
Chemical Engineering Journal 493 (2024) 152806

Available online 3 June 2024
1385-8947/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Strong concentration gradient effect and weak solvation effect in 
thermopower enhancement in K3Fe(CN)6/ K4Fe(CN)6 aqueous electrolyte 
with ethanol addition 

Shouze Li a, Zhou Li a, Dongyan Xu b, Run Hu a,c,* 

a School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan 430074, China 
b Department of Mechanical and Automation Engineering, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong Special Administrative Region 
c Department of Applied Physics, Kyung Hee University, Gyeonggi-do 17104, Republic of Korea   

A R T I C L E  I N F O   

Keywords: 
Low-grade heat harvest 
Thermocell 
Thermogalvanic effect 
Organic-water solution 
Concentration gradition effect 

A B S T R A C T   

Emerging thermocells exhibit a significant potential in low-grade heat harvesting owe to their high mV-scale 
thermopower, low cost, and high robustness. Fundamentally, three effects contribute to the thermopower 
enhancement of liquid thermocells, i.e. original concentration effect, solvation effect, and normalized concen
tration gradient effect. Yet, the contribution of the solvation effects and the normalized concentration gradient in 
organic solvents remains a subject of debate. In this paper, we integrate experiments, spectral analysis, and 
electrochemical theory to demonstrate that the normalized concentration gradient dominates the enhancement 
of thermopower in the investigated organic solvents, whereas the solvation effect is weak. Further, the intro
duction of ethanol results in a thermosensitive solubility of K4Fe(CN)6 and a minimal concentration at the cold 
end, which establishes a huge substantial normalized Fe(CN)6

4- concentration gradient and increases the Seebeck 
coefficient to 3.4 mV/K. Simultaneously, the precipitation resulting from the introduction of an organic solvent 
notably diminishes the heat convection within the system. As a result, the optimized TC-35EtOH system yields a 
ZT value (0.094) and Carnot-relative efficiency (2.52 %) that are 7 times greater than those of its initial coun
terpart. Additionally, the system’s high power density of 3.64 W/m2 suggests its potential for harnessing low- 
grade heat waste energy.   

1. Introduction 

Abundant low-grade thermal energy is ubiquitously distributed in 
nature [1]. Harnessing low-grade thermal energy is crucial in addressing 
global energy and environmental challenges [2]. In recent decades, 
thermoelectric generators made of semiconductor materials have been 
extensively studied for converting waste heat into electricity based on 
the Seebeck effect [3–5]. However, the application of thermoelectric 
generators is constrained by the relatively low Seebeck coefficient (Se) 
of ~ 100 μV/K [6–10], high cost of manufacturing, and the rarity of 
certain semiconductor materials [11–15]. 

Alternatively, the thermogalvanic cell, commonly referred to as the 
thermocell, is a promising solution to replace the conventional ther
moelectric generators [16–18] with merits like high ~ mV/K Seebeck 
coefficient, cost effectiveness [19–21]. The typical thermocell consists of 
two electrodes and electrolyte containing a redox couple. Both the 

electrodes and the electrolytes are cheap and easy for scalable 
manufacturing [22]. As the benchmark for P-type thermocell, the 0.4 M 
K3Fe(CN)6/ K4Fe(CN)6 aqueous thermocell (TC) with Se ~ 1.4 mV/K has 
been studied extensively [23–36]. When a temperature gradient is 
applied across two electrodes, the equilibrium of reversible reactions 
between the redox couple is disrupted, leading to a shift in the electrode 
reactions in the opposite direction as shown in Fig. 1a. This shift results 
in the generation of an electric potential difference that can output 
current for constant discharging. Similar to semiconductor thermo
electric generators, the thermopower (commonly referred to as Seebeck 
coefficient) [35] of thermocell is defined as 

Se = −
EH − EC

TH − TC
(1)  

