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A B S T R A C T

Electrolyte-based thermal redox desalination (ETRD) offers an alternative approach to freshwater production in 
regions with limited electricity. However, maintaining the redox electrolyte gradient between the two electrodes 
has limited its practical application. To address this challenge, we introduce a reactivation ETRD system that 
employs Fe(CN)6

4− /Fe(CN)6
3− electrolytes flowing separately through hot and cold chambers. Electrolyte gradient 

is sustained through an external reactivation loop utilizing LiFePO4 and Prussian blue (PB). With the maintained 
gradient of redox electrolyte, the coupled thermocell achieves a remarkable Seebeck coefficient (Se) of 1.88 mV 
K− 1, an open-circuit voltage of 311 mV at a temperature difference (ΔT) of 50 K—1.67 times higher than the 
highest reported value for thermoelectric systems using aqueous Fe(CN)6

4− /Fe(CN)6
3− , and a temperature- 

insensitive maximum power density of 0.635 mW m− 2 K− 2. Accordingly, the ETRD device, operating under 
the maintained electrolyte gradient, exhibits competitive salt removal performance, and can produce freshwater 
while simultaneously generating electricity, rather than consuming it. Scalability was demonstrated by con-
necting 10 units in series. This work presents a novel approach to designing high-performance ETRD for efficient 
low-grade heat harvesting and seawater desalination.

1. Introduction

The growing global freshwater shortage, driven by increasing water 
consumption and climate change, necessitates the development of new 
freshwater production technologies [1–3]. Given the vast reserves of 
seawater, various desalination techniques have emerged as a potential 
solution for ensuring an adequate freshwater supply [4–6]. However, 
conventional seawater desalination methods face significant challenges. 
Reverse osmosis (RO), for instance, consumes substantial amounts of 
electrical energy and is susceptible to membrane contamination and 
fouling [7–9]. While capacitive deionization (CDI) and redox flow 
desalination (RFD) require less energy than RO, their need for a 
continuous power supply still limits their widespread application, 

particularly in regions or situations with limited electricity access 
[10–14]. Solar-driven photoelectrochemical desalination (SD-PED), 
while promising, is hindered by the intermittent nature of solar energy 
and poor long-term stability due to rapidly declining photocurrent 
[15–17]. Consequently, the development of novel seawater desalination 
technologies that utilize alternative or sustainable energy sources is 
crucial, especially for areas lacking reliable electricity or solar energy 
[18–21].

Thermocells have garnered significant research interest in recent 
decades due to their potential to harness readily available low-grade 
heat from sources such as power plants, vehicle engines, data centers, 
microelectronics, human bodies, and geothermal energy, to provide the 
necessary temperature difference for operation [22,23]. Furthermore, 
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the Fe(CN)6
4− /Fe(CN)6

3− redox couple is frequently employed in aqueous 
thermocells due to its favorable combination of low cost, environmental 
compatibility, good redox stability, and particularly its high reaction 
entropy change, leading to a large Seebeck coefficient [24]. Inspired by 
this, our group recently reported an ETRD device that integrates a 
salinized chamber and a desalinized chamber with a conventional 
redox-induced thermocell containing Fe(CN)6

4− /Fe(CN)6
3− electrolytes 

[25]. Applying a temperature difference across the device drives desa-
lination of the salt stream within the desalinized chamber. Critically, 
this technology holds promise for utilizing abundant low-grade waste 
heat (<100℃) rather than electricity or solar energy, to power seawater 
desalination. Besides, this approach supplies power to external during 
desalination, unlike CDI and RFD, which consume electricity. Despite 
these advantages, the desalination performance of the ETRD device is 
currently constrained by the difficulty in maintaining the redox elec-
trolyte gradient between the two electrodes.

