The entropy change during charging-discharging cycle is also applied in the desalination field to
explore solar, geothermal and wind energy.’!>* Combining the deintercalation process of sodium
ion and potassium ion battery, with applying Prussian blue analog (PBA), TRECs show

advantages of good stability and long cycle life of this reversible process.
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2.2.1 Non-metal solid electrode.

Typical cases are TRECs based on PBA.* A copper hexacrynoferrate (CuHCF) cathode and
Cu/Cu?" anode with ion-selective membrane and aqueous copper nitrate (anolyte) and a sodium
nitrate (catholyte) electrolyte form the main parts of this cell. The thermopower «.;; of whole
system is up to -1.20 mV K!, while -0.36 mV K™ of cathode and 0.83 mV K! of anode
respectively. When discharging at low temperature 10 °C (charging temperature at 60 °C), sodium
ions insert into the cathode material and copper dissolves into the anolyte. The maximum thermal
conversion efficiency is up to 5.7% with the thermal-electrical efficiency relative to Carnot
efficiency 7, of 38%.

One issue in this TREC is the anion exchange membrane, which is designed to prevent the
side reaction between Cu and CuHCEF. It might lose perm-selectivity at high temperature after
cycles. A membrane-free PBA based TREC has been developed by switching the redox couple.
Using NiHCF cathode (-0.62 mV K!), Ag/AgCl anode (0.12 mV K™, and KCl electrolyte, this
TREC reaches maximum thermal efficiency of 3.5% with the thermal-electrical efficiency
relative to Carnot efficiency 7, of 29% between 15 °C and 55 °C. Reactions are shown below:*!

KNiFe(CN)s + K"+ e — KoNiFe(CN)g (22)
Ag+Cl - AgCl+e¢e (23)

A similar cobalt hexacyanoferrate (CoHCF)-based system was also investigated, using the
same Ag/AgCl anode. The thermopower (0.89 mV K!) and energy conversion efficiency (1.91%)
of CoHCF with helical carbon nanotubes (HCNTs) appeared to be higher than those of the pure
CoHCF (0.69 mV K, 0.77%). This indicates that complexed PBA with carbon material may
promote the efficiency.*

Most of researches referred above focus on the materials with negative thermopower. Spinel
lithium manganese oxide (LMO) is introduced as a possible material with 0.48 mV K

thermopower in organic electrolyte with its fast kinetics during intercalation/deintercalation
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process. An aqueous electrochemical system is assembled with LMO (0.62 mV K!) cathode and
CuHCF anode.*” The whole cell thermopower is 1.061 mV K, which determines the generated
voltage of high temperature higher than that of low temperature. It results in the cooling-
discharging-heating-charging cycle, which is more of thermally regenerative electrochemical
refrigerator. The efficiency reaches 1.8% with 10-40 °C temperature scale. The LMO cathode
and CuHCF anode are based on the lithium ion and potassium ion intercalation/deintercalation
reaction respectively.*’

The TREC performance may be limited for harvesting higher temperature due to the
degradation and side reactions. High temperature causes capacity decay problem. The authors
also investigated the effects of the electrolyte component and states of charge (SOC) on
thermopower. The entropy change varies from the SOC, which means temperature response
closely corresponding to SOC. Another heat harvesting system based on organic LiCoO»/Li cells
is constructed as stacks. The efficiency of dual-temperature dual-stack system based on
homemade LiCoO>/Li coin cells is 0.22%. Though the efficiency is not high, the system is
attractive for self-powered sensor networks.*®

The TRECs referred above need additional charging process as the deintercalation cannot
happen spontaneously after metal ions insertion. Therefore, an additional potential is needed to
initiate the status. A charging free system has been reported by using increasing temperature pour
cell and initiate the state. This charging free electrochemical system consists of inexpensive
ferri/ferrocyanide redox couple and solid Prussian blue particles as active materials at both
electrodes. The voltages of two electrodes change respectively due to their different thermopower.
The two voltages start at different initial potential and cross over at a point, which indicates the
self - conversion of cathode and anode induced by temperature. When this TREC works at 20 °C
and 60 °C, the heat to electricity conversion efficiency is 2.0%.%

Actually, the complete cell requires the two electrodes to have a positive thermopower and
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negative thermopower respectively. Usually, the thermopower can be enlarged by more negative
thermopower of cathode and more positive thermopower of anode, which ensure the
negative a..;; (the cycle is correspondingly cooling - discharging - heating - charging) to harvest

heat.

current
collector

catholyte
membrane

anolyte

current
collector
Fig. 4. Schematic of the battery design, 0.5 M KsFe(CN)s/0.1 M K4Fe(CN)s (catholyte) versus
0.1 M 12/2 M KI (anolyte). Reprinted with permission from ref. 43. Copyright 2019 Royal

Society of Chemistry.

