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ABSTRACT 

Thermally regenerative electrochemical cycle (TREC) is a promising technology for converting 

low-grade heat (<100 ºC) to electrical power. In this work, the TREC with NiHCF cathode and Zn 

anode achieves a markedly high thermopower (α) of -1.575 mV K-1 and a heat-to-electricity 

efficiency of 2.41% at the temperature difference of 30 ℃ (equivalent to 25.15% of Carnot 
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efficiency), surpassing all the existing TREC systems. For the first time, the mixed membranes 

with mixed pH electrolytes is introduced in the TREC systems to boost α to a record-high value 

of -2.270 mV K-1. The proposed thermodynamic framework advances the understanding on the 

origin of α and electrochemical potential, which will guide people to engineer TRECs. 
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MAIN TEXT  

Low-grade heat is abundantly available in the form of waste heat or in the environment.1 

Converting the low-grade heat to electrical power will significantly help the energy saving and 

carbon emission reduction, yet its efficient recovery is still a great challenge. One key reason is 

the low α (𝛼 =
𝛥𝐸

𝛥𝑇
: V K-1) in the existing thermoelectric devices. Considering a redox couple whose 

two electrodes operate at different temperatures, the electromotive force can be written as Δ𝐸0 =

𝐸0(𝑇 + Δ𝑇) − 𝐸0(𝑇) = 𝛼Δ𝑇, where 𝐸0 is the standard electrode potential of the redox pair, and 

α is defined as the ratio of potential difference to the temperature change, indicating the ability to 

produce voltage per unit temperature difference. It is also known as Seebeck coefficient in the 

solid-state thermoelectric generators (TEs) field. However, the conventional TEs utilize narrow-

gap semiconductors with the 𝛼 in the scale of 100 - 200 μV K-1, limiting the voltage generation 

and power output when operating in a small temperature difference at low-grade heat regime. 

Therefore a number of liquid-based technologies are emerging nowadays,2 such as thermo-osmotic 

energy conversion (TOEC) systems which exploit thermo-osmotic vapour transport through 

membranes,3 thermally regenerative batteries (TRBs) which utilize ammonia adsorption to 

establish a voltage difference,4 thermoelectrochemical cells (TECs) which take advantage of 

temperature response redox couple to produce electricity from heat source.5 Particularly TECs 

could potentially provide cost-effective and scalable approach for low-grade heat harvesting, as 

their temperature coefficient (mV K-1) is one order of magnitude higher than that of TE 

semiconductors. For example, the TECs using typical [Fe(CN)6]
3-/[Fe(CN)6]

4- redox couple 

presents an 𝛼  of -1.42 mV K-1.6 And the value could be optimized to -3.73 mV K-1 by 

thermosensitive crystallization and dissolution process.5 However, the large distance is needed 

between two electrodes to maintain the temperature difference and sustain the desired redox 
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reactions in each side of the electrode, of which poor ionic conductivity and huge Ohmic loss cause 

small current output and thus low efficiency. Alternatively, TREC exploits thermal cycle so that 

the distance between hot and cold electrodes can be shortened to improve the ionic conductance 

and reach a high efficiency.7  

In TREC systems, the α is calculated by 𝛼 =
𝛥𝐸

𝛥𝑇
=

∆𝑆

𝑛𝐹
 , where n is the number of transferred 

electrons in the electrochemical reaction, F is Faraday’s constant, and ∆S is entropy change of the 

electrochemical reaction.8 As the 𝛼 determines the theoretical voltage at the specific operating 

temperatures, it is critical to the achievable power output and energy efficiency. Efforts have been 

made to enlarge the α by increasing the reaction entropy change (∆S).9 As the fundamental 

understanding of the origin of α is critical for further improving the TREC system, a series of 

Prussian blue analogs (PBA) such as copper hexacyanoferrate (CuHCF),10 nickel hexacyanoferrate 

(NiHCF),8 cobalt hexacyanoferrate (CoHCF)11 have been studied to explore the entropy change of 

their intercalation reaction to enlarge the thermopower. It is found the thermopower of PBA is 

corresponding to the lattice status, and the entropy change ∆S could be divided into ion entropy, 

phonon vibration entropy, configuration entropy, electron entropy and other entropy.11 In addition 

to  PBA, metal complex redox systems including TRBs have been widely explored. They mainly 

rely on the ligand adsorption such as ammonia to create a voltage gap from two reactions. In other 

words, the thermal induced phase change produces a energy gap to harvest waste heat. 12, 13, 14, 15, 16, 

