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Supplementary note

Thermopower of ITECs 

In this section, the synergistic contribution of thermodiffusion and thermogalvanic effect 

was derived.1

Thermodiffusive thermopower

The thermodiffusive thermopower is defined as:

𝑆𝑡𝑑 =‒
𝑉(𝑇ℎ) ‒ 𝑉(𝑇𝑐)

∆𝑇
          (𝑆1)

where  and  represent the voltage at the hot temperature  and cold temperature , 𝑉(𝑇ℎ) 𝑉(𝑇𝑐) 𝑇ℎ 𝑇𝑐

respectively. Different from electronic semiconductive TE material, the sign of Std in an ionic 

system is determined by the type of charge with higher thermal mobility in the solution. 

Therefore, the transportation of ions under a temperature gradient, which is also known as the 

Soret effect, should be the key point to determine the thermopower of the ionic system.

Onsager’s theory for irreversible processes provides a good framework for understanding 

of the ion’s motions. In a system with two current flows (heat and mass) and each of them can 

be driven by the other, the current of each flow can be expressed by Onsager’s theory, where 

the current  of the solute species (or ions) can be expressed as:𝐽 𝑖

𝐽 𝑖=‒ 𝐿 𝑖 𝑖
1
𝑇

∇𝜇 ‒ 𝐿 𝑖 𝑞∇
1
𝑇

          (𝑆2 )

where the first term describes Fick diffusion (or mass diffusion) with coefficient  and the 𝐿𝑖𝑖

second one describes the thermodiffusion with the Onsager cross coefficient . Different from 𝐿𝑖𝑞

simple chemical ssystems the potential term  in this system consists of both chemical potential µ

and electrical potential, which can be regarded as the electrochemical potential. The coefficient 
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,  can be obtained from experiments and theories. After the illustration and simplifications, 𝐿𝑖𝑖 𝐿𝑖𝑞

the thermopower of the ionic system can be expressed as:

𝑆𝑡 𝑑=
𝑛 + 𝐷 + �̂� + ‒ 𝑛 ‒ 𝐷 ‒ �̂� ‒

𝑒 (𝑛 + 𝐷 + + 𝑛 ‒ 𝐷 ‒ )
          (𝑆3 )

where  is charge of the electron, n is the concentration of the ion,  is the mass diffusion �̂� 𝐷

coefficient, is Eastman entropy of transfer and the sign “+” and “−” represents the cations and 

anions, respectively. Similar to the Einstein’s relation for diffusion driven by a concentration 

gradient, the diffusion driven by temperature gradient can also have a thermal mobility which 

is defined as . The Eastman entropy of transfer is directly related to the heat of transport 𝐷�̂�/𝑘𝐵𝑇

Q*, which has dependence on the size of ions and dielectric constant of the solutes by Born 

theory. For asymmetric electrolytes such as FeCl3/FeCl2 (2n+ = n− or 3n+ = n− in this system 

most of the Fe3+ is adsorbed, so we choose 2n+ = n−), Eq. 3 can be simplified as: 2

𝑆𝑡 𝑑=
𝐷 + �̂� + ‒ 2𝐷 ‒ �̂� ‒

𝑒 (𝐷 + + 2𝐷 ‒ )
          (𝑆4 )

From Eq. 4, without electric field and concentration gradient, the thermally driven ionic 

flux is simply . If we relate ionic flux to “thermodiffusion velocity through 
 𝐽𝑖 =‒ 𝑛𝑖

𝐷𝑖�̂�𝑖

𝑘𝐵𝑇
∇𝑇

𝑣𝑇
𝑖

, then the relation between thermodiffusion velocity and the temperature gradient 𝐽𝑖 =‒ 𝑛𝑖𝑣
𝑇
𝑖

 is derived as . Therefore, we can define the thermal mobility :‒ ∇𝑇
𝑣𝑇

𝑖 =
𝐷𝑖�̂�𝑖

𝑘𝐵𝑇
( ‒ ∇𝑇)