Apart from the traditional method for heat utilization, a novel system (Fig. 4) for simultaneous
energy conversion and storage via solar driven regenerative electrochemical cycles is designed
by Ding et al..** The anode functions as both bifunctional current collector and solar absorber
under solar irradiation. K4Fe(CN)s/K3Fe(CN)s and KI/KI; are selected by evaluating the limiting
diffusion current and reaction rate constant, which show fast kinetics to overcome the sluggish
mass transport and reaction activation. The catholyte (KsFe(CN)s/K3Fe(CN)s, negative
thermopower) and anolyte (KI/KI3, positive thermopower) are separated by a cation-exchange
membrane, leading to the whole thermopower of -1.8 mV K-!. Moreover, the carbon felt wrapped

by reduced graphene oxide (rGO) acts as a solar absorber and a current collector, which greatly
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boosts the temperature. A good efficiency of 1.23% is achieved with a small temperature
difference of 35 °C.%

As the equilibrium potential, reaction kinetics and the mass transport properties are
temperature-dependent, the activation, ohmic loss, concentration loss and overpotential are
affected by temperature. In fact, all the three overpotentials decreases with increasing
temperature. The activation overpotential loss decreases with increasing temperature due to
reduced energy barrier decreases at a higher temperature. The concentration overpotential loss
also decreases with increasing temperature as the viscosity of the liquid decreases with increasing
temperature, leading to favorable mass transport. In addition, the ohmic loss decreases with
increasing temperature due to higher ionic conductivity of the electrolyte at a higher temperature.
Thus, the performance of the TRECs can be significantly improved by increasing the temperature.
However, in order to reduce ohmic and concentration loss, large current density operation should
be avoided. At a high current density, concentration loss can be a limiting factor especially when
the system is working at a limiting current density. In addition, the ohmic loss increases almost
linearly with increasing current density. Obviously, the effective power output is limited by the
current density.

Based on the experimental work, the performance characteristics of TRECs are also analyzed
by modelling.*6:58-° Finite time analysis is utilized to study the impacts of various operating and
material parameters on performance of TRECs, giving the criterion for optimizing the
performance.®® The authors suggest the material with larger isothermal coefficients, specific
charge/discharge capacities, appropriate internal resistance and lower heats is appealing. Since
the regenerative efficiency does not influence the maximum power output, it means that the

regenerative loss (1 —nygr)C,AT referred as Qur above does not affect the power output. This

is also proved by Wong et al. *° that regenerative loss does not influence the corresponding

Ppax = ma?AT/8R is the number of cell charged simultaneously, where R is the resistance
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in both series connection and parallel connection. However, the regenerative efficiency does
have significant impact on the efficiency. The efficiency equation depicted by Wong reveals that
the efficiency increases with decreasing regenerative losses. As the power output decreases with

the efficiency increase when n >n,, the objective function nP is given to determine the
operation region of current. The optimal range of the electric current should be I, <1 < Ip, 0

Pyp < P < Bpax, Mp <1 < nyp, Where the subscripts nP is the maximum efficiency-power

product, P is maximum power, max is maximum.*

2.2.2 Redox flow batteries (RFBs)

At present, redox flow batteries (RFBs) have been applied in energy storage systems. Due to
the ability to storage large-scale energy, and long cycle lifetime,>? some researchers investigate
the all-vanadium redox flow battery (VRFB) to explore the feasibility of capturing low grade
heat. The principle is based on the reversible reaction of V (II) / V (III) in the negative electrolyte
and V (IV)/ V (V) in the positive electrolyte. As shown in Fig. 5, V (II) is oxidized to V (III) at
the negative reservoir while V (V) is reduced to V (IV) during discharge (reverse reaction of
equation 23-24). Protons move from negative to cathode through the proton Nafion membrane
to maintain electrical neutrality. The electrolyte continuously flows between the reservoirs and
the electrode, bring ions to the electrode surface where electrochemical reaction takes place.>
Owing to the different temperature responses of negative electrolyte and positive electrolyte,
general TRECs can be introduced into RFBs. The created thermodynamic cycle of TREC-VRFB