17, 18 

In this work, a modified Nernst equation was derived to determine the theoretical voltage and 

temperature-dependent reaction energy. Moreover, the fundamental thermodynamics and kinetics 

process of potassium ion (K+) intercalation to nickel hexacyanoferrate (NiHCF) electrode was 

established to build a theoretical framework. The TREC with NiHCF cathode and Zn anode 
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achieved a markedly high α of -1.575 mV K-1 and a heat-to-electricity efficiency (η) of 2.41% at 

the temperature difference of 30 ℃ (equivalent to 25.15% of Carnot efficiency, ηC). By introducing 

mixed membranes, the α was boosted up to a record high value of -2.270 mV K-1 compared to all 

the existing TREC systems. It is noted that the TREC efficiency can be readily increased by heat 

recuperation because part of the heat rejected in cooling step can be used for heating step. 

 

 

Figure 1. Working diagram of TREC and α performance of cathode, anode and the cell. a) The 

four steps working principle of TREC and the discharging reaction of NiHCF/Zn and 

NiHCF/ZnNH3 system. b) The cathode voltage response to the temperature from 0℃ to 40℃. c) 

The NiHCF, Zn vs. RE (AgCl/Ag) and full cell voltage difference change with temperature 
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difference of 30℃. 1 represents NiHCF/K2SO4/Zn system, 2 represents NiHCF/ 

K2SO4//NH3+(NH4)2SO4 +ZnSO4/Zn system. d) The comparison on absolute α value of different 

systems including CuHCF/Cu,10 NiHCF/AgCl,8 CoHCF/pp9 and LMO/CuHCF,19 green marked 

bars are our work. 

As is shown in Figure 1a, the energy conversion process includes four steps: heating up, 

charging, cooling down and finally discharging. When the system is heated to a high temperature 

(𝑇𝐻), the open circuit voltage (OCV) decreases (𝑉(𝑇𝐻)) in the first step. Then system is charged 

in the second step. When the system is cooled down to a low temperature (𝑇𝐿), the OCV increases 

(𝑉(𝑇𝐿)) to a voltage higher than 𝑉(𝑇𝐻). Finally, the discharging process is conducted at a low 

temperature. In such a cycle, the low grade heat energy is utilized to create potential difference so 

that the system can be charged at a lower voltage (𝑉(𝑇𝐻)) and discharged at a higher voltage 

(𝑉(𝑇𝐿)), producing net electrical energy. The change in electric potential per unit temperature 

difference is defined as α in equation 1, which is also called temperature coefficient for liquid-

based system, or Seebeck coefficient for thermoelectric materials.  

 𝛼 =
𝑉(𝑇𝐻)−𝑉(𝑇𝐿)

𝑇𝐻−𝑇𝐿
=

∆𝑆

𝑛𝐹
 (1)  

n is the number of transferred electrons per reaction. F is the Faraday Constant. S is the entropy. 

Both the efficiency and power output of the system are highly dependent on α. In order to obtain 

a higher efficiency and power output, a larger α is required to provide a larger potential difference. 

Here, we applied NiHCF as cathode and Zn as anode. The two half reactions are given as formula 

2 and 3: 

 KNiⅡFeⅢ(CN)6 + K+ + e- → K2NiⅡFeⅡ(CN)6 (2) 

 Zn → Zn2+ + 2e- (3) 
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In this system, potassium ions intercalate into the electrode materials while Zn dissolves into the 

electrolyte during discharging process. NiHCF nanoparticles were synthesized by dropping both 

10 mM NiCl2 aqueous solution and 5 mM KNiFe (CN)6 aqueous solution into 50℃ deionized 

water with stirring. The average particle size is about 200 nm (Supplementary Figure 1). The anode 

was prepared by ultrasonic cleaning the pure zinc plate. The electrolyte was 0.5 M K2SO4 aqueous 

solution. Because of the active properties of zinc, the neutral pH (~6.5) solution helped to minimize 

the zinc corrosion. Zinc was stabilized by K2SO4 electrolyte. The cathode, anode and separator 

were assembled in a pouch cell.  