𝜇𝑇
𝑖

𝜇𝑇
𝑖 =

𝐷𝑖�̂�𝑖

𝑘𝐵𝑇
          (𝑆5 )
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Eq. S5 is essentially the Einstein’s relation for thermodiffusion. With the ionic mobility 

defined as , Eastman entropy of transfer is essentially the ratio between thermal 
 𝜇𝐼

𝑖 =
𝐷𝑖

𝑘𝐵𝑇

mobility and ionic mobility. Further, charge mobility of ions is defined as:

𝜇𝑞
𝑖 =

𝑞𝑖𝐷𝑖

𝑘𝐵𝑇
          (𝑆6 )

Eq. S4 can be further re-written in a simpler form:

𝑆𝑡 𝑑=
𝜇 𝑇

+ ‒ 2𝜇 𝑇
‒

𝜇 𝑞
+ + 2𝜇 𝑞

‒

          (𝑆7 )

Therefore, we can see that the difference in thermal mobilities of the cations and anions 

determines the sign of the thermopower, and the thermal mobility is simultaneously determined 

by diffusion coefficient  and the Eastman entropy of transfer .𝐷 �̂�

Thermogalvanic thermopower3

The thermopower for a ITECs is an entropically driven process, and the corresponding 

thermopower  is defined as follows:𝑆𝑡𝑔

𝑆𝑡𝑔 =
∆𝐸
∆𝑇

=
∆𝑆
𝑛𝐹

          (𝑆8)

where  is the open-circuit voltage, n is the number of the electrons transferred in the redox ∆𝐸

reaction, F is the Faraday’s constant and S is the entropy difference for the redox reaction.

For some redox reactions (aA + ne ↔ bB). The redox effects of these systems are 

concentration dependent and their Stg can be estimated using the Nernst equation. The 

equilibrium potential  can be expressed as:𝐸

𝐸 = 𝐸0 +
𝑅𝑇
𝑛𝐹

ln
(𝛼𝐴)𝑎

(𝛼𝐵)𝑏
          (𝑆9)
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where  is the standard potential,  and  are the activities of the oxidation and reduction 𝐸0 𝛼𝐴 𝛼𝐵

species, respectively, and R is the ideal gas constant. The activity  and concentration  are 𝛼 𝐶

related by , where  is the activity coefficient. Thus, Eq. S9 can be expressed as 𝛼 = 𝐶 × 𝛾 𝛾

follows:

𝐸 = 𝐸0 +
𝑅𝑇
𝑛𝐹[ln

(𝛾𝐴)𝑎

(𝛾𝐵)𝑏
+ ln

(𝐶𝐴)𝑎

(𝐶𝐵)𝑏]          (𝑆10)

The thermopower  can be expressed as follows:𝑆𝑡𝑔

𝑆𝑡𝑔 =‒
𝐸ℎ ‒ 𝐸𝑐

𝑇ℎ ‒ 𝑇𝑐
          (𝑆11)

where  and  are the potentials at the hot and cold electrodes, respectively. By substituting 𝐸ℎ 𝐸𝑐

Eq. S10 into Eq. S11, we obtain the following equation:

𝑆𝑡𝑔 =‒
𝐸0

ℎ ‒ 𝐸0
𝑐

𝑇ℎ ‒ 𝑇𝑐
‒

𝑅
𝑛𝐹Δ𝑇[𝑇𝐻ln

(𝛾𝐴)𝐻
𝑎

(𝛾𝐵)𝐻
𝑏

‒ 𝑇𝑐ln
(𝛾𝐴)𝐶

𝑎

(𝛾𝐵)𝐶
𝑏] ‒

𝑅
𝑛𝐹Δ𝑇[𝑇𝐻ln

(𝐶𝐴)𝐻
𝑎

(𝐶𝐵)𝐻
𝑏

‒ 𝑇𝑐ln
(𝐶𝐴)𝐶

𝑎

(𝐶𝐵)𝐶
𝑏]          (𝑆12)