The performance of an ETRD device is dependent on the thermo-
electric performance of the coupled thermocell. Typically, conventional 
aqueous thermocells exhibit limited thermoelectric conversion capa-
bility, characterized by a low Seebeck coefficient (Se) and modest output 
power density [26–28]. Consequently, the previously reported ETRD 
device displays a limited desalination performance [25]. Therefore, 
enhancing the Se and output power density of the thermocell can directly 
improve the coupled ETRD’s performance. As detailed in the mecha-
nistic analysis (Supplementary Text 1), increasing the redox electrolyte 
gradient (GradRE) can effectively enhance the Se of a thermocell. Pre-
vious studies have demonstrated that introducing additives for ther-
mosensitive crystallization can increase GradRE, thereby boosting Se 
[29–32]. Furthermore, a high GradRE in thermocell facilitates charge 
exchange between the electrode and the electrolyte, leading to a higher 
output current and, consequently, enhanced power density [28]. Thus, 
an ETRD device coupled with a thermocell optimized for a high GradRE 
will exhibit significantly improved desalination capabilities.

Building upon these considerations and combined with numerous 
research advancements in novel electrochemical systems, including 
modeling and transport studies [33–36], we propose a novel two- 
chamber liquid thermocell, separated into hot and cold chambers by a 
cation exchange membrane (CEM). Pure Fe(CN)6

4− /Fe(CN)6
3− electro-

lytes flow independently through the hot and cold chambers, respec-
tively. During discharge, LiFePO4 and Prussian blue (PB) act as 
reactivators within an external loop, maintaining the purity of the Fe 
(CN)6

4− and Fe(CN)6
3− electrolytes in the hot and cold chambers, 

respectively. This design allows the thermocell to operate continuously 
at a high GradRE, resulting in an enhanced Seebeck coefficient (Se) and 
significantly improved power density. Consequently, the optimized 
ETRD device exhibits competitive salt removal performance. Notably, in 
contrast to conventional electricity-consuming desalination techniques, 
the ETRD system generates external power during the desalination 
process. This work offers valuable insights into the design of high- 
performance ETRD systems for efficient low-grade heat harvesting and 
seawater desalination.

2. Material and methods

2.1. Chemicals and materials

Lithium iron phosphate (LiFePO4) was purchased from Shenzhen 
BTR New Energy Materials Co. Ltd, China. Prussian blue (PB) was pur-
chased from Macklin. Sodium ferrocyanide (Na4Fe(CN)6), sodium 
ferricyanide (Na3Fe(CN)6), and other chemicals were purchased from 
Shanghai Aladdin Ltd, China. All chemicals were of analytical purity and 
used without further treatment. The ion exchange membranes (AEM/ 
CEM, standard grade) were purchased from Tokuyama, Japan. Graphite 
papers were purchased from Beijing Jinlong Special Carbon Co. Ltd. 
China.

2.2. Preparation of LiFePO4 and PB electrodes, LiFePO4 and PB granules

LiFePO4 electrode and LiFePO4 granules were prepared as follows. 
First, pristine LiFePO4, carbon black, and polyvinylidene difluoride 
(weight ratio: 8: 1: 1) were stirred into a slurry with NMP as solvent. 
Then, part of the slurry was uniformly coated on a graphite paper (1 × 1 
cm2). After drying the treated graphite paper in vacuum for 12 h at 60 
℃, LiFePO4 electrode was acquired. The remaining part of the slurry was 
evenly coated on a petri dish and vacuum-dried for 12 h at 60 ℃. 
Thereafter, the dry coating was broken into LiFePO4 granules (Fig. S2).

PB electrode and PB granules (Fig. S2) were prepared with the same 
method as preparing LiFePO4 electrode and LiFePO4 granules, except 
that pristine LiFePO4 was replaced with pristine PB.