with EH and EC correspond to the voltage of the hot electrode at tem
perature TH and the cold electrode at temperature TC, respectively. To 
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generate a useful voltage of 1 to 5 V in a room temperature environment, 
researchers have employed various methods to enhance the Se of the 
thermocell [37,38]. The enhancement of Se can be expressed (Note S1) 
as the solvation-related entropy difference (ΔSr) and the concentration- 
related entropy difference (ΔCr) of the thermocell [22,39], i.e. ΔSe 
=(ΔCr − ΔSr)/nF, where ΔSe is the thermopower difference between the 
studied system and corresponding aqueous electrolyte, the n is the 
number of transferred electrons and F is Faraday’s constant respectively. 
To increase Se of thermocells, the strategy is to adjust ΔSr or ΔCr, which 
are dominated by the solvation and the concentration of Redox ions 
respectively. In comparison with the control group (1.4 mV/K), Zhou 
group [22] utilized Gdm+ cations to induce the K2[C(NH2)3]2Fe 
(CN)6⋅6H2O crystal of a highly thermosensitive solubility, where crys
talizes at the cold end and dissolves at the hot end in order to create a 
concentration gradient of ions and increase the concentration-related 
entropy difference ΔCr to improve Se to 3.78 mV/K. Additionally, 
Zhou group [40] also achieved a tripled Se (4.2 mV/K) by adding urea 
and GdmCl to K3Fe(CN)6/K4Fe(CN)6 aqueous electrolyte. In K3Fe(CN)6/ 
K4Fe(CN)6 and Fe(ClO4)3/Fe(ClO4)2 systems, Kim [41] and Sun [42] 
groups investigated the Se enhancement of organic solvents and attrib
uted it to ionic solvation effect. These methods are built on altering the 
solvation-related entropy Sr of ions by changing the solvent molecule 
configuration around the ions. However, there are still some open 
question in previous studies. The solvation effects observed in previous 
studies rely on molecular dynamics and the enhancement of Se. Never
theless, these methods are made questionable by the significant influ
ence of selective force fields and the potential concentration gradient 

effects. The direct observation of solvation effect is lacking and the effect 
of organic solvents on the solubility of electrolytes [43,44] remains 
unexplored yet. Moreover, the establishment of concentration gradients 
is centered on the unusual thermosensitive crystals as the solute (K2[C 
(NH2)3]2Fe(CN)6⋅6H2O [22], (NH4)2Cu(SO4)2⋅6H2O [45]), while the 
effect of solvent remains undiscussed. 

In this study, we demonstrate the Se enhancement through solvent 
design by adding varying organic solvents into K3Fe(CN)6/K4Fe(CN)6 
aqueous electrolyte, revealing a synergic mechanism with a strong 
normalized concentration gradient effects to increase ΔCr (Fig. 1a) and a 
weak solvation effect to decrease ΔSr respectively. The addition of 
ethanol (EtOH) molecules changes the ionic solubility to induce the K4Fe 
(CN)6 crystallization, leading to a minimal concentration of Fe(CN)6

4– at 
the cold end and a large normalized concentration gradient 
(CFe(CN)

4−
6 ,H/CFe(CN)

4−
6 ,C), which results in a significant difference ΔCr and 

dominates the thermopower enhancement. The direct observation of the 
solvation effect is demonstrated via the Raman shift of Fe(CN)6

3- and Fe 
(CN)6

4- ions in diverse solvent. After removing the precipitate to elimi
nate the concentration effect, we measure the Se of supernatant, 
revealing the competitive solvation effect and original concentration 
effect. The optimized TC-35EtOH showcases a high Se = 3.4 mV/K and 
remarkable power output of 3.67 W/m2. Furthermore, the thermoelec
tric figure of merit (ZT) of TC-35EtOH is increased by 7-fold to 0.094, 
leading to a substantial enhancement in its overall performance. By 
adding 35 % EtOH, the optimized thermocell system (TC-35EtOH) 
showcases a high Se = 3.4 mV/K and remarkable power output of 3.67 

Fig. 1. (a) Schematic of EtOH inducing Fe(CN)6
4– crystallization and enhancement of the thermogalvanic effect in the 0.4 M K3Fe(CN)6/K4Fe(CN)6 system. (b) XRD 

spectra for pure K3Fe(CN)6, K4Fe(CN)6⋅3H2O and dried powders from the supernatant and precipitate in the TC-35EtOH electrolyte. The supernatant and the 
precipitate corresponding reference patterns, showing their main ingredients are K3Fe(CN)6 and K4Fe(CN)6, respectively. (c) Within the operational temperature 
range of thermocell, the solubility of K4Fe(CN)6⋅3H2O crystals in the mixed solvent of water and EtOH with a volume ratio of 65:35. Error bars denote SD from 
repeated measurements for three times at the same temperatures. 

S. Li et al.                                                                                                                                                                                                                                        



Chemical Engineering Journal 493 (2024) 152806

3

W/m2, almost 2.5-fold and 2-fold enhancement compared to the original 
thermocell without EtOH (TC). Furthermore, the thermoelectric figure 
of merit (ZT) of TC-35EtOH is increased by 7-fold to 0.094. Our work 
offers profound and comprehensive insights into organic aqueous ther
mocells and paves avenues for designing solvents in thermocells, 
exhibiting great potential for low-grade thermal energy harvesting. 