In electrochemistry, the temperature coefficient is defined as:𝛼𝑅 

𝛼𝑅 =
𝐸0

ℎ ‒ 𝐸0
𝑐

𝑇ℎ ‒ 𝑇𝑐
          (𝑆1 3 )

The  can be further related to the entropy change of the redox reaction as follows:𝛼𝑅

𝛼𝑅 =
𝑆𝑟 𝑒 𝑑‒ 𝑆𝑜 𝑥

𝑛 𝐹
=

∆ 𝑆
𝑛 𝐹

          (𝑆1 4 )

where  and  are the partial molar entropies of the reduced and oxidized states, and  is 𝑆𝑟𝑒𝑑 𝑆𝑜𝑥 ∆𝑆

the partial molar entropy change. Substituting Eq. S13 and Eq. S14 into Eq. S12, we obtain

𝑆𝑡𝑔 =‒
∆ 𝑆
𝑛 𝐹

‒
𝑅

𝑛𝐹Δ𝑇[𝑇𝐻ln
(𝛾𝐴)𝐻

𝑎

(𝛾𝐵)𝐻
𝑏

‒ 𝑇𝑐ln
(𝛾𝐴)𝐶

𝑎

(𝛾𝐵)𝐶
𝑏] ‒

𝑅
𝑛𝐹Δ𝑇[𝑇𝐻ln

(𝐶𝐴)𝐻
𝑎

(𝐶𝐵)𝐻
𝑏

‒ 𝑇𝑐ln
(𝐶𝐴)𝐶

𝑎

(𝐶𝐵)𝐶
𝑏]          (𝑆15)

The first term on the right-hand side of Eq. S15 is the intrinsic entropy change of the 

occurring reaction of the redox electrolyte, the second term is related to the entropy change of 

redox substances induced by other activities, e.g., the phase change of selective 



6

complexation/dissociation of CG-MA4% and Fe3+, and the third term is related to concentration 

difference of redox substances between two electrodes.

Coupling between thermodiffusion and thermogalvanic effect

The total thermopower can be written as the sum of the different ionic species :𝑆𝑖

𝑆𝑖 = 𝑆𝑡 𝑔+ 𝑆𝑡 𝑑 (𝐹 𝑒3 + / 2+ ‒  𝐶 𝑙‒ ) + 𝑆𝑡 𝑑 (𝐶ℎ𝑖 𝑡 𝑜 𝑠 𝑎 𝑛)          (𝑆16)

where  is the thermopower contributed by the thermogalvanic effect, Std(Fe3+/2+-Cl-)  is the 𝑆𝑡𝑔

thermopower contributed by the thermodiffusion effect, and  is the 𝑆𝑡𝑑(𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛)

thermopower contributed by the thermodiffusion effect of chitosan gel. According to Fig. S19, 

the Std(Chitosan), Std(Fe3+/2+-Cl-), Stg is -1.15, -2.39, and -3.69 mV K-1, respectively, 

contributing 15.9%, 33.06%, and 51.04% to the thermopower of CG-MA4%, respectively.
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Supplementary figures and disucssions

Fig. S1. Adsorption effect of CG-MA with different MA contents on FeCl2 (left), FeCl3 

(middle), and FeCl3/2 (right).

Fig. S2. Schematic illustration of design, optimization and fabrication of adsorbable ionic gel. 
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Fig. S3. Visual appearance and SEM images of (a) chitosan, (b) CG-MA4%, and (c) CG-MA5% 

ionic gels. 

Fig. S3 shows the surface morphology of the ionic gels obtained by the casting method 

for chitosan, CG-MA4%, and CG-MA5%. As can be seen from the figures, both the chitosan 

film and CG-MA4% showed a uniform and dense morphological structure with no obvious 

pores appearing. As shown in Fig. S3a, the surface of pure chitosan film was more uniform, 

and no obvious fold traces were seen although cross-linking reaction occurred under the action 

of glutaraldehyde. By contrast, when MA was introduced, the surface of the membrane showed 

obvious folds and wrinkles (Fig. S3b), indicating that MA was cross-linked in the membrane 

interior. It was also observed from the cross-section that the cross-linking reaction became 

more and more complete with the increase of MA content, resulting in tighter structure of the 

membrane. Further increasing the MA content to 5% (Fig. S3c), the seam of the folds was 

observed to be much smaller and tighter, even adhesion among folds occurred. This resulted in 

the formation of a closely-packed mesh structure inside the membrane, which compressed the 

migratory channels of Cl- ions and limited the thermodiffusion of Cl-.
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Fig. S4. Effect of MA content on the mechanical performances of CG-MA4% ionic gel after 

immersion in electrolyte. 