As is shown in Figure 1b, the OCV changes quickly with the temperature while the α is the slope 

of the fitting potential. From the fitting slope of Figure 1b, the optimized NiHCF achieves an 

average α of -0.875 mV K-1 (-0.720 mV K-1 ~ -1.176 mV K-1), while Zn presents an average α of 

+0.700 mV K-1 (+0.608 mV K-1 ~ +0.79 mV K-1). Thus, the overall α of the full cell reaches -1.575 

mV K-1 (-1.403 mV K-1 ~ -1.752 mV K-1).  

Previous researches focused on the cathode development to increase the α due to the difficulty 

in adjusting the entropy change of anode reaction in single neutral electrolyte. Because of the low 

α of metal, adjusting reaction entropy of the zinc electrode instead of improving the material 

properties could be an effective way to enhance the α. Thus, a coordination reaction can be used 

because it brings extra reactant to change the reaction entropy change. To enlarge the α, a 

coordination reaction given below was introduced as shown in formula 4-5. 

 Zn → Zn2+ + 2e- (4) 

 Zn2+ + 4NH3(aq) → [Zn(NH3)4]
2+- (5) 

As ZnO2- tends to be produced in strong alkaline solution, and at the same time this reaction 

requires concentrated NH3(aq) environment, the pH value should be carefully controlled. 

Consequently, the anolyte was designed as a mixture of 2 M NH3 and 1 M (NH4)2SO4 and 0.1 M 
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ZnSO4, where the supporting electrolyte (NH4)2SO4 was used to adjust the dissociation equilibrium 

of NH3, so as to maintain the appropriate pH value. Due to the cathode degradation caused by NH3 

adsorption reaction and the side reaction with hydroxide20, NiHCF would be dissolved gradually 

(Supplementary Figure 10). Therefore, the single cation exchange membrane (CEM) or anion 

exchange membrane (AEM) was not enough to prevent the adsorption of NH3 and the side 

reaction. Here, a new design21 as shown in Figure 1a was used to decouple the electrolyte. In order 

not to introduce additional evaporation entropy, the measurement was conducted with the strictly 

sealed cell. Consequently, the measured α of anode originating from reaction entropy change 

rapidly rises from +0.70 mV K-1 to +1.395 mV K-1 (+1.248 mV K-1 ~ +1.728 mV K-1) as depicted 

in Figure 1c. The overall α boosted up to -2.270 mV K-1 (-2.068 mV K-1 ~ -3.004 mV K-1), which 

is the record-high value in TREC systems (Figure 1d). The fundamental analysis is based on 

thermodynamics of electrochemistry. Figure 2a depicts the entropy and energy change of the 

anode, cathode, and the full cell reaction. In short, the increasing temperature lowers the energy 

gap of the full reaction. The detailed analysis is in Supplementary Note 1. 
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Figure 2. The entropy change and energy change of discharging electrochemical reaction. a) 

Schematic diagram of entropy and energy change of the reaction. b) α change of NiHCF and Zn 
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electrode among the 10℃ to 60℃ temperature range. c) Overall heat capacity change 𝛥𝐶𝑝𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
 

of cathode and anode reaction. d) Schematic diagram of temperature influence in reaction energy 

change. 

Theoretically, when the activity of solid phase is assumed to be 1, the potential can be calculated 

from the Nernst equation, and the temperature coefficient is calculated as -0.08617 mV K-1 if the 

activity is approximated to be constant regardless of temperature (Supplementary Note 2). In this 

work, we found that the 𝛼 will change with temperature as shown in Figure 2b.  

As it is assumed from previous work that the entropy change  𝛥𝑆 is constant, the 𝛼  is also 

regarded as a constant according to equation 1. However, it should be noted that the entropy change 

of the system cannot be simply attributed to entropy change of the electrochemical reaction. While 

the entropy term in equation 1 is a constant, actually it cannot be decoupled with system energy in 

non-ideal working fluids.22 It implies that the entropy change of the reaction 𝛥𝑆 might change 

since reactants are an indispensable part of the system, yet the entropy of the system usually 

increases with increasing temperature. Therefore, a modified equation is given as below 

(Supplementary Note 2): 