system is displayed in Fig. 6.
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Fig. 6. The principle for harvesting heat of VRFB, a) The temperature-entropy plot for a
TREC when thermopower is negative b) The thermodynamic cycle of TREC-VRFB system.
Reprinted with permission from ref. 54. Copyright 2018 Elsevier.

Vi+e = V¥ (24)
VO** + H,0 = VO, + e +2H" (25)

Reynard’s group reported the thermopower of whole cell (TREC-VRFB) in commercial
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electrolyte is around -1.16 mV K™! while it is -0.80 mV K! in the mixed-acid electrolyte which
is dominated by the negative electrolyte. The energy density is increased by 1.3 Wh L' and 0.8
Wh K! respectively.®* This is appealing for heat harvesting and electricity generation in
photovoltaic farm.>> However, the available temperature range is limited by the instable voltage
(V).>® The operating temperature is strictly limited between 10-40 °C to avoid precipitation.’’
Also, the complete VRFB system is integrated by electrolyte container, electrode, pipe, pump
and heat exchanger, leading to the large weight and volume and further low energy density.
Most of the existing studies on RFBs focus on the battery performance without detailed
discussions on the energy efficiency of the whole system. The energy efficiency of the RFB
system should fully consider the additional pumping power and other losses. The efficiency

can be determined using equation below:

— I(AV_I(RH+RL))_12RLead_Paux (26)
ITHAa+Qloss+(1_£HX)meAT

where R,..q 1S the resistance of the electrical leads, Aa is the difference of thermopowers, P,
is auxiliary power input (it is mainly pumping power in this system), (1 — eux)mC,AT is the heat
leaks from the mass transport of reactants, e,y is the effectiveness of the recuperative heat
exchanger and m is the mass flow rates of the fluids respectively.*®

Similarly, a continuous electrochemical heat engine®® also exploits the flow electrolyte with
aqueous V 2737 (1.7 mV K!) and Fe(CN)s >/ (-1.4 mV K™) to create an overall 3 mV K™! of
the cell. At the maximum power density of 110 pW cm? equivalent to 1.1 W m? the
corresponding 7, and 7. are 0.15 and 12.4%, respectively. The authors believe that by using
a variety of redox couples, the maximum power increases with the electrode reaction rate
constant kg till kqis 0.05 cm s™. The power output is only a function of thermopower « at a
high k,, suggesting the change in polarization and rate controlling steps. Under this

circumstance, the ohmic resistance and mass transport loss are larger than activation polarization.
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In other words, the ohmic and mass transport loss limit the achievable maximum power density.
Changing the fluid flow patterns (improving mass transport) and increasing redox couple
concentrations (improving reaction rate) both contribute to higher power density. A higher power
density of 200 W m™ with 15 M concentrated slurries is theoretically predicted. This high power
density could be achievable for redox couples with high solubility. However, the solubility of
most redox couples is insufficient.

It should be noted that in the current literature, both Wh L' and W m™ are used to measure the
performance of the thermoelectric cell. Wh L' is energy density. It is obtained by running a
system for a certain time under a certain power condition, then divided the electrolyte volume.
It evaluates the efficiency of the system. For comparison, W m~ is power density, which is based
on the membrane area. Comparing power densities of different systems not only gives the power

generation ability, but also, is helpful to analyze the utilization and performance of membrane.