As shown in Fig. S4, addition of MA significantly improved the tensile strength of CG-

MA0-5% up to 1.27 MPa. This is because the triazine ring structure in molecular structure of 

melamine can cross-link with multiple CG macromolecules, which resulted in the formation of 

a denser spatial network structure and increase of the intermolecular force, thus leading to 

increase of the tensile strength. However, when the melamine content was 5%, the mechanical 

properties of the samples decreased. This was likely due to that adding more MA could result 

in more intramolecular cross-linking points, which eventually led to closely packed polymer 

mesh structure, that is, resulting in the molecular chains were difficulty of bending. Thus, the 

fusion of the membrane becomes brittle, affecting the mechanical properties of the membrane.
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Fig. S5. C 1s XPS spectra of Chitosan, CG, and CG-MA4% ionic gels.4



11

Fig. S6. Swelling of ionic gels immersed in water and electrolyte solutions. (a) Comparison of 

volume and weight of chitosan, CG and CG-MA4% ionic gels before and after water absorption 

by immersion in pure water. (b) The moisture content of chitosan, CG, and CG-MA4%. (c) 

Swelling of CG-MA4% ionic gel after immersion in electrolyte solution for 48 h. 

Fig. S6a and S6b showed that CG and CG-MA4% had higher absorption and swelling 

capacities than chitosan in pure water, with absorption rates of 5070.66 and 4135.68%, 

respectively. On the other hand, it is obvious that the CG-MA4% ionic gel immersed in the 

electrolyte solution did not undergo significant swelling change (Fig. S6c). This implies the 

excellent dimensional stability of CG-MA4% ionic gel after immersion in electrolyte, which can 

be attributed to the fact that introduction of MA can effectively inhibit swelling of the 

membrane and maintain the dimensional its stability.
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Fig. S7. Nyquist plots of chitosan, CG and CG-MA4% ionic gels. The inserted image indicates 

the amplification in the low impedance range. The ionic conductivity was calculated by the 

real part of the impedance in the Nyquist plot of electrochemical impedance spectroscopy.

Fig. S8. Recorded open-circuit voltages and hot electrode temperatures over time for chitosan, 

CG, and CG-MA4% ion gels. The cold electrode was fixed at 20  and the hot electrode was °𝐶

slowly warmed to 45  and maintained at that temperature.°𝐶
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Fig. S9. Cyclic voltammetry (CV) curves of CG-MA4% at different scan rates.

Fig. S10. Linearity of peak electrochemical activity current versus square root of scan rate for 

chitosan, CG and CG-MA4% gel electrolytes (10-100 mV s-1).
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Fig. S11. Zeta potential of ionic gels with varying chitosan-to-dicyandiamide ratio.

Fig. S12. Effect of chitosan-to-dicyandiamide ratio on the activation energy of ionic migration. 

(a) Relationship between  and  at different chitosan-to-dicyandiamide ratios under 𝑙𝑛𝜎 1000/𝑇

different temperatures. (b) Effect of dicyandiamide content on the activation energy of ion 

migration. 