 𝑛𝐹𝛥𝐸 = 𝛥(𝑆𝑇) + 𝑅𝛥(𝑇 ln([𝐶+])) (6) 

where 𝛥𝐸 is OCV change, 𝑅, T, are the gas constant and temperature, and 𝐶+ is the activity of 

monovalent cation. From the Figure 2c and equation 1, the slope 
𝜕𝛥𝑆

𝑛𝐹𝜕𝑇
=

𝜕𝛼

𝜕𝑇
 indicates the reaction 

entropy change with temperatures. Since the increase of temperature results in smaller water 

molecular groups,23 which could be also proved by Raman as shown in Supplementary Figure 3, 

it illustrates the influence of dehydrated water on the reaction entropy change as depicted in Figure 

2d. 𝛥𝐶𝑝𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
 (is the overall heat capacity change of a reaction) was introduced into this isobaric 
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system to explore the physical meaning of α change with temperature 
𝜕𝛼

𝜕𝑇
 due to the experimental 

difficulty in measuring the reaction entropy change (Supplementary Note 4): 

 𝛥𝐶𝑝𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
=

𝜕𝛥𝐻

𝜕𝑇
 = 𝑛𝐹𝑇 (

𝜕𝛼

𝜕𝑇
) (7) 

where 𝛥𝐻 represents reaction enthalpy change. Therefore, the estimated cathode overall reaction 

heat capacity change is 𝛥𝐶𝑝𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
= 6𝐶𝑝𝐻2𝑂

− 𝐶𝑝
[K(𝐻2𝑂)6]+  as the heat capacities of most metals 

and simple crystalline solids are similar and stable at room temperature. Since the water heat 

capacity reaches minimum value of 4.1796 J g-1 K-1 at 40℃ while the hydration heat capacity 

𝐶𝑝
[K(𝐻2𝑂)6]+  decreases only very slightly with temperature,24 the theoretical minimum value of 

overall reaction heat capacity should be obtained at around 40℃ due to the lowest heat capacity 

of water at ~40℃ (Supplementary Figure 4) which is in line with our results (~35℃) from Figure 

2c. The estimated anode reaction heat capacity change is 𝛥𝐶𝑝𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
= 4𝐶𝑝𝑁𝐻3𝐻2𝑂

+ 𝐶𝑝𝑍𝑛
−

4𝐶𝑝𝐻2𝑂
− 𝐶𝑝[Zn(𝑁𝐻3)4]2+ ≈ 4𝐶𝑝𝑁𝐻3·𝐻2𝑂

− 4𝐶𝑝𝐻2𝑂
+ 𝐶, where 𝐶 is regarded as a constant. The heat 

capacity change is found to increase with increasing temperature when temperature is higher than 

30℃ (Figure 2c) due to the significant increase of 𝐶𝑝𝑁𝐻3·𝐻2𝑂
 with temperature (about 4.2468 J g-

1K-1 at 10℃, 4.3095 J g-1K-1 at 60℃ (10 wt% 𝑁𝐻3 )25) to 𝐶𝑝𝐻2𝑂
 (4.1955 J g-1K-1 at 10℃, 4.1851 J 

g-1K-1 at 60℃ 26). However, it is still difficult to quantitatively predict the α change because of 

unexpectable dissolution and vaporization heat in additional to the heat capacity change 

(Supplementary Note 4). 

To investigate the effects of temperature on the kinetics process and cyclic voltammetry at 

different temperatures was conducted (Supplementary Figure 5). A series of parameters were 

analyzed and shown in Figure 3b.  
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Figure 3. The cyclic voltammetry (CV) curves of NiHCF in 0.5 M K2SO4 and kinetics parameters 

analysis in electrode reaction. a) The half CV curve of NiHCF from 10℃ to 40℃ with the 

sweeping speed of 1 mV s-1. Eeq is the equilibrium potential, ηe is the overpotential controlled by 

charge transfer step. b) The various potentials of NiHCF from 10℃ to 40℃. Eθ’, EpH and EpL 

represent formal potential, high and low peak voltage respectively, the sweeping speed is 1 mV s-

1. c) The linear fitting to extrapolate exchange current density from 10℃ to 40℃. The 

overpotential can be expressed linearly to lg j where j is current density. The intercept on the x 

axis represents lg j0, j0 is exchange current density. d) The obtained exchange current density from 

Figure 3c and peak current from Figure 3a. 
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Firstly, the equilibrium potential was measured based on the OCV. The OCV represented the 

equilibrium state of the electrode when the net current was zero. As the equilibrium potential (Eeq) 

decreased from 0.444 V at 40 ℃ to 0.411 V at 10 ℃ (corresponding to an α of -1.100 mV K-1 ), 

the formal potential (Eθ’) from CV curve (Supplementary Figure 5) was experimentally measured 

as the midpoint of two peak voltages (EpH and EpL) and stabilized at approximately 0.530 V vs. 