2. Experimental section 

2.1. Material 

All chemical reagents were purchased from Aladdin Bio-Chem 
Technology Co, Ltd. (China) and used without further purification. 
These included potassium ferrocyanide (K4Fe(CN)6⋅3H2O, potassium 
hexacyanoferrate(ii) trihydrate, ≥99.5 %), potassium ferricyanide 
(K3[Fe(CN)6], potassium hexacyanoferrate(iii), ≥99.5 %), ethanol 
(EtOH, ≥99.7 %), acetone, acetonitrile (ACN), N,N-dimethylacetamide 
(DMA), N,N-dimethylformamide (DMF), methanol (MeOH) and 
ethylene glycol (EG). Graphite sheets were purchased from Graphite 
Material Company, Ltd. (China). The test solutions were freshly pre
pared for all experiments. 

2.2. Fabrication of TC/TC-35EtOH devices 

Firstly, a 0.4 M solution of K3Fe(CN)6/K4Fe(CN)6 electrolyte (TC) 
was prepared by dissolving 131.67 g of potassium ferricyanide (K3Fe 
(CN)6) and 168.96 g of potassium ferrocyanide trihydrate (K4Fe 
(CN)6⋅3H2O) in 1 L of deionized water. To optimize the electrolyte, it 
was further enhanced by adding 350 mL of ethanol to a mixture con
sisting of 650 mL of the aforementioned electrolyte solution (TC- 
35EtOH). 

Typically, a planar single cell was used to demonstrate the thermo
electric performance of the TC/TC-35EtOH (Fig. 1a). The polymeric 
methyl methacrylate (PMMA) frame is filled with 0.4 M K3Fe(CN)6/K4Fe 
(CN)6 electrolyte/optimized electrolyte and both sides are sealed with 
0.5 cm graphite plate to form TC/TC-35EtOH, where the cross-sectional 
area of the thermocell is 9 cm2 and the distance between the two elec
trodes is 1.5 cm. The thermocouple for temperature measurement is 
fixed to the electrode- electrolyte interface. A temperature gradient was 
formed across the whole cell by placing a ceramic heating plate on the 
bottom and a Peltier element on the top. 

2.3. Material characterizations 

The solubility (defined as g per 100 mL mixed solvent) of the K4Fe 
(CN)6 crystals at different temperatures was directly measured. Typi
cally, the crystals were gradually added to 30 mL mixed solvent at 
different temperatures and thermostatically incubated until the solution 
was saturated. In addition, the ion concentration gradients under 
different temperature gradients were measured by UV–Vis-NIR spec
trophotometry (Shimadzu UV-3600Plus). Under a certain temperature 
gradient, we extracted a trace solution (10 μL) in situ near the cold 
electrode and the hot electrode respectively. Because the absorption 
strength of the extraction solution far exceeds the upper limit of the 
spectrometer. After the extraction solution is diluted 100 times, the 
absorption spectrum is measured by UV–Vis-NIR spectrophotometry to 
determine the ion concentration. The crystal structure of the samples 
was analyzed by X-ray diffraction (XRD, PANalytical B.V. X’Pert3 
Powder diffractometer). The supernatant and precipitate were separated 
by extraction filtration, and both were dehydrated through lyophiliza
tion for 48 h. Finally, the dried powders from the supernatant and 
precipitate were milled before being characterized by XRD. The redox 
reaction mechanisms for TC and TC-35EtOH were investigated by using 
electrochemical workstation (Jiangsu Donghua Analytical Instrument 
Co., Ltd. DH7001A). Various electrolyte solutions were prepared by 
thoroughly blending (1-x%) volume of TC electrolyte with x% volume of 

an organic solvent. The supernatant obtained from filtering these elec
trolytes was utilized for conducting Fourier transform infrared spec
troscopy (FTIR) and Raman spectroscopy analyses. FTIR (Thermo 
Scientific, Nicolet iS50R) was used to analyze the characteristic spectra 
of Fe(CN)6

3–/Fe(CN)6
4– redox couple by the potassium bromide (KBr, 

Sigma Aldrich) method. Raman spectra were recorded with a LabRAM 
HR800 laser Raman spectrometer using a laser excitation of 532 nm. 

2.4. Electrical measurement 

A Keithley 2700 instrument was utilized to measure and record 
temperature, voltage, and current at a sampling rate of 1 s per point. The 
Seebeck coefficient of the thermocell is determined by analyzing the 
open circuit voltage response during the dynamic heating process. In all 
tests, the cold end temperature was stabilized at the origin temperature 
(Tc = TO = 298 K) without any specific instructions, while the thermo
electric potential was measured by incrementally increasing the hot end 
temperature. All tests were conducted with the cold end positioned 
above the hot end, unless specified otherwise. To establish cur
rent–voltage curve, the thermocell with fixed temperature gradient is 
connected to various resistances, and precise measurements are taken 
for current and voltage across the resistor. Subsequently, utilizing these 
corresponding current and voltage values, both power-voltage curve and 
conductivity of thermocell can be calculated with precision. For other 
performance indicators, see Note S1 in SI. 