We tested the ionic conductivity of CG gels with different chitosan-to-dicyandiamide 

ratios under different temperatures. The ionic conductivity-temperature relationship was fitted 

by the Arrhenius equation, and the activation energy of the CG gels for ionic conductivity was 

calculated from the Eq. S17:
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𝜎 = 𝐴𝑒𝑥𝑝( ‒ 𝐸𝑎
𝑅𝑇 )  (𝑆17)

where  is finger front factor,  is ionic conduction activation energy (KJ mol-1),  is gas 𝐴 𝐸𝑎 𝑅

constant (8.314 J K-1 mol-1), and  is thermodynamic temperature (K). The relationship 𝑇

between  and  exhibits a linear relationship (Fig. S12a), with which the ionic 𝑙𝑛𝜎 1000/𝑇

conduction activation energy of CG ionic gels can be obtained from the Arrhenius equation:

  S18𝐸𝑎 =‒ 𝑏 × 𝑅

where  is slope of the curve of  (S cm-1) vs.  (K-1). As shown in Fig. S12b, the 𝑏 𝑙𝑛𝜎 1000/𝑇

activation energy for ionic conductivity of the CG ionic gels at the chitosan-to-dicyandiamide 

ratio of 4:1, 2:1, 1:1, 1:2 and 1:4 was calculated to be 24.46, 23.96, 22.76, 21.91, and 22.31 KJ 

mol-1, respectively. The activation energy of the CG gel for ionic conductivity gradually 

decreased as increasing the N+ groups, reaching the lowest activation energy at chitosan-to-

dicyandiamide of 1:2, which is consistent with the results of the thermopower. The migration 

activation energy of the gel was reduced by introduction of dicyandiamide, which was 

attributed to that each dicyandiamide group provided two N+ adsorption sites, resulting in 

increase in the density of the distribution of adsorption sites for C- ions and a reduction in the 

migration resistance. On the other hand, with introduction of more dicyandiamide, the dual N+ 

groups could trap Cl- ions and inhibit their migration, leading to increase in migration activation 

energy (Fig. S12b).
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Fig. S13. Relative concentration changes of the redox couple in the soaking solution with 

different MA contents.

Fig. S14. Adsorption of the soaking solution (FeCl2, FeCl3, and FeCl3/2) with (a) chitosan gel, 

(b) CG gel, and (c) CG-MA4% gel.
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Fig. S15. UV-vis absorption spectra corresponding to (a) FeCl2, FeCl3, and FeCl3/FeCl2 and 

(b) different combinations of gels and FeCl3/2 solutions.

Fig. S16. (a) Visual appearance, (b) UV-vis absorbance spectra, and (c) relative concentration 

changes of FeCl3 in solutions containing 0.5 M FeCl3 and CG-MA(0-5%).
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Fig. S17. (a) Visual appearance, (b) UV-vis absorbance spectra, and (c) relative concentration 

changes of FeCl2 in solutions containing 0.5 M FeCl2 and CG-MA(0-5%).

Fig. S18. (a) XPS patterns of MA, pure ionic gels, and dried precipitates. (b) The N1s peak 

splitting spectrum. (c) N1s characteristic peaks of CG-MA4% gels. (d) N1s characteristic peak 

of CG-MA4% gel after adsorption.5 
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Fig. S19. The thermopower variation of different ionic gel components, including pure 

FeCl3/FeCl2 electrolyte solution and CG-MA4% ionic gel, as well as chitosan, CG, and CG-

MA4% ionic gels after immersion in electrolyte solution. 

As shown in Fig. S19, the thermopower of pure FeCl3/2 electrolyte solution (-1.04 mV K-

1) is provided by the thermogalvanic effects. The thermopower of the pure hydrogel (-1.15 mV 

K-1) is provided by the thermodiffusion effects of the OH- free from the internal water 

molecules. The thermopower of chitosan-FeCl3/2 (-2.28 mV K-1) is caused by the enhanced 

thermogalvanic effects due to complexation of chitosan on metal ions. The thermopower of 

CG-FeCl3/2 is -4.67 mV K-1, which was firstly provided by the thermogalvanic effect of the 

FeCl3/FeCl2 redox electrolyte and secondly caused by introduction of positively charged amino 

groups to enhance the thermodiffusion effect. Moreover, the thermopower of CG-FeCl3 and 

CG-FeCl2 were -3.12 and -2.72 mV K-1, respectively, which were all contributed entirely by 

the thermodiffusion effect (combined thermodiffusion of Cl- and CG gels itself). Thus, for CG-

FeCl3/2, the thermodiffusion effect contributed to 66.8% at most (-3.12 mV K-1), and the 
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thermogalvanic effect contributed to 33.2% (-1.55 mV K-1). These results indicate that the 

thermodiffusion effect could be significantly enhanced by introduction of dicyandiamide. The 

thermopower of -7.24 mV K-1 the CG-MA4% is provided by a combination of thermodiffusion 

effects and thermogalvanic effects enhanced by the adsorption of metal ions by the chitosan 

hydrogel after the introduction of melamine.