2.3. Measurements and material characterizations

The open-circuit voltage, current–voltage curve, short-circuit current 
and cyclic voltammetry (CV) were implemented on a CHI 660E elec-
trochemical workstation. The open-circuit voltage, current–voltage 
curve, and short-circuit current were directly measured on the coupled 
thermocell. CV curve of the Fe(CN)6

4− /3− couple was tested in a typical 
three-electrode system containing 50 mM/50 mM Fe(CN)6

4− /3− at a scan 
rate of 5 mV s− 1, with an Ag/AgCl electrode as the reference electrode, 
and two Pt sheets as the working and counter electrodes, respectively. 
CV curve of the LiFePO4 or PB electrode was tested in a typical three- 
electrode system containing 0.5 M LiCl at a scan rate of 0.5 mV s− 1, 
with the LiFePO4 or PB electrode as the working electrode, an Ag/AgCl 
electrode as the reference electrode, and a Pt sheet as the counter 
electrode, respectively.

The temperature difference was monitored by a thermocouple data 
logger (620L). The real-time conductivity was recorded with a conduc-
tivity meter (eDAQ, EPU357). The ion concentrations were detected by 
inductively coupled plasma optical emission spectrometer (ICP-OES). X- 
ray diffraction (XRD) data were tested from an X-ray diffractometer 
(Bruker D8 Advance) with Cu/Ka radiation, λ = 0.15406 nm, 40 kV, 40 
mA. Ultraviolet–visible (UV–Vis) spectroscopy was tested using a 
UV–Vis spectrophotometry (Shimadzu UV-2600). Scanning electron 
microscope (SEM, FEI QUANTA 2000) weas employed to analyze the 
microstructure and morphology. Fourier transform infrared spectrom-
eter (FTIR, Nicolet 6700) was used to collect the FTIR spectra.

2.4. Calculation of performance parameters

Power density (P, W m− 2).
The power output per unit area of the thermocell was calculated with 

eq. (1): 

P =
U × I

A
(1) 

Where, U (V) and I (A) are the voltage and corresponding current of the 
current–voltage curve, respectively, and A (m2) is the effective area of 
the device. Additionally, Pmax is the maximum value of the power 
density.

Effective electrical conductivity (σeff , S m− 1).
The effective electrical conductivity of the thermocell was calculated 

from the slope of the current–voltage curve. The specific formula can be 
expressed as eq. (2): 

σeff =
Δd × G

A
(2) 

Where, Δd (m) is the distance between the hot and cold electrodes of the 
device, A (m2) is the effective area of the device, and G (S) is the slope of 
the current–voltage curve.

Effective thermal conductivity (κeff , W m− 1 K− 1).
Because of the complex internal structure of the thermocell, we used 
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a relatively simple steady-state method to evaluate effective thermal 
conductivity. The steady-state method is based on the heat flux con-
servation law, which ignores the heat loss in the vertical direction of 
heat transport. Here we assume that the heat transported through the 
graphite electrode on the hot side, the graphite electrode on the cold 
side, and the interior of the device is Q1, Q2, and Q, respectively. 
Therefore, the heat transport of the liquid thermocell (LTC) device can 
be simplified as eq. (3): 

Q1 = Q2 = Q (3) 

Based on the above discussion, the thermal transport in the LTC can be 
simplified as Fig. S20. According to the thermal transport formula eq. 
(4), eq. (3) can be expressed as eq. (5): 

Q = κA
ΔT
Δd

(4) 

κA
ΔT1

d
= κA

ΔT2

d
= κeff A

ΔT
Δd

(5) 

Where κ (W m− 1 K− 1) is the thermal conductivity of the graphite 
paper, A (m2) is the effective area of the device, d (mm) is the thickness 
of the graphite paper, and Δd (mm) is the distance between the two 
graphite electrodes. Then, effective thermal conductivity can be 
calculated.

Figure of merit (ZT).
The figure of merit (ZT) is an important parameter to characterize 

the performance of a thermoelectric device, which can be expressed as 
eq. (6): 

ZT =
S2

e × σeff × T
κeff

(6) 

T =
TH + TC

2 (7) 

Se(V K− 1) is the Seebeck coefficient of the device. TH (K) and TC (K) 
are the temperatures of the hot and cold electrodes, respectively. σeff (S 
m− 1) and κeff (W m− 1 K− 1) are the effective electrical conductivity and 
effective thermal conductivity, respectively.