Ag/AgCl reference electrode with a small slope of -0.0483 mV K-1 from 0.530 V at 10 ℃ to 0.529 

V at 40 ℃, as depicted in Figure 3b. The result is consistent with the tendency of calculated 

temperature coefficient from the coefficient of Nernst equation (-0.08617 mV K-1, Supplementary 

Note 2). 

Secondly, with increasing temperature, the two gradually approaching peaks (EpH and EpL as 

shown in Supplementary Figure 5) indicated better reversibility, presenting higher exchange 

current density and reaction rate. Exchange current density was obtained by linear fitting in the 

overpotential region of 150-200 mV (Figure 3c). The exchange current density increased gradually 

from 2.145 mA cm-2 at 10°C to 2.412 mA cm-2 at 40°C, as shown in Figure 3d.  

Thirdly, the increasing peak current (Figure 3d) demonstrated higher diffusion rate at higher 

temperature. For an ion intercalation process, the rate determining step is usually the diffusion 

movement of ions in the lattice.27 The peak current 𝑖𝑝 can be determined as equation 8 (Randles-

Sevcik equation): 

 𝑖𝑝 = 0.4463 𝑛𝐹𝐴𝐶(
𝑛𝐹𝑣𝐷

𝑅𝑇
)

1

2 (8) 

where 𝐴 is electrode area, 𝐶 is electrolyte concentration, 𝑣 is scan rate, 𝐷 is diffusion coefficient 

and 𝑅 is the ideal gas constant. The peak current is positively related to (D/T)-1/2 at a certain 

sweeping rate and concentration. As is shown in Figure 3d, the increasing peak current from 0.0119 

A to 0.0154 A demonstrated a faster diffusion process and less diffusion overpotential loss at high 
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temperature. The possible lattice expansion of NiHCF was proved by the peak shift of X-ray 

Diffraction pattern (Supplementary Figure 6). That attributes to the lattice expansion of NiHCF at 

a high temperature, leading to faster movement during intercalation. 

These results further supported the positive effect of temperature on the kinetic process. A better 

kinetic performance including better reversibility and lower mass transfer resistance was illustrated 

by the higher exchange current density and diffusion rate, further confirming that a high 

temperature facilitates the kinetic process. 

For the sake of comprehensive comparison on performance from different aspects, parameters 

including 𝜂  (efficiency), 𝜂𝑟 (efficiency related to Carnot efficiency), 𝑃  (power density) will be 

discussed.  
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Figure 4. The full cell performance with NiHCF cathode and Zn anode. a) The voltage change for 

the whole cell during a full TREC cycle. The NiHCF-Zn cell was operated between 10°C to 40°C 

at a current density of 5.4 mA g-1, including C-1 heating up, C-2 charging, C-3 cooling down, and 

C-4 discharging. b) The voltage change for the whole cell during a full TREC cycle. The NiHCF-

ZnNH3 cell was operated between 10°C to 40°C at a current density of 5.4 mA g-1. c) The full 

NiHCF/Zn cell capacity plot versus voltage of the whole cycle consistent to Figure 4a and Figure 

4b. The corresponding energy density is 5.8346 J g-1 (per electrode mass). The full NiHCF/ZnNH3 

cell capacity plot versus charging-discharging voltage with 0.1 C current density (5.4 mA g-1) 
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which is as same as the charging-discharging condition as NiHCF-Zn. The corresponding energy 

density is 9.8912 J g-1 (per electrode mass). d) The relative efficiency, efficiency, energy density 

and harvested output power of 0.1 C, 0.15 C, 0.2 C current density with 5.4 mA g-1, 8.1 mA g-1, 

10.8 mA g-1 within 10°C to 40°C temperature range (𝜂𝐻𝑅=0). 1 represents NiHCF/Zn system. e) 

The relative efficiency, efficiency, energy density and harvested output power at current  of 0.1 C 