Fig. S20. Energy output of ITEC with large external resistor. (a) Voltage and current curves of 

three working stages under an external resistance of 3000 Ω. (b) The output power density of 

stage ii at 3000 Ω external resistance for 120 min. 

The voltage and current curves for three operating phases under 3000 Ω external resistance 

were measured. The output power density of stage ii at 3000 Ω external resistance for 120 min 

is shown in Fig. S20a, and the energy density (E2h) of ITEC was finally calculated to be 541.2 

J m-2 (Fig. S20b), indicating excellent output performance of the ITEC even under high 

external load resistance. 

The selection of a small resistor in this study can be explained by Ohm's law for closed 

circuits, and the power output of the power supply can be determined from the Eq. (S19):

𝑃 = 𝐼2𝑅 = (
𝐸

𝑅 + 𝑟
)2𝑅 =

𝐸2𝑅

(𝑅 ‒ 𝑟)2 + 4𝑅𝑟2
  (𝑆19)
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where  is the supply electromotive force,  is the external load resistance, and  is the internal 𝐸 𝑅  𝑟

resistance of the supply. Accordingly, when the external load resistance is close to the internal 

resistance, the output power is maximized. With the EIS technology analysis, we confirmed 

that the resistance of CG-MA4% ionic gel was small. Therefore, we chose to connect a small 

external load resistance (20 Ω) to maximize the output power for higher energy density.

Fig. S21. Cyclic stability over eight cycles of quasi-continuous charging and discharging. (a) 

Voltage and current profile changes during eight cycles of internal load discharge. (b) Energy 

output E90min for eight cycles. 

We repeated charging and discharging for eight cycles consecutively with an external 20 

Ω load resistor after thermal charging at a temperature difference of 25 degrees. As shown in 

Fig. S21, a total energy density of 127.29 KJ m-2 was harvested from the eight cycles, which 

corresponded to an average E90min of 15.91 KJ m-2 for each cycle.
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Fig. S22. Images of 4 ITECs connected in series to form an integrated device.

Supplementary table

Table. S1 Comparison of thermoelectric properties of the CG-MA4% with reported ionic gel 

devices

Matrix materials Thermopower
 (mV K-1)

𝜎 
(mS cm-1)

Power Density 
(W m-2) Refs.

PAM/CMC/Li2SO4/Fe(CN)6
4-/3- 11.58 18.4 0.0152 Ref.6 

PAM/CMC/Fe(CN)6
4-/3- 3.63 9.4 (25℃) Ref.6

PVA/Fe(CN)6
4-/3- 1.42 0.62 0.32 Ref.7 

PAAm/Fe(ClO4)3-/Fe(ClO4)2- 1.46 65.32 0.043 Ref.8 

PVA/Fe3+/2+ -1.02 10.6 2.5*10-3

PVA/Fe(CN)6
4-/3- 1.21 6.3 2.5*10-3

Ref.9

BC/NaCl 27.3 204.2 Ref. 10

PNIPAM/I-/I3- 0.71/-1.91 1 1 Ref. 3

Li2SO4/PAAm/CA 11.5 0.09438 Ref.11 

AMPS/Fe(CN)6
4-/3- 1.6 0.976 Ref.12 

Cellulose/BzMe3/4NOH 2.61 0.42 Ref.13 

PVA/Fe(CN)6
4-/3- 6.5 1.77 Ref.14 

Chitosan/Fe3+/2+ -7.24 127.8 4.52 This work
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