Carnot-relative efficiency (ηr, %)
Carnot-relative efficiency (ηr) is generally used to evaluate the 

energy-conversion performance, which is expressed as eq. (8): 

ηr =
η1

ηc
(8) 

η1 =
TH − TC

TH
×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT

√
− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT

√
− TC/TH

(9) 

ηc =
ΔT
TH

(10) 

Where, η1 is the thermoelectric conversion efficiency, ηc is the Carnot 
efficiency, ZT is the figure of merit, TH (K) and TC (K) are the temper-
atures of the hot and cold electrodes, respectively.

Heat input power density (Pheat , KWm− 2)
The heat input power density is the heat flux through the device, 

which can be expressed as eq. (S11): 

Pheat = κeff
ΔT
Δd

(11) 

Where κeff is the Effective thermal conductivity, ΔT is the temperature 
difference, and Δd is the distance between the hot and cold electrodes.

Temperature-insensitive maximum power density (Pmax/(ΔT)2, 
mW m− 2 K− 2).

The temperature-insensitive maximum power density (Pmax/(ΔT)2) 

is also an important performance parameter to evaluate the performance 
of thermocells, which can be expressed as: 

Pmax/(ΔT)2
=

U × I
4 × A × ΔT2

(12) 

Where U (V) and I (mA) are the voltage and corresponding current of the 
current–voltage curve, respectively, A (m2) is the effective area of the 
device, and ΔT (K) is the temperature difference between two 
electrodes.

Salt removal rate (v, µg cm− 2 min− 1).
The salt removal rate reflects the average amount of salt removed per 

unit area and unit time of the ETRD device during the seawater desali-
nation, which can be expressed as: 

v =
(C0 − Ct) × V

A × t
(13) 

Where C0 (ppm) and Ct (ppm) are the initial concentration and final 
concentration of the seawater, respectively, V (L) is the volume of the 
seawater, A (cm2) is the effective area of the device during the seawater 
desalination, t (min) is the total time taken for the desalination of 
seawater to freshwater.

Energy efficiency for desalination (ηdesalination, %)
The energy efficiency for desalination reflects the thermoelectric 

conversion efficiency of the device during the desalination process, 
which can be expressed as: 

ηdesalination =

∫ t
0 i2Rdt

Pheat × t
(14) 

Where i (A), t (s), R (Ω), and Pheat (W) represent the desalination 
current, the desalination time, the resistance of the device, and the heat 
power input, respectively.

3. Results and discussion

3.1. Principle and realization of thermocell operating at a highGradRE

The schematic diagram of the thermocell is illustrated in Fig. 1a. Two 
graphite paper electrodes serve as the working electrodes, while a cation 
exchange membrane (CEM) separates the device into hot and cold 
chambers. Pure Fe(CN)6

4− and Fe(CN)6
3− electrolytes flow independently 

through the hot and cold chambers, respectively. Upon applying a 
temperature difference (ΔT), thermosensitive Fe(CN)6

4− ions in the hot 
chamber are oxidized to Fe(CN)6

3− ions, releasing electrons to the 
external circuit. Simultaneously, Fe(CN)6

3− ions in the cold chamber 
accept these electrons and are reduced to Fe(CN)6

4− ions. Over time, the 
initially high GradRE of the thermocell decreases. The detailed experi-
mental setup is illustrated in Fig. S1.

To maintain the high GradRE of the thermocell, selecting appropriate 
reactivators in external loops is crucial. Our exploration shows that 
LiFePO4 can effectively reduce Fe(CN)6

3− ion, as evidenced by its lower 
redox potential compared to the Fe(CN)6

4− /3− couple (Fig. 1b). This is 
further confirmed by the faded color of the Fe(CN)6

3− solution after 
contact with LiFePO4 granules (Fig. 1c), the lighter appearance of 
LiFePO4 granules after reaction (Fig. S2), and the new peaks corre-
sponding to FePO4 (PDF 96 –152-5577) observed in the XRD pattern of 
the reacted LiFePO4 (Fig. 1d). These observations indicate that LiFePO4 
is capable of reducing the Fe(CN)6

3− electrolyte [37]. The reaction can be 
expressed as: 

Fe(CN)
3−
6 + LiFePO4→Fe(CN)

4−
6 + FePO4 + Li+ (15) 

FePO4 from the reaction can be directly recycled into LiFePO4, a stan-
dard procedure for lithium-ion batteries, enabling the reuse of the ma-
terial in this work [38,39].