(5.4 mA g-1), 0.5 C (27.0 mA g-1), 1 C (54.0 mA g-1), 1.5 C (81 mA g-1) and at temperature gap of 

30oC (10°C to 40°C) ( 𝜂𝐻𝑟 = 0). 2 represents NiHCF/ZnNH3 system. f) The performance 

comparison including efficiency, relative efficiency and α. The systems include CuHCF/Cu,10 

NiHCF/AgCl,8 CoHCF/pp9 and LMO/CuHCF.19 g) The relative efficiency and power density of 

different systems. Systems include TGC,5, 28, 29, 30 RFB,31 TRAB,12, 13, 14, 15, 16, 17 18 DTCC, 32 TOEC,3 

TREC. 8, 9, 10, 19 

Table 1. The performance comparison. Parameters include α, temperature difference ∆𝑇, energy 

density 𝑊 , efficiency 𝜂 , relative efficiency 𝜂𝑟  and recuperation efficiency 𝜂𝐻𝑅 . The systems 

include CuHCF/Cu,10 NiHCF/AgCl,8 CoHCF/pp9 and LMO/CuHCF.19 
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System 

αcell  

(mV K-1) 

 

∆𝑇 

W 𝜂  

(%) 

𝜂𝑟 

𝜂𝐻𝑅  

 J/g (𝜂/𝜂𝑐  , %) 

CuHCF/Cu -1.2 50.000   5.200 3.7 21.2 0 

NiHCF/AgCl -0.74 40.000 1.000 1.6 13.12 0 

CoHCF/pp -0.89 40.000 2.052 2.65 21 0 

LMO/CuHCF +1.061 30.000 0.970 1.8 21 0 

NiHCF/Zn -1.575 30.000 5.6337 2.40 25.16 0 

NiHCF/ZnNH3 -2.270 30.000 9.9502 2.17 22.66 0 

The α of the full cell reached -1.575 mV K-1. Assembled TREC full pouch cell was composed 

of NiHCF cathode, Zn metal anode, and the two electrodes were separated by a normal pp separator 

which was soaked with 0.5 M K2SO4 electrolyte. The electrodes were prepared with an area of 

1×2 cm2 and a material loading of 7 mg cm-2 (70% active material of NiHCF) (Supplementary 

Figure 7). The full cell achieved a high specific capacity of 54 mAh g-1 (active material mass) / 

37.8 mAh g-1 (electrode mass). To enable a complete TREC cycle, the cell was sandwiched 

between two thermoelectric plates (controlled temperature ± 0.01°C) and two thermocouples were 

inserted. As is shown in Figure 4a, the cell was heated up to 40°C within 5 minutes, which 

dramatically decreased the voltage by about 50 mV. The charging process was then implemented 

at 40oC under 0.1C current density (equivalent to 5.40 mA g-1) from 80% state of charge to 100% 

state of charge for 2h. The overpotential was approximately 3.5 mV at the beginning of charging 
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process and the average charging voltage was 1.5334 V. As shown in Figure 4a-c, after cooling 

down to 10°C, the discharging process was conducted at the same current density with an average 

discharging voltage of 1.5814 V and an overpotential of 5 mV. The energy density of 5.8346 J g-1 

was obtained with the high coulombic efficiency of 99.66%, corresponding to an efficiency of 

2.410% and a relative efficiency to Carnot efficiency of 25.155%.  The efficiency and relative 

efficiency were increased to 4.868% and 50.81%, respectively, with a recuperation efficiency of 

70%. To examine the current effect, a full cell was tested at 5.40 mA g-1, 8.10 mA g-1, 10.80 mA 

g-1 current density respectively with 30°C temperature difference (Supplementary Figure 8). The 

larger current density caused higher overpotential. 

As shown in Figure 4d, the energy density, efficiency and relative efficiency all decreased almost 

linearly with current density. At a discharge current of 8.1 mA g-1, the cell achieved the highest 

power output with good efficiency. The cell can be operated for more than 30 fully charge-

discharge cycles (whose time scale equals to 150 cycles of 80% SOC to 100% SOC cycle as shown 

in Figure 4b) at a current density of 5.4 mA g-1. The fully charged and discharged cell achieved an 

energy efficiency of 2.30%, which was 24.01% that of the Carnot efficiency. Thanks to excellent 

coulombic efficiency of NiHCF like Prussian blue analog material,33 it exhibits good reversibility. 