2.2.3 Thermal regenerative ammonia-based batteries (TRABs)

Since thermally regenerative acetonitrile-based all-copper redox flow battery reported
before,” a new thermal regenerative ammonia-based batteries (TRABs) is reported to utilize low
grade heat for electricity generation. Cu?>*/Cu cathode and Cu-NHs/Cu(NH3)4>" are applied to
this system. The electricity is generated by the formation of metal ammine complexes. While the
solid copper electrodes alternative serves as anodes or cathodes in TRABs, NH3 is separated and
transferred by traditional heat-based separation technology. The theoretical voltage is up to 0.344

V. The cycle is shown in Fig. 7.5
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Fig. 7. The closed-cycle system for TRAB. Reprinted with permission from ref. 60. Copyright

2015 Royal Society of Chemistry.

As referred above, the solvation limitation which restricts the power density is solved by
introducing high solvation NH3. The power output of TRABs is much larger than the highest
power output of TECs (12 W m™) and RFBs (1.1 W m™), which shows great advantage for
practical application. The reported power output of Cu-TRAB is 60 W m2,*7%7 however, the
value varies from 47 to 136 W m™. With the low resistance BTMA PPO anion exchange
membrane, the power output is increased to 106 W m™ while the efficiency is increased to 0.97%.
81 Furthermore, the ethylenediamine shows a better performance than ammonia as a ligand. The
power output of ethylenediamine-based battery (TRENB) is 85 W m with 2 M ethylenediamine
and 119 W m with 3 M ethylenediamine. However, the energy requirement of separation
process of ethylenediamine is 2.5 times more than that of ammonia, which causes lower thermal-
electric efficiency (0.52%). A higher thermal-electric efficiency can be obtained by examining

alternative separation methods.®> The comparison of parameters in various system is listed in

Table 2.

29



Table 2

The comparison of parameters in various system.

System Power n (%) (%) Temperature  Reference
output (W (condenser-
m?) reboiler/ °C)
Cu-TRAB 60 0.86 6.2 - 60
BTMA-TRAB 106 0.97 7.0 43.3-70.4 ol
TRENB 119 0.52 3.1 - 62
Ag-TRAB 23 0.41 3.8 43-60 63
Cu-TRAFB 45 0.70 5.0 43.3-71 78
Cu/Zn-TRAB 118 0.95 10.7 43-70.9 66
Cu/Zn-TRAFB 280 0.34 2.7 43-70.9 ?

With the development of TRABSs, the researchers focus on improving the performance. The

main aspects are given below.

1) The poor long cycle lifetime stability. The poor reversibility is derived from the
unbalanced electron exchange of anode and cathode, which means the metal is consumed
in continuous cycles (less than 10 cycles). The anode coulombic efficiency (ACE) is
approximately 37% while the cathode coulombic efficiency (CEE) is around 100%,
resulting in the relatively low discharge energy efficiency (44%). This indicates a large
portion of copper dissolved in the anode electrolyte but does not take part in the electrode
reaction. This is based on the side reaction of dissolved oxygen and the formation of
Cu(OH)z, and further proved by adding acid and removing dissolved oxygen to improve
the battery performance.®® Replacing the ammonia ligand with ethylenediamine raises

the ACE to 77%.%% Moreover, a high ACE of almost 100% is obtained by using silver



2)

3)

salt.®> The promising value represents excellent reversibility, proved by over a hundred
charge/discharge cycles of producing a stable power. Due to the high cost of silver, the
metal electrode is substituted with carbon-silver electrodes.

The resistance problem. The whole resistance consists of the Ohmic resistance and the
activation resistance. Both Ohmic resistance and activation resistance can be determined
by electrochemical impedance spectroscopy (EIS) test. Ohmic resistance is battery
internal resistance caused by the electrolyte conductivity and diffusion rate. Additionally,
the reaction resistance is related to the electrode dynamics. For example, the charge-
transfer resistance can judge the difficulty of the reaction kinetics: the smaller charge-
transfer resistance means better reversibility of the electrode. The better reversibility of
Ag compared with Cu is because of the low reaction resistance (0.08 Q). In order to
solve the resistance problem, a compact design is required to stack the electrodes and
membrane together. Adding NH4sNO; as supporting electrolyte also enhances the
electrolyte conductivity and reduces the resistance without bringing other ions and
pollution. But dense NH4NO3 might increase the viscosity, which increases the transport
resistance of copper ions, leading to high reaction resistance and energy loss. The peak
power density is obtained at 3 M NH4NOs concentration in the range of 1-5 M, suggesting
the existence of an optimal concentration.®*