2.5. Effective thermal conductivity measurement 

Unlike solid substances, liquids possess considerable fluidity, which 
leads to thermal convection that affects the heat transfer of the system. 
Therefore, when assessing heat dissipation in thermal cells, it is imper
ative to directly measure the effective thermal conductivity λeff of the 
liquid thermal cell rather than relying on inherent thermal conductivity 
values of electrolyte [22]. In this study, we used the steady-state method 
to accurately determine λeff using the device shown in Fig. S7a. The cell 
had a cross-sectional area of 9 cm2, and a distance of 1.5 cm between the 
two sides. The temperature profile for device was captured using an 
infrared camera (FLIR SC620) and the image processing software (FLIR 
QuickReport 1.2). To ensure that the area where the infrared camera 
records had the same thermal gradient as the electrolyte, we sealed the 
side wall with a 0.5 mm thick polycarbonate (PC) sheet. Furthermore, 
two identical PC boards with a thickness of 8 mm are positioned parallel 
at both top and bottom as heat transfer walls. An electrical heating plate 
on the bottom and a water-cooled plate on the top to formed a tem
perature gradient. Additionally, to prevent any heat input flow from 
escaping into the surrounding environment, the side walls of the device 
were covered with foam insulation that was 2 cm thick. The device was 
designed for heat transfer only through intermediate electrolytes. In a 
state of stability, according to Fourier’s law: 

λeff(
∂T
∂h

)electrolyte = λ(
∂T
∂h

)PC (2) 

The material thermal conductivity of PC wall is measured as λ = 0.21 
W/(m⋅K). The effective thermal conductivity of the electrolyte can be 
calculated using Eq. (2) when a steady-state temperature gradient (∂T/ 
∂h) is reached across the walls of the PC and the electrolyte. 

3. Results and discussion 

The conventional thermocells primarily consist of a redox couple of 
ions that possess similar physical and chemical properties, thereby 
making it challenging to enhance the ΔSr between the oxidized ions and 
the reduced ions, as well as their coexisting concentration [38]. Utilizing 
the competitive effect between ions and an organic solvent such as EtOH 
is a simple and effective method to enhance thermopower. 

Specifically, the inclusion of EtOH induces alterations in ionic 
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solubility, resulting in the formation of a TC-EtOH system that comprises 
a supernatant phase and a precipitated phase (Fig. S1). XRD analysis 
(Fig. 1b) confirms that the main components of the supernatant phase 
and the precipitate phase are K3Fe(CN)6 and K4Fe(CN)6, respectively. 
The addition of EtOH was shown to decrease the solubility of K4Fe(CN)6. 
The solubility of K4Fe(CN)6 in the mixed solvent exhibits a temperature- 
dependent and positive correlation within the operational temperature 
range of thermocell (Fig. 1c). Therefore, a stable Fe(CN)6

4– ion concen
tration gradient can be attained in a thermocell through astute design. In 
a TC-EtOH system where the top electrode is cold and the bottom 
electrode is hot, Fe(CN)6

4– spontaneously precipitates and undergoes 
crystallization on the cold side (top), leading to a reduced local Fe(CN)6

4– 

concentration near the cold electrode, which enhances the reduction 
reaction of Fe(CN)6

3– + e- → Fe(CN)6
4–. Due to the force of gravity, the 

K4Fe(CN)6 crystals move from cold side (top) to hot side (bottom). 
Subsequently, K4Fe(CN)6 crystals redissolves on the hot side (bottom), 
resulting in a high local Fe(CN)6

4– concentration near the hot electrode 
that enhances the oxidation reaction of Fe(CN)6

4– → Fe(CN)6
3– + e-. 

Various characterization methods were employed to validate the 
aforementioned conjecture. According to cyclic voltammetry (Fig. S2), 
the presence of precipitates leads to an increase in both the potential and 
current of the redox reaction, indicating an elevated concentration of the 
reducing substance [46–48]. The concentration profiles of Fe(CN)6

4– and 
Fe(CN)6

3– at various temperature differences were revealed by UV–Vis 
spectroscopy as shown in Fig. 2a. As the temperature rises, the absor
bance at approximately the 218 nm (Fe(CN)6

4− ) wavelength gradually 
increases. The results confirmed a stable Fe(CN)6

4– ion concentration 
gradient exists from the hot end to the cold end in the TC-35EtOH system 
in working condition. At the same time, the Fe(CN)6