However, the side reaction of hydrogen evolution due to the large potential window contributes to 

additional Zn(OH)2 product, resulting in higher resistance and Ohmic loss, which further decreases 

the efficiency. 

As shown in Supplementary Figure 10, to avoid the side reaction of NH3 (aq) and NiHCF, the 

mixed membrane (AEM/CEM) was used to separate the catholyte and anolyte. The same 

temperature range used for the NiHCF/K2SO4/Zn system was adopted to prevent ammonia 

vaporization. With a higher α of -2.270 mV K-1, a large voltage gap of more than 70 mV was 
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established with a temperature difference of only 30°C. Thus, a harvested energy density of 9.8912 

J g-1 is obtained at a discharging voltage of 1.7596 V and a charging voltage of 1.6719 V. As a 

result, the cell achieved an energy efficiency of 2.171% and a relative efficiency of 22.663% of 

the Carnot efficiency. With a recuperation efficiency of 70%, a higher energy efficiency of 4.835% 

was achieved, which corresponded to a relative efficiency of 50.468% of Carnot efficiency 

(Supplementary Figure 12, Supplementary Note 6). Interestingly, the overpotential in this system 

is similar to the overpotential in NiHCF/K2SO4/Zn system (around 5 mV at 0.1 C) when the same 

current density is applied. It indicates that the cell resistance not only relies on membrane 

resistance, but also depends on the concentration of electrolyte. As shown in Figures 4d-e, the 

maximum power density is almost seven times that of NiHCF/K2SO4/Zn system. However, due to 

the intrinsic diffusion of ammonia, the α and the equilibrium voltage of this system can only be 

maintained for around 7 cycles. Though different types of strictly sealed cells were tried to prevent 

the side reaction of NH3 and NiHCF, the cell capacity degradation happened and the α decreased 

to around -1.7 mV K-1 after a few cycles which similar to the NiHCF/K2SO4/Zn system. As 

depicted in Figure 4f-g, the two systems show great performance in terms of relative efficiency 

and absolute α.  

The energy efficiency highly depends on the temperature gap so that this high efficiency 

obtained at a 30oC difference is very satisfactory compared with previous literature (40-50oC). As 

the Carnot efficiency represents the maximum efficiency for heat-to-power conversion by a 

thermodynamic cycle, the relative efficiency to Carnot efficiency was a better indicator to evaluate 

the performance of the energy system. With the same recuperation efficiency as demonstrated in 

Figure 4f and Table 1, the reported performance data were summarized and compared. Our two 

systems perform excellent relative efficiency owning to their high α. Although the power density 
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is relatively low compared with other systems according to Figure 4g, the design of this work 

provides a new possibility to further improve the performance. 

This study explored the effects of temperature on entropy change and energy change of both 

systems and electrochemical reactions due to the lack of comprehensive research on the 

mechanism of heat-to-electricity energy conversion. A theoretical framework was built and 

equations among a series of thermodynamic parameters were derived in order to illuminate the 

origins of the α and to identify ways of enhancing the α. We found that the increased temperature 

changes the reaction heat capacity, which further affects the α. We also investigated the intrinsic 

energy conversion mechanism including the thermodynamics and kinetics processes. It is found 

that high temperature has a positive impact on both the thermodynamics and kinetics processes. 

For thermodynamics process, high temperature lowers the energy gap for heat energy utilization. 

For kinetics process, high temperature lowers energy gap, accelerates mass transfer process, and 

lowers overpotential. 

To sum up, a fundamental and extended framework of thermo-electrochemical cycle was 

established in this work. After introducing a new anode reaction, a super high α was obtained by 

introducing mixed membrane in this mixed pH electrolyte. The mixed membrane design brings 

more possibilities and inspirations for selecting reactions of TREC to enlarge the α, efficiency and 

power, which is highly promising for practical industrial application. Note that considering the 

potential in practical applications, the cost of ion-selective membranes could be reduced by 

introducing alternative membranes.2, 13 However, there are still several limitations of cell 

fabrication which may be solved by substituting the less volatile ligand such as ethylenediamine 

for the original anolyte. The catholyte also could be replaced by higher concentrated solution like 
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KCl or KNO3 in mixed membrane system to further boost up efficiency. Additional work should 

be done to optimize the structure for durable operation.  
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