Similarly, the higher redox potential of PB compared to Fe(CN)6
4− /3−

couple (Fig. 1b), the darkened Fe(CN)6
4− solution in the presence of PB 
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granules (Fig. 1c), the darker appearance of PB granules after the re-
action (Fig. S2), and the negatively shifted characteristic peaks corre-
sponding to (200) and (220) crystal planes of PB after the reaction 
(Fig. 1d) indicate that PB facilitates the oxidation of the Fe(CN)6

4− ion 
[5,40]. The reaction can be expressed as: 

4Na+ + 4Fe(CN)
4−
6 + Fe4

[
Fe(CN)6

]

3→4Fe(CN)
3−
6 + Na4Fe4

[
Fe(CN)6

]

3

(16) 

The results are consistent with redox flow energy storage [40–42]. The 
generated Na4Fe4[Fe(CN)6]3 can be restored to Fe4[Fe(CN)6]3 through a 
simple charging process, allowing its reuse as a cathode material and 
promoting the cyclic use of the material in this work [43]. Therefore, 
LiFePO4 and PB are selected as the reactivators to maintain the high 
GradRE of the thermocell.

LiFePO4 and PB are further confirmed to effectively maintain the 

high GradRE of the thermocell. We first examined the optimal quantities 
of LiFePO4 and PB granules required. The relevant device parameters 
are listed in Table S1. Fig. 1e shows the short-circuit currents of the 
thermocell at 50 K temperature gradient, with varying masses of 
LiFePO4 and PB granules in Table S2. With the quantity rise of the 
granules, the short-circuit current tends to stabilize due to the large 
contact area between the granules and electrolytes, which accelerates 
the reduction of Fe(CN)6

3− in Fe(CN)6
4− electrolyte and the oxidation of 

Fe(CN)6
4− in Fe(CN)6

3− electrolyte. With 24 mmol of LiFePO4 granules 
and 6 mmol of PB granules, the thermocell achieved a relatively stable 
short-circuit current for 10 h. Therefore, these quantities are identified 
as the optimal quantities. Ultraviolet–visible (UV–Vis) spectroscopy was 
further employed to measure the concentration ratios of Fe(CN)6

3− to Fe 
(CN)6

4− (Figs. S3). Both pristine and reacted Fe(CN)6
4− electrolyte with 

LiFePO4 as reactivator display the characteristic absorption peak of Fe 
(CN)6

4− at 217 nm (Fig. S3c)[44]. The intensity ratio of the peaks 

Fig. 1. (a) Schematic diagram of the coupled thermocell in this work. (b) CV curves of Fe(CN)6
4− /3− , LiFePO4, and PB. (c) Comparison between pure Fe(CN)6

3−

solution and Fe(CN)6
3− solution with LiFePO4 granules (Reaction time: 48 h), between pure Fe(CN)6

4− solution and Fe(CN)6
4− solution with PB granules (Reaction time: 

48 h). (d) XRD patterns of pristine LiFePO4, LiFePO4 reacted with pure Fe(CN)6
3− solution, pristine PB, and PB reacted with pure Fe(CN)6

4− solution. (e) Short-circuit 
currents of the thermocell with different quantities of LiFePO4 and PB granules (0:0, 8 mmol: 2 mmol, 16 mmol: 4 mmol, 24 mmol: 6 mmol). (f) Short-circuit current 
of the thermocell with both LiFePO4 and PB granules repeatedly inserted and removed. (g) Short-circuit currents of the thermocell operating at different ΔT.
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(~0.97) demonstrates that LiFePO4 maintains the purity of Fe(CN)6
4−

electrolyte. Similarly, In Fig. S3d, both pristine and reacted Fe(CN)6
3−

electrolyte with PB as reactivator exhibit the characteristic absorption 
peaks of Fe(CN)6