3– ion concentration 
(420 nm) at the hot and cold ends is nearly equal. Unfortunately, it is 
difficult to directly calculate the concentration of Fe(CN)6

4– using Beer- 

Lambert’s law due to the absorption of EtOH at 218 nm and the effect of 
large Fe(CN)6

3– concentration (CFe(CN)
3−
6
>0.01 M > CFe(CN)

4−
6

). 
The thermoelectric performance of the thermocell was measured 

using a typical cuboid cell as shown in Fig. 1a. The Seebeck coefficient Se 
of the thermocell is determined by analyzing the open circuit voltage 
response during the dynamic heating process (Fig. S3). During the 
steady-state, the crystals precipitated to the bottom of the cell, while the 
electrolyte settled at the top (Fig. 1a). Owing to the Fe(CN)6

4- concen
tration gradient and the increase of ΔCr, the Se for the TC-EtOH is much 
higher than that for the pristine TC (Fig. 2b). Throughout the experi
mental range of volume concentrations (10 % to 40 %), the Seebeck 
effect of TC-φEtOH was observed to be stronger than that of TC. The 
optimized amount of EtOH addition was investigated to achieve the 
highest Se, which was found to be at approximately 35 % volume con
centration. Upon the introduction of EtOH, a higher amount of K4Fe 
(CN)6 precipitated, leading to a decrease in Fe(CN)6

4– concentration at 
the cold end (Fig. S1). This change results in an increase in both the 
concentration-related entropy difference (ΔCr is positively related to 
CFe(CN)

4−
6 ,H/CFe(CN)

4−
6 ,C) and Se, reaching a peak at approximately 35 % 

volume concentration of EtOH. Beyond this point, excess EtOH causes 
the precipitation of K3Fe(CN)6 (Fig. S1) and a gradient in Fe(CN)6

3– 

concentration, leading to a decrease in ΔCr and Se. The maximum 
Seebeck coefficient value for the TC-35EtOH system is approximately 
2.5 times higher than that of the TC system (3.4 mV/K vs. 1.4 mV/K) 
(Fig. 2c). 

In practical applications, the focus is often on the output power of the 
system [49]. The current–voltage curve and corresponding power 
output of TC and TC-35EtOH (Fig. 2d) can be measured by connecting 
different resistors at both ends of the thermocell. At ΔT = 40 K, the 
maximum power density (Pmax) for the TC-35EtOH is 3.64 W/m2, 

Fig. 2. (a) UV–Vis spectra of solution at cold and hot electrode in TC-35EtOH under different temperature difference. The extracted solution samples were diluted 
100 times by water for UV–Vis analysis. The characteristic absorption peaks of Fe(CN)6

4− and Fe(CN)6
3− are located at ~ 218 nm and 420 nm, respectively. (b) The 

thermopower with the addition of EtOH at φ% volume concentrations in the 0.4 M K3Fe(CN)6/K4Fe(CN)6 electrolyte. Error bars denote SD from repeated mea
surements for five times at the same temperatures and EtOH volume concentrations. (c) Open-circuit voltage (Voc) of the TC and TC-35EtOH at different values of 
temperature difference ΔT (TC = 298 K). (d) Current-voltage curve (Dotted line) and corresponding power output (Solid line) of TC (blue) and TC-35EtOH (red) at 
ΔT = 40 K. (e) The Se and maximum power output density Pmax of TC and TC-35EtOH at different orientations and ΔT = 40 K. (f) The Se of the 0.4 M K3Fe(CN)6/K4Fe 
(CN)6 electrolyte in various mixed solvents was measured at different orientations. The mixed solvent comprises 80 % water and 20 % specific solvent by volume. 
Error bars denote SD from repeated measurements for three times at the same solvent. 
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approaching twice the Pmax = 1.88 W/m2 of the pristine TC. 
Additionally, the performance of TC-35EtOH is dependent on its 

orientation. We assessed the thermoelectric properties of the TC-35EtOH 
with three unique orientations as shown in Fig. 2e. The thermoelectric 
device outperforms when the cold electrode is positioned above the hot 
electrode. This superiority is attributed not only to heat convection [50], 
but also to gravity’s role in inducing crystallization movements, 
resulting in a larger ΔCr in this configuration. This strategy demon
strated consistent success across various solvents tested in experiments 
(Fig. 2f), establishing the universal applicability of building a stable 
normalized concentration gradient through organic solvents. 

It is worth noting that the thermoelectric properties of TC-35EtOH 
with different orientations are superior to those of TC (Fig. 2e). What 
dominates the thermopower enhancement of TC-35EtOH? It is necessary 
to further confirm the contribution of various components including 
special property of precipitation, effect of original concentration, sol
vation effects [33,41], and normalized concentration gradients in TC- 
35EtOH. 

