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Figure 1 Schematic diagram for the generation of waste heat [7]
(color online).
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Figure 2 Schematic diagrams of the energy conversion for the
working thermo-electrochemical cell involving Fe(CN)63_/Fe(CN)64_
redox ions; (a) isothermal cell potential; (b) non-isothermal cell
potential; (c) cell discharge (color online).
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Figure 3 Diagram of a thermo-electrochemical cell with vertically
placed electrodes (color online).
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Figure 4 Schematic diagrams (a, b) [21,23] and photos (c, d) [24,25]
of the U-shaped thermo-electrochemical cell device (color online).
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Figure 5 Schematic diagrams (a, b) [28,29] and photos (c—f) [30-33]
of the direct thermo-electrochemical cell devices (color online).
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Figure 6 Devices for the cup-type [34] (a, b), and tube-type [35,36]
(¢, d) thermo-electrochemical cells (color online).
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Table 1 Performance comparison of different-type devices for
thermo-electrochemical cells

Thermopower

Device type (mv Kil) P (uW cmfz) AT (K) Ref.
6] -1.39 2.551 60 [21]

U —1.43 10.5 62.1 [23]

U —1.44 0.447 55 [24]

U 0.84 8.67 20 [25]
Straight -1.43 0.68 20 [28]
Straight 0.84 1.6 60 [29]
Straight -1.43 327 31 [30]
Straight —1.43 66 51 [31]
Tube -14 23.4 21 [34]
Cup -1.42 82 50 [35]
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Figure 7 Schematic diagrams of three thermo-electrochemical cells
with special electrolytes. (a) Polymer electrolytes [43]; (b) electrolytes
with proton-coupled electron transfer (PCET) reaction [44]; (c¢)
electrolytes using acetone and isopropanol as redox/redox pairs [45]
(color online).
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Table 2 Performance comparison of different redox systems for thermo-electrochemical cells

Redox couple Thermopower (mV K™ Electrolyte Ref.
[Fe(CN) > /*~ —-1.42 0.4 mol L™" in water [25]
Fe*'/Fe* 0.18-1.35 0.4 mol L™" in water [37]
Fe(C10,),/Fe(ClO,); 1.76 0.8 mol L™" in water [38]
Fc'/Fe 1.81 0.8 mol L™" in DMSO [39]
Sn*/Sn** 1.59 0.8 mol L' in water [40]
L 0.97 0.01 mol L™ in water [42]
NiZ"/Ni 1.05, 2.83 1 mol L™ NiSO, in water [41]
Cu”*/Cu(s) 0.73 1 mol L™ CuSO, in water [41]
70>/ Zn(s) 0.64 1 mol L™' ZnSO, in water [41]
H'/H, 0.531 0.8 mol L™" in water [43]
C¢H,0,/C¢HO, -6.7 0.4 mol L™" in water [44]
CH;COCH,/C;H0 -9.9 1 mol L™ in water [45]
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Figure 8 Schematic diagram of the supramolecular thermo-electro-

chemical cell in the combination of a-CD and I;/I” redox pair [42]
(color online).
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Figure 9 Structures of the ionic liquids which are commonly used in
thermo-electrochemical cells [16].
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Figure 10 Morphologies of the porous carbon nanotubes (CNTs): (a)
electrode of multi-walled CNT arrays [54]; (b) pure CNT segments
without the aggregation [33]; (¢) CNT thin films obtained by the
electrophoretic deposition [34]; (d) random-orientated traditional CNT
structures [31]; (e) ordered CNT aerogel [31]; (f) orthogonally stacked
double-wall CNTs [55] (color online).
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Figure 11 Performance comparison of thermo-electrochemical cells
based on carbon electrodes [20]. (a) Power density and internal
resistance; (b) open-circuit voltage and short-circuit current (color
online).
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Table 3 Performance comparison of different carbon materials for
thermo-electrochemical cells