3− at 260, 303, 320, and 420 nm[32,44]. The nearly 
identical intensity of the absorption peaks confirms that PB preserves the 
purity of Fe(CN)6

3− electrolyte. The above facts indicate that LiFePO4 
and PB maintain the high GradRE of the thermocell. Fig. 1f shows the 
short-circuit current of the optimized thermocell in the reactivation 
cycling test at ΔT of 50 K, with LiFePO4 and PB granules repeatedly 
inserted and removed, further validating their roles in maintaining the 
high GradRE of the thermocell. The long-term stability and degradation 
rates of the reactivation materials in the reactivation cycling test were 
analyzed in Supplementary Text 3.

Moreover, the optimized thermocell also exhibits stable short-circuit 
currents at ΔT values ranging from 0 to 40 K (Fig. 1g). The increased 
short-circuit current reflects the fast thermoelectric reaction at high 
temperature gradient. The reduced current at 60 K may result from side 
reactions at elevated temperatures, such as degradation of both the 
redox electrolyte and the ion exchange membrane. Hence, LiFePO4 and 
PB maintain the high GradRE of the thermocell.

3.2. Thermoelectric performance of the coupled thermocell operating at a 
highGradRE

For further clarity, we will denote the electrolyte concentration in 
the thermocell as: 
[
Fe(CN)

4−
6

]

hot
:
[
Fe(CN)

3−
6

]

hot
‖
[
Fe(CN)

4−
6

]

cold
:
[
Fe(CN)

3−
6

]

cold
(17)

The subscripts ’hot’ and ’cold’ refer to the corresponding hot and cold 
chambers, respectively. The unit of concentration is mol L− 1. When pure 
Fe(CN)6

4− and Fe(CN)6
3− electrolytes flow separately in the hot and cold 

chambers, the expression can be represented below: 
[
Fe(CN)

4−
6

]

hot
: 0‖0 :

[
Fe(CN)

3−
6

]

cold
(18) 

Due to the high GradRE resulted from the nearly pure Fe(CN)6
4− and 

Fe(CN)6
3− electrolytes (0.2:0||0:0.2) separately in the hot and cold 

chambers, a high Se of 1.88 mV K− 1 can be achieved (Fig. 2a). The open- 
circuit voltage rises from 217 mV at 0 K ΔT to 311 mV at 50 K ΔT. The 
non-zero open-circuit voltage at 0 K of ΔT is because the different 
concentration ratios of Fe(CN)6

3− to Fe(CN)6
4− nearby electrodes, as 

explained in Supplementary Text 2. The maximum power density 

Fig. 2. (a) Open-circuit voltages, (b) Current density–voltage curves, (c) Power density–voltage curves, (d) Maximum power densities, (e) Temperature-insensitive 
maximum power density (Pmax/(ΔT)2) of the thermocell at the electrolyte concentration of 0.2:0||0:0.2. (f) Comparison of the Se, open-circuit voltage, and Pmax/ 
(ΔT)2 with those of previous reported liquid thermocells containing the Fe(CN)6

4− /3− couple.
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increases from 0.9 W m− 2 at 0 K ΔT to 2.55 W m− 2 at 50 K ΔT in Fig. 2d. 
The temperature-insensitive maximum power density (Pmax/(ΔT)2) is 
0.635 mW m− 2 K− 2 (Fig. 2e). Fig. S4 illustrates the stability of the 
thermocell’s thermoelectric performance, as demonstrated by repeated 
measurements with error bars. We compare the Se, open-circuit voltage, 
and Pmax/(ΔT)2 of the thermocell with previously reported liquid ther-
mocells containing the Fe(CN)6