First, we examined whether the improvement of the thermopower in 
TC-35EtOH was dominated by the precipitation or the solvent, by con
trolling variables. The results depicted in Fig. 3a indicate that the 
thermopower remains nearly identical with the addition of precipitation 
and K4Fe(CN)6 crystals. The effect of precipitation mirrors that of 
crystals, implying that the precipitation in TC-35EtOH is not distinctive, 
consistent with the conclusion above (Fig. 1b). On the other hand, the 
thermopower exhibited a substantial boost in the supernatant of TC- 
35EtOH (~3.4 mV/K) compared to the TC solvent (~1.8 mV/K). 
Hence, it is evident that the unique properties of solvents in TC-35EtOH 

dominates the enhancement in the thermopower. 
For reaction Fe(CN)6

4- ⇌ Fe(CN)6
3- + e-, the thermopower enhance

ment in TC-φEtOH can be expressed as (Note S1): 

ΔSe =

Rln

(
CFe(CN)4−6 ,O

CFe(CN)3−6 ,O

)

− ΔSr + TH
TH − TC

Rln
(

1 + ΔC
/

CFe(CN)4−6 ,O

)

nF
(3)  

where the subscripts “O” indicate the original concentration (bulk 
concentration) and ΔC is the concentration difference between hot and 
cold ends caused by temperature difference. 

The influences induced by the solvent encompass include the original 
concentration (CO) effect, the solvation effect (ΔSr) and the normalized 
ion concentration gradient effect (1+ ΔC/CFe(CN)

4−
6 ,O) arising from 

temperature differences. To observe the atomic vibration and the sol
vation effect directly [51], we measured Raman spectroscopy of ions in 
various solvents. The Raman shifts of ions Fe(CN)6

4- and Fe(CN)6
3- in 

various organic-aqueous solvents differ from those of the same ions in 
pure water (Fig. 3b, d). The results indicate the presence of a solvation 
effect in organic-aqueous solutions. 

However, further investigation is required to determine its contri
bution to the thermopower. Out of the three effects, only the ion con
centration gradient effect is dependent on the excess solid solute, since 
the normalized concentration gradient effect depends on the dissolution 
of the solid solute at the hot end [51], when we fixed the cold end 
temperature and raised the hot end temperature (TH > Tc = TO = 298 K). 
In addition, the solvation effect can be eliminated by replacing the 
mixed solvent with water. So the supernatant was obtained by filtering 

Fig. 3. (a) The thermopower of TC and supernatant solvents when different crystals are added. Both solids were added in equal masses and were not depleted during 
the test. Error bars denote SD from repeated measurements for five times under uniform conditions. (b) Raman spectra of EtOH solvents at varying volume fractions. 
Peaks at 2063 cm− 1 and 2098 cm− 1 corresponded to the characteristic peak of Fe(CN)6

4-. And peaks at 2137 cm− 1 corresponded to the characteristic peak of Fe(CN)6
3-. 

The peak is marked with a vertical line. The variations in Raman shifts of Fe(CN)6
3- among different solvents and pure water are illustrated on the right. (c) The 

thermopower of the supernatant in TC-φEtOH (red). The thermopower of the solution (blue), which was obtained by freeze-drying the supernatant and dissolving it 
using the same volume of water (WTR-SN). Error bars denote SD from repeated measurements for five times under uniform conditions. (d) Raman spectra of varying 
organic solvents with 50 % volume fractions. 
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the TC-φEtOH to remove the concentration gradient effect. Further, the 
solvation effect is eliminated by dissolving the solute obtained by 
freezing and drying the supernatant in an equal volume of water (WTR- 
SN). The thermopower enhancement of each system according to Eq. (3) 
can be expressed as 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ΔSeTC− φEtOH =

Rln

(
CFe(CN)4−6 ,O

CFe(CN)3−6 ,O

)

− ΔSr+
TH

TH − TC
Rln
(

1+ΔC
/

CFe(CN)4−6 ,O

)

nF

ΔSesupernatant =

Rln

(
CFe(CN)4−6 ,O

CFe(CN)3−6 ,O

)

− ΔSr

nF

ΔSeWTR− SN =

Rln

(
CFe(CN)4−6 ,O

CFe(CN)3−6 ,O

)

nF
(4) 

The impacts of these three effects were quantified by measuring the 
thermopower of each system. From 0 % to 10 % EtOH, the rise in the 
thermopower is attributed to the change in the activity coefficient 
resulting from the decrease in ionic concentration, which has been 
observed in other studies [30,31]. As the volume fraction of EtOH in
creases (10 %-40 %), the thermopower of WTR-SN decreases (Fig. 3c 
blue line), which is attributed to the low concentration of Fe(CN)6

4- 

(Fig. 3b, S4) [30] and the reduction of the original concentration ratio 
CFe(CN)4−6 ,O/CFe(CN)3−6 ,O. When the volume fraction of EtOH was 35 %, the 
original concentration effect weakened the thermopower (1.13 mV/K 
vs. 1.4 mV/K). 