Material AT(K) I(Acem™) PuWem™>)  Ref
CNTs 60 6.46 136 [53]
P-SWNT 65 10.5 105 [28]
P-MWNT 22 11 110 [28]
RGO 60 45 25.51 [21]
%GO 106.2 20.4 360 [56]
RGO/C 62.1 135 105 [23]
SWNT/CF 8.5 2.1 880 [57]
Ti/TiO,/CF 60 20 252 [58]
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Figure 12 Schematic diagram of the hybrid thermo-electrochemical
cell [61] (color online).
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Table 4 Performance comparison of different non-precious metal
materials for thermo-electrochemical cells

Material AT(K) I(Acem™) P (W cm™) Ref
Pt 50 0.43 1.25 [36]
Cu 40 0.4 1.11 [29]
Zn 30 0.32 0.85 [41]
Ni 60 0.51 1.83 [60]
s 50 1.63 45 [61]
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Figure 13 Two series ways of thermo-electrochemical cells: (a) Z-
type; (b) II-type (color online).
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Figure 14 (a) Integrated thermo-electrochemical cell device. (b)
Voltage and current of the thermocell generated by body temperature.
The inset shows a photo of a wearable thermal battery on the hand [74]
(color online).
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Figure 15 Properties of the thermo-electrochemical cells obtained
with different gel-based electrolytes: (a—c) PVA gel-based cells [75-77];
(d) PAM gel-based cells [78] (color online).
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Table 5 Performance comparison of different gel electrolytes for
thermo-electrochemical cells

Electrode Electrolyte||Gel AT (K) P (uW cm™) Ref
Cu Fe(CN), " |IPVA 18 1.05 [48]
Cu Fe(CN)y™*7||IPVA 50 6.86 [52]

Carbon  FeSO,/Fey(SO,),[PVA 21 1.1 [62]
Pt Fe(CN)s " |IPVA 5 0.3 [74]
Pt Fe(CN), 7 |IPVA 30 175 [75]

Carbon Fe(CN),™*7||IPVA 40 143 [76]
Pt Fe(CN)s ™+ |IPVA 40 0.022 [77]
Cu Sn*'/sn*’||PAM 20 3.398 [40]
Pt Fe(CN)y™*7|IPAM 10 0.768 [78]
Cu [Co(bpy)s " |IPVDF 20 1.04 [39]

Carbon Fe(CN)s ~*"|IPAC 20 9.5 [79]
Pt I;7/17||PVA 50 1.66 [80]

Carbon Fe(CN), ~*"|IPAM 30 0.0325 [81]
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Figure 16 (a) Schematic diagram of unidirectional freezing to
construct an anisotropic polymer network. (b) FESEM images of the
freeze-dried PVA networks after different freezing processes. Currents
and voltages of the thermo-electrochemical cells were recorded in
different states in a temperature gradient. (c) Repeated compression; (d)
repeated bending to 90°; (e) repeated stretching to 10% of strain [77]
(color online).
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Figure 17 Demonstration of applying self-powered temperature-
monitoring system using PVA/GL thermocouple hydrogel: (a) sche-
matic diagram of thermoelectric window for outdoor temperature
monitoring. Voltage response of the refrigerator (b) and house (c) [80].
(d) Schematic illustration and digital images of the solar-driven QS-
TEC as an electricity supplier for motors and LEDs [83] (color online).
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Research progress in thermo-electrochemical cells for harvesting
low-grade waste heat
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Abstract: Low-grade waste heat (below 150 °C) is an abundant and widely available sustainable energy resource, but it
also has the drawbacks of dispersed distribution and low utilization efficiency. Therefore, developing efficient and
economical low-grade heat recovery technologies is of great significance for energy utilization. Recently, a novel low-
cost and low-grade heat recovery system, thermo-electrochemical cell, has gradually emerged and attracted great
research interest. Based on this, this review comprehensively summarized the research progress in thermo-
electrochemical cells in the recent decade. Firstly, we introduced the construction and working principles of current
thermo-electrochemical cells. Then, we discussed the primarily designed device types for the cells. Subsequently, we
discussed the detailed research progress in electrolytes and electrode materials for the cells, which are based on
improving the thermal power (S.) and power density (P) of the systems. Finally, we carefully discussed the assembly and
equipment integration methods of the cell system for practical applications, and the future opportunities and challenges
in this research field.
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