4− /3− couple, highlighting the superior 
thermoelectric performance of the thermocell in Fig. 2f and Table S3 
[45–56]. The heat input power density (Pheat) of the thermocell at 
different ΔT are calculated in Fig. S5. Additionally, the effective elec-
trical conductivities, thermal conductivities, ZT values, and Carnot- 
relative efficiencies of the thermocell at various ΔT are calculated in 
Fig. S6. The reduced effective electrical conductivity at 60 K ΔT leads to 
low ZT value and Carnot-relative efficiency, resulting in a slow increase 
in power density when the ΔT rises from 50 K to 60 K. Therefore, the 
optimal ΔT for the thermocell is determined to be 50 K.

The enhanced thermoelectric performance of the thermocell is 
attributed to the high GradRE resulted from nearly pure Fe(CN)6

4− /Fe 
(CN)6

3− electrolytes separately in the hot/cold chambers, as schemati-
cally illustrated in Fig. 3a. This is further supported by the mechanism 
analysis in Supplementary Text 1. To verify this, we tested the ther-
mocell at two additional electrolyte concentrations (0.1:0.1||0.1:0.1 and 
0.15:0.05||0.05:0.15), and the corresponding thermoelectric perfor-
mances are displayed in Figs. S7-S8. A comparison of the Se, open- 
circuit voltage, and maximum power density (Fig. 3b and 3c) demon-
strates the substantial impact of the high GradRE on the enhanced 
thermoelectric performance, thus confirming the validity of our mech-
anism analysis.

Additionally, scalability was demonstrated by connecting multiple 
thermocells in series in Fig. S9-S10. Ten thermocells in series operating 
at 0 K ΔT exhibits an open-circuit voltage of approximately 2 V and a 
maximum power density of around 2 W m− 2, and is capable of powering 
15 LEDs, as shown in Fig. S9d and Video S1. We also conducted the 
repeated activation experiment confirming the excellent durability of 
the 10-thermocell system (Fig. S11). UV–Vis absorption measurements 

of the electrolyte (Fig. S12) after the repeated activation experiment 
further verify the effective maintenance of the electrolyte gradient. SEM 
characterization results (Fig. S13) provide compelling evidence for the 
structural stability of the reactivated materials. The Fourier-transform 
infrared (FTIR) spectroscopy results (Fig. S14) demonstrate that the 
reactivated materials underwent the transformations described by 
Equations (15) and (16) during the repeated activation experiment. All 
these results evidence the practical application potential and durability 
of multiple thermocells in series.

3.3. Desalination performance of the ETRD device coupled with the 
optimized thermocell

Fig. 4a illustrates the schematic diagram of the ETRD device inte-
grated with the optimized thermocell. This configuration includes two 
additional chambers—a salinized chamber and a desalinized cham-
ber—positioned between the hot and cold chambers. These chambers 
are separated by an anion exchange membrane (AEM) and two cation 
exchange membranes (CEM). The desalinized and salinized streams 
have identical initial concentrations, volumes, and flow rates, as 
detailed in Table S1.

The desalination mechanism operates as follows: an internal electric 
field is generated between the electrodes in the hot and cold chambers 
due to the applied temperature difference and resulting redox reactions. 
This electric field drives the selective permeation of ions through the ion 
exchange membranes. Cations from the hot chamber migrate through 
the CEM towards the cold chamber, while cations from the desalinized 
chamber migrate through another CEM towards the cold chamber as 
well. Simultaneously, anions in the desalinized chamber migrate 
through the AEM towards the salinized chamber. Consequently, this ion 
movement results in a decreased salt concentration within the desali-
nized chamber, achieving desalination. Notably, interfacial phenomena 
including ion selectivity and electrostatic interactions could additionally 
affect ion transport, suggesting directions for future optimization 
[57–60].