By comparing the thermopower of the supernatant (Fig. 3c red line) 
as well as its corresponding WTR-SN electrolyte (Fig. 3c blue line), we 
estimated the effect of the solvation. In the EtOH volume fraction range 

from 10 % to 40 %, the thermopower of the supernatant (Fig. 3c red line) 
exceeds that of the corresponding WTR-SN, suggesting that the EtOH- 
induced solvation effect boosts the system’s thermopower. In the ther
mopower enhancement of TC-35EtOH, the contribution of its solvation 
effect is approximately  1.21–1.13 = 0.08 mV/K. 

However, it is worth noting that neither the solvation effect nor the 
original concentration effect is the key to determining the thermopower 
enhancement of TC-φEtOH, as the thermopower of TC-φEtOH (Fig. 2b) 
is significantly surpasses that of the supernatant and the WTR-SN 
(Fig. 3c). According to Eq. (4), the normalized concentration gradient 
effect dominates the thermopower enhancement of TC-φEtOH. By 
comparing the thermopower of TC-φEtOH (Fig. 2b) as well as its cor
responding supernatant (Fig. 3c), we estimated the effect of the 
normalized concentration gradient. In the thermopower enhancement of 
TC-35EtOH, the contribution of its normalized concentration gradient 
effect was approximately 3.4–1.21 = 2.19 mV/K. 

Further, we compare the temperature-dependent solubility of K4Fe 
(CN)6 in systems TC and TC-35EtOH (Fig. 4a). Although the Fe(CN)6

4- 

concentration in TC varies more with changes in temperature than that 
in TC-35EtOH, the normalized concentration of TC is lower since it is 
influenced by the significantly higher concentration (CO,TC ≫ CO,TC- 

35EtOH) at the cold end (Fig. 4a). For its original concentration, a more 
accurate description is the saturation concentration of the system at the 
cold end. Therefore, attaining higher the concentration-related entropy 
difference ΔCr necessitates not only an increased thermosensitivity of 
concentration but also a reduced saturation concentration at the cold 
end. 

We validate the aforementioned conclusions in various organic 
aqueous solutions. The findings demonstrate that the normalized con
centration gradient predominantly impacts the enhancement of the 
Seebeck coefficient in the majority of mixed solvents (Fig. 4b). 
Furthermore, we observed that the ACN mixture resulted in the lowest 

Fig. 4. (a) Within the operational temperature range of thermocell, the solubility and normalized solubility of K4Fe(CN)6⋅3H2O crystals in TC and TC-35EtOH, 
respectively. (b) The Se of the 0.4 M K3Fe(CN)6/K4Fe(CN)6 electrolyte in various mixed solvents and their corresponding supernatant. The mixed solvent com
prises 80 % water and 20 % specific solvent by volume. (c) Current–voltage curves for the TC and TC-φEtOH with various volume concentrations φ and their 
corresponding output power are shown in Fig. S6. (d) Effective electrical conductivity (σ) was calculated from the slopes of the current–voltage curves. (e) Tem
perature profiles of the TC and TC-35EtOH electrolyte, obtained from their corresponding infrared images (Fig. S7). (The red dot line is the interface between 
precipitation and supernatant.) (f) Comparison of Se and Power factor values for various thermocell systems [22,23,28,34,40,41,52–56] with aqueous or gel 
electrolytes (Table S1). 
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precipitation among all the tested solvents (Fig. S5). So we attribute the 
uniqueness of ACN-water solvent to increased polarity of ACN with a 
lesser impact on ionic solubility. 

In addition to thermopower and power density, the equivalent con
ductivity σ and thermal conductivity λeff of the system are also crucial, 
which directly affect the energy dissipation and the overall efficiency of 
the system [57,58]. The current–voltage curve (Fig. 4c) enables the 
estimation of effective electrical conductivity for thermocell systems. 
The effective ionic conductivity of the system decreases with the in
crease of EtOH as shown in Fig. 4d. The effective ionic conductivity of 
TC-35EtOH is 118mS/cm, which is one-third that of TC. The resistance 
of thermocell involves three components: the electron transport resis
tance at the electrode, the charge transfer resistance at the electrode and 
the electrolyte interface, and the ion diffusion resistance at the elec
trolyte [39,59]. The charge transport resistance can be reduced to a 
negligible level when a highly conductive material such as graphite and 
copper is used as an electrode. While the charge transfer resistance at the 
electrode and the electrolyte interface is linked to the electrode’s cata
lytic ability and specific surface area, this is not the primary reason for 
the effective electrical conductivity drop. The system resistance is 
mainly due to the ion diffusion resistance in the electrolyte, which de
pends on the oxidation and reducing substances’ solubility and con
centration, as per the Nernst-Einstein relationship show σ = Nz2e2