The concentration optimization of Cu?* and NHs. The cycle stability is ensured by the
consistence of cathodic Cu®" concentration and the anodic Cu(NH3)4>" concentration in
every cycle. Owning to the copper corrosion during discharging, the cathodic Cu?*
concentration is greater than the anodic Cu(NH3)4>* concentration. Therefore decreasing
the initial anodic Cu(NH3)4>" concentration is necessary to avoid cyclical concentration
change. Also, appropriately increasing Cu”*" and NH3 concentration could improve the

battery performance, because Cu®" concentration determines the limiting current density
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4)

5)

6)

which shows mass transport ability, while NH3 concentration has a vital effect on the
power output and overpotential.** The power output increases from 53 W m™ with 1 M
NH;s to 136 W m™ with 3 M NH3.%°

The temperature effects. Compared with 95 W mat 23 °C, the maximum power density
linearly increases to 236 W m™ at 72 °C. The high relative efficiency 7, (13%) is
obtained with the total efficiency 7 of 0.5%. An improved reaction kinetics at higher
temperature attested by the reduced overpotential, results in the enhancement in power
production. However, the high temperature causes the loss of membrane selectivity and
further brings about the ammonia crossover problem, which leading to a decrease in
power density and coulombic efficiency.®

Effect of flow rate. The use of flowing electrolyte is a practical method to strengthen
mass transport. The power density of Cu/Zn-TRAFB (280 W m™) is twice more than the
power density of Cu/Zn-TRAB (118 W m2).”%® The power output increases with the flow
rate when the flow rate is below 8 mL min™!, otherwise the reaction is controlled by the
kinetic rate under sufficient mass transfer.’

Scalability of system. The flexibility of compiling battery system in series or parallel can

meet the actual demands for voltage and current.®*

2.2.4 Electrical double-layer-based cycle

The thermal induced entropy change is utilized to harvest energy by constructing electrical

double-layer capacitors. One method is to make use of thermal membrane potential of ion
exchange membrane to extract energy from small thermal difference,®” or harvesting the mixing
free energy of solutions of different concentrations. In particular, the electrostatic potential
increases with the temperature, which enhances the ion capturing ability.®® As shown in Fig. 8,

the voltage changes from 2.50 to 2.536 V at 65 °C temperature, the calculated thermopower of
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the capacitor is 0.6 mV K-! and the theoretically predicted efficiency is 5%.°® However, both two
methods are confronted with the decay problem. Thus, the power generation is not continuous,

the operation process is within a certain time scale.
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Fig. 8. (a) A supercapacitor model with two parallel plates. (b) The open-circuit potential
change when cycling the fully charged cell between 0 and 65 °C. Reprinted with permission

from ref. 68. Copyright 2015 Royal Society of Chemistry.

2.2.5 Direct thermal charging cell (DTCC)

Direct thermal charging cell®® for converting low-grade heat to electricity was invented
recently. In particular, this kind of isothermal heating operation does not require external
charging and building thermal gradient. DTCC can be self-regenerated after discharging. While
the thermopower is quite high up to 5 mV K!, the thermoelectric conversion efficiency reaches
3.52% at 90 °C with 19.7% of Carnot efficiency. Compared with the other thermal cycles and
thermal conversion devices, the thermopower and efficiency are still high. However, the
degradation problem of cathode limits the application which requires a long-term cycling.

DTCC consists of asymmetric electrodes (capacitor-type cathode of GO/PtNPs and a battery-
type anode of anode of PANI) and aqueous electrolyte containing Fe?*/Fe*". DTCC generates the
voltage by the temperature induced pseudocapacitive GO and temperature dependent electron
carriers (redox couple). The relevant electrical double layer-based cycle has been reported to

thermal induced ionic entropy change which results in thermopower of 0.6 mV K™! of the double
33



layer capacitance. The voltage change is 0.036 V of the temperature change from 0 to 65 °C. This
illustrates existence of temperature-dependent capacitive effect.