Fig. 3. (a) Mechanism diagram of thermoelectric performance enhancement. (b) Open-circuit voltages and Se of the thermocell operating at electrolyte concen-
trations of 0.10:0.10||0.10:0.10, 0.15:0.05||0.05:0.15, and 0.20:0||0:0.20, respectively. (c) Maximum power densities of the thermocell operating at electrolyte 
concentrations of 0.10:0.10||0.10:0.10, 0.15:0.05||0.05:0.15, and 0.20:0||0:0.20, respectively.
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Desalination tests were conducted using initial salt concentrations of 
3000, 6000, 9000, and 12000 ppm. The ETRD device was operated at an 
optimal ΔT of 50 K, with other parameters as detailed in Table S1. 
Fig. 4b displays the real-time current densities and the corresponding 
concentrations of the desalinized streams. The decreasing concentra-
tions over time confirm successful desalination. The observed reduction 
in current densities can be attributed to the increased internal imped-
ance resulting from the decreasing salt concentration. As shown in 
Fig. 4c, the salt removal rate (SRR) increased from 16.9 to 19.7 µg cm− 2 

min− 1 as the initial salt concentration rose from 3000 to 12000 ppm. 
Cyclic desalination tests using an initial salt concentration of 6000 ppm 
(Fig. S15) confirm stable performance of the device across multiple 
cycles. To initiate each new cycle, the salt streams within the salinized 
and desalinized chambers are replenished, while maintaining all other 
experimental parameters. Additionally, the device’s capability for 
desalination at a reduced temperature gradient (e.g., 20 K, Fig. S16), 
achieving performance comparable to our previous system at higher ΔT 
[25], further enhances its practical application potential.

Real seawater (collected from Dameisha Park in Shenzhen) desali-
nation was also performed, with an initial conductivity of 56.11 mS 
cm− 1. After 17.2 h of continuous desalination, the seawater’s conduc-
tivity drops below 1 mS cm− 1, meeting freshwater quality standards 
(Fig. 4d). The SRR for real seawater reaches 20.7 µg cm− 2 min− 1 in 
Fig. 4c. Notably, the performance of this ETRD device is double that of 
the only previously reported device, indicating that the high GradRE of 

the coupled thermocell significantly enhances desalination perfor-
mance. Furthermore, the ETRD device demonstrates significantly 
enhanced energy efficiency for desalination of real seawater (Fig. S17).

A comparison between our ETRD device and other desalination 
techniques is provided in Table S4. This comparison demonstrates that 
ETRD technology offers competitive salt removal performance while 
simultaneously generating electricity for external use, unlike capacitive 
deionization (CDI) and redox flow deionization (RFD), which consume 
electricity. The final conductivity of seawater in our tests reached 0.36 
mS cm− 1. Inductively coupled plasma-optical emission spectrometry 
(ICP-OES) measurements before and after desalination, presented in 
Table S5, confirm the exceptional desalination capability of our ETRD 
device.

4. Conclusion

In summary, we have developed an enhanced electrolyte-based 
thermal redox desalination (ETRD) device. This device utilizes pure Fe 
(CN)6

4− /Fe(CN)6
3− electrolytes flowing independently through the hot 

and cold chambers and employs LiFePO4 and Prussian blue as reac-
tivators to maintain electrolyte purity. When applied to seawater desa-
lination, the ETRD device demonstrated competitive salt removal 
performance while simultaneously generating external power, unlike 
other electricity-consuming desalination techniques. The high gradient 
of the redox couple between the two electrodes contributes to the 

Fig. 4. (a) Schematic diagram of the ETRD device for desalination. (b) Real-time current density and concentration of the desalinized stream with different initial 
electrolyte concentrations. (c) Salt removal rate (SRR) at different initial salt concentrations. (d) Real-time current density and conductivity of the desalinized stream 
during seawater desalination.
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improved Seebeck coefficient (Se) and output power density, thereby 
boosting the desalination performance of the ETRD device. Future 
research will focus on improving the device’s figure of merit (ZT) and 
Carnot-relative efficiency by increasing the effective electrical conduc-
tivity and reducing the effective thermal conductivity. We anticipate 
that ETRD will prove highly effective in low-grade heat harvesting and 
find broad application in seawater desalination.
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