KBT D 
where N is the number of ions per unit volume, z is the ion valence 
number, e is the electron charge, KB is Boltzmann constant, T is the 
temperature and D is the diffusion coefficient of ions. EtOH addition 
leads to a decrease of ionic solubility and the bulk number of Fe(CN)6

4– 

ions (Fig. 4a, S4) which determine the conductivity. 
We measured the effective thermal conductivity of the electrolyte of 

TC and TC-35EtOH by steady-state method [22] using the device shown 
in Fig. S7a. The infrared thermal image of the TC and TC-35EtOH 
electrolyte captured are shown in Fig. S7b–c. According to the 
measured temperature gradient (Fig. 4e) and Eq. (2), the effective 
thermal conductivity of TC and TC-35EtOH electrolytes can be calcu
lated as 1.65 W/(m⋅K) and 0.46 W/(m⋅K), respectively. The TC liquid 
electrolyte undergoes intense thermal convection due to the applied 
temperature gradient, thereby enhancing its heat transfer [32,60]. The 
presence of a precipitation layer in TC-35EtOH inhibits thermal con
vection within the liquid electrolyte, resulting in a significantly lower 
effective thermal conductivity compared to that of TC. The precipitation 
layer in TC-35EtOH has a lower effective thermal conductivity [0.35 W/ 
(m⋅K)] than that of the supernatant [0.77 W/(m⋅K)], which further 
supports the previously stated conclusion. Compared to TC, the smaller 
equivalent thermal conductivity allows TC-35EtOH to achieve a larger 
temperature difference ΔT on both sides of the electrode with the same 
input power Pin, which is particularly significant for practical 
applications. 

Some comprehensive indexes are used to evaluate the overall per
formance of thermocell devices (Table S2). According to the Eqs. (S14- 
15), the figure of merit ZT and the Carnot-relative efficiency ηr of TC- 
35EtOH can be calculated as 0.094 and 2.52 % respectively, which is 
more than 7 times that of the TC system (ZT = 0.013 and ηr = 0.34 %). In 
addition, the power factor for the TC-35EtOH substantially surpasses 
that for major optimized thermocell systems (Fig. 4f) in the literature 
[22,23,28,34,40,41,52–56]. 

4. Conclusions 

In summary, a large increase in Seebeck coefficient from 1.4 mV/K to 
3.4 mV/K was achieved by adding ethanol solvent to a typical P-type 0.4 
M K3Fe(CN)6/K4Fe(CN)6 REDOX system. The enhancement of the 
thermopower arises from the combination of the original concentration 
effect, solvation effect and normalized concentration effect. The results 
of Raman spectra directly reveal that ions Fe(CN)6

3-/ Fe(CN)6
4- have 

different solvation structures in pure water solution and mixed solution. 

By integrating electrochemical theory with experiment, it is revealed 
that the original concentration effect and solvation effect exhibit a minor 
influence in TC-35EtOH. The introduction of EtOH results in a minimal 
solubility of K4Fe(CN)6 at the cold end and establishes a substantial 
normalized Fe(CN)6

4- concentration gradient, which in turn increases 
concentration-related entropy difference (ΔCr) and dominates the 
enhancement of thermoelectric properties in TC-35EtOH. This strategy 
for solvent design demonstrated consistent success across various sol
vents tested in additional experiments. Simultaneously, the precipita
tion layer hinders heat convection in the electrolyte, causing the thermal 
conductivity to decrease to 0.46 W/(m⋅K), down from the original 1.65 
W/(m⋅K). The high Seebeck coefficient and low thermal conductivity 
give TC-35EtOH the figure of merit ZT and the Carnot-relative efficiency 
of 0.094 and 2.52 %, more than seven times that of the original TC 
system (ZT = 0.013 and ηr = 0.34 %). This study examines in detail the 
impact of organic solvent on thermogalvanic cells and enriches insights 
into novel methods to improve thermoelectric properties through sol
vent design. The electrolytes optimized in this research exhibit excellent 
thermoelectric properties and hold promise for harvesting low-grade 
waste heats. Simultaneously, the research in this paper offers pro
found and comprehensive insights into organic aqueous thermocells and 
introduces a novel idea for designing solvents in thermocells. 
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