At first, DTCC is heated at open circuit. Due to the pseudocapacitive effect, oxygen functional
groups absorb protons and react at the electrode-electrolyte interface. Due to the positive
thermopower of the Fe**/Fe** redox couple, the reduction reaction happens with the increase in
temperature. The open circuit voltage is enhanced by the two effects. Then connecting the two
electrodes, PANI self-oxides while electrons transfer to cathode to attribute to reduction of Fe**.
At the last regeneration stage, oxidized PANI react with Fe?" and revert to the initial stage. The

reaction is given below:
H H H H H* H
N N+ — N N N N+ + 2ne + 2nH*
H* H* cr cr
cr Cl“2n "

(27)
DTCC exhibits excellent efficiency and power density. What’s more, potential applications
including a wide operation window, and low-cost cell stacks are under exploration. But it still
remains an ongoing challenge of cyclability which requires further research like changing the
cathode materials or redox couple to tackle the degradation problem. Furthermore, the
mechanisms of reactions of temperature induced pseudocapacitive effect together with the PANI

polymer catalytic activation have yet to be identified.

2.3 Thermo-osmotic energy conversion (TOEC)
Thermo-osmotic energy conversion (TOEC) is a new technology based on the hydrophobic
membrane. When the temperature gradient tends to drive the vapor flux against a hydraulic

pressure difference, a pressurized flow is produced to drive a turbine or other types of machines.
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Fig. 9. Working principle of TOEC system, a, Schematic diagram of water vapour transport
across a membrane, b, Hydraulic pressure that can be theoretically generated with a certain
temperature difference across a membrane. Reprinted with permission from ref. 40. Copyright

2018 Royal Society of Chemistry.

As demonstrated in Fig. 9, applying a hydrophobic, nanoporous membrane between hot and
cold liquid creates a gas phase, temperature-driven flux against the pressure-driven flux from the
hot side to the cold side. Consequently, the volume of the cold liquid hinders the expansion and
leads to the pressure to the turbine for power generation. Water is used in this system due to its
high surface tension, which prevent the membrane pore from infiltration. Vapor-gap membrane
is used in this system because of their relatively high thermo-osmotic fluxes and relatively low
thermal conductivity of polymer membrane. Polytetrafluoroethylene (PTFE) has been first used

in this system, producing 3.53 £ 0.29 W m™ power density with 40 °C temperature difference
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(20 °C-60 °C). The efficiency of optimized system with continuous closed-loop system is more
than 50% of Carnot efficiency.”

The thermal efficiency of the membrane is the amount of heat transferred by vaporization
through the membrane divided by the total heat transferred. The heat loss mainly is due to the
thermal conductivity of the membrane. Thermal efficiency is relevant to the thermal conductivity
and thickness of membrane. In order to increase the efficiency, reducing thermal conductivity is
a practical way.”! The working fluid investigated by now is water because of high surface tension
and high heat of vaporization, however, mixing of fluids, such as working fluid with different
absorption of CO» also show potential of improving the performance.’”®’> More importantly, a
higher efficiency can be obtained by increasing the pressure and a higher power can be obtained
by increasing the area of the membrane theoretically. But the amelioration strategies in increasing

pressure resistance and high performance structure are still under investigation.”!

3. Summary and perspectives

Compared with TE, liquid-based systems show great advantages in power density, efficiency,
and cost. With more and more researchers’ interests and efforts in the use of liquid-based systems
for recovering low-grade waste heat, the power density and efficiency have been improved
significantly. However, in order to make the systems practical, the fundamental understanding
and the cell design are both vital to overcome the key performance limitations.

For TECs, the key point is the redox couple and cell configuration. As most researchers focus
on the efficiency improvement, the practical application of TECs is limited by the low power
density (maximum 12 W m2), which can be improved by changing alternative redox couple with
higher thermopower, and optimizing the cell configuration.

First and foremost, a redox couple with higher thermopower requires a development in

exploring the new redox couple, or maximizing the entropy change by improving electrolyte.

36



The detailed analyses have been discussed above. In particular, the computational modelling is
under-utilised to investigate a new redox couple and additive. The simulation is supposed to
theoretically explain the relationship between the thermopower and entropy change and solvent
structure. Furthermore, the simulation based on the design of systems and current experimental
data, provides a reasonable suggestion on the structure optimization, moreover predicts the
performance of the whole system. The computational and simulation methods show a huge
potential in terms of the analytical ability. Secondly, cell configuration approaches can improve
the power density in certain perspectives. For example, a significant power density change is the
application of electrolyte-filled thermal separators (sponge thermal separator).?! The increased
thermal resistance attributes to larger temperature gradient inside the cell. While the proper
thickness and porosity lead to decreased thermocell resistance. According to the currently
achievable power density, future work of utilizing TECs possibly focus on the integrated TEC
arrays for wearable devices because of the low power density requirement.

The TRECsS are confronted with the same power density difficulty (below 1 W m™) which can
be improved by increasing the whole thermopower of the cell, widening the temperature range,
lowering the resistance. These requirements need the fundamental understanding of entropy
change of material during the reaction, the advanced electrode material design with fast kinetics
and higher temperature tolerance, good design of system or cell configuration and also,
membrane with good selectivity and low resistance.

Firstly, the fundamental understanding of thermopower should be further studied. Since the
general understanding of thermopower of redox couple is based on the solvation structure in
liquid phase, the thermopower of solid phase is more complex. The influence factors including
phonon entropy, configuration entropy, electron entropy. These are widely studied in the heat
control system of industrial battery pack. However, we still need to trace the origin of entropy

change in solid phase. As referred by Gao et al.,'? the problems are the relation of entropy change
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and properties of electrode material, the optimization in electrode material and composition.
Secondly, the exploration in electrode material is needed. As the other problems such as cell
configuration can be settled by technical methods, the electrode material is an urgent problem
for TRECs. The material is required to make entropy contribution on the thermopower of the
whole cell during the reaction, have fast kinetics and long-term stability to ensure the reaction
conduction. Although the utilizing metal ion battery materials gives us a good idea, the
thermopower of the whole cell is relatively low. The redox couple are possibly introduced into
the TRECs. DTCC is a good example to fulfill the cycles with exploiting Fe**/Fe** redox couple,
but its long-term operation still needs to be further improved What’s more, the guidance on
enlarging the thermopower will become clearer if more evaluation and analysis are conducted to
determine the entropy contribution of solid phase and liquid phase. Thirdly, the investigation
membrane is also required. As an important composition of TRECs, the membrane separates the
anode and cathode. More importantly, it prevents the possible side reaction in the system. And
in a specific TREC system, good selectivity and low resistance more importantly, high
temperature tolerance is critical. Finally, the optimization in cell configuration is vital for real
application. As for the performance of TRECs, actually, even though the low power output can
be solved by connection in series or parallel, the exact problem is the small effective current
density in spite of the high thermopower. In this perspective, TRECs show a certain potential in
application in sensor due to the low power requirement, the smallest sensor only needs 10 mW
in 10-30 cm? area.

Among the various types of TRECs, TRABs are the most promising practical application
because of its highest power density (280 W m™) so far. The poor cycle performance can be
ameliorated by replacing the metal ion. Optimizing the concentration of supporting electrolyte,
ligand and metal ions, adjusting the temperature and flow rate propose a reasonable plan to

maximize the power output and efficiency. Future work will probably aim to lower the cost to
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achieve the perfect columbic efficiency, leading to practical large-scale power generator
application.

While the major problem of TOEC is lacking of robust membrane under pressure. Some works
focus on the design of the membrane to create a theoretically 88.8 W m excitingly high power
density 7°, which shows a great potential in ecofriendly and continuous heat harvesting. However,
the work 1n this field is limited therefore it still needs further exploration.

To sum up, the TRABs present the highest power density which followed by TECs and TOECs,
which are competitive with semiconductor thermoelectric material (~mW cm?), while TOECs,
TRECs and DTCC display the relatively higher efficiency. They have overlap in their
functionality but have unique features and working conditions. The TRAB systems can be
potentially up-scaled for large scale application for recovering industrial waste heat. The other
systems such as TOECs and TECs can be applied to recover waste heat below 100 °C, such as
waste heat from air conditioners. In addition to these technologies mentioned above, there are
other technologies for waste heat recovery such as organic Rankine cycle, heat recovery steam
generator and heat pipe system. What’s more, combination of different technologies such as
triboelectric, pyroelectric, piezoelectric, thermoelectric, thermal-electrochemical systems 74
establishes a new field to boost the efficiency and power density. The related materials such as
Zn0O nanowire arrays, polarized poly(vinylidene flfluoride) (PVDF) film-based generator, both
have pyroelectric and piezoelectric properties. The assembled hybrid cell can harvest thermal,

mechanical and solar energy simultaneously.”>”’
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