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Note 1. The ionic thermopower of gels thermocell.

For a redox couple contained gels thermocell, the electrochemical potential of electrons in the 

electrode will be affected by the redox reaction occurred at electrode/gels interface. For a redox 

reaction: FeCN3- + e ⇌ FeCN4-, the net change in electrochemical potential should be zero at both 

the hot electrode and the cold electrode when the redox reaction reach to an equilibrium. In this 

case, 

                           (1)
𝜇̃

𝐹𝑒𝐶𝑁3 ‒ (𝑇𝐻) + 𝜇̃𝑒(𝑇𝐻) = 𝜇̃
𝐹𝑒𝐶𝑁4 ‒ (𝑇𝐻)

                            (2)
𝜇̃

𝐹𝑒𝐶𝑁3 ‒ (𝑇𝐶) + 𝜇̃𝑒(𝑇𝐶) = 𝜇̃
𝐹𝑒𝐶𝑁4 ‒ (𝑇𝐶)

As for electrochemical potential 𝜇 = 𝜇 + 𝑞𝑉, it contains the chemical potential 𝜇 and electrostatic 

potential part 𝑞𝑉, where 𝑞 is the charge and 𝑉 is the electrostatic potential across the gels. 

𝜇e = 𝐸𝐹 − 𝐹𝑉𝑒 is the electrochemical potential of electrons (per mole) in the electrode, where 𝐸𝐹 

is the Fermi level of electrode, 𝑉𝑒 is the electrostatic potential in the electrode, and F is the Faraday 

constant.S1 The Fermi level 𝐸𝐹 of electrode could be regarded as a constant due to the minor 

temperature difference. As a result, the difference of electrochemical potential of electrons in the 

electrode between the hot and cold sides is directly the voltage difference. Then we can obtain the 

following relation.

∆𝜇̃𝑒 = ∆𝜇̃
𝐹𝑒𝐶𝑁4 ‒ ‒ ∆𝜇̃

𝐹𝑒𝐶𝑁3 ‒ = (∆𝜇
𝐹𝑒𝐶𝑁4 ‒ ‒ ∆𝜇

𝐹𝑒𝐶𝑁3 ‒ ) + (𝑞
𝐹𝑒𝐶𝑁4 ‒ ‒ 𝑞

𝐹𝑒𝐶𝑁3 ‒ )∆𝑉

                    = (∂𝜇
𝐹𝑒𝐶𝑁4 ‒

∂𝑇
‒

∂𝜇
𝐹𝑒𝐶𝑁3 ‒

∂𝑇 )∆𝑇 + ( ‒ 𝑛𝐹)∆𝑉

                   (3)
                    =‒ (𝑠

𝐹𝑒𝐶𝑁4 ‒ ‒ 𝑠
𝐹𝑒𝐶𝑁3 ‒ )∆𝑇 +  𝐹𝑆𝑡𝑑(𝐾 + ‒ 𝐹𝑒𝐶𝑁4 ‒ /3 ‒ )∆𝑇

where Δ means the quantity at the hot side minus the quantity at the cold side, and we used the 

relation  (s means the entropy) and (Std means the ionic 
 
∂𝜇
∂𝑇

=‒ 𝑠 𝑆𝑡𝑑(𝐾 + ‒ 𝐹𝑒𝐶𝑁4 ‒ /3 ‒ ) =‒
∆𝑉
∆𝑇

 

thermopower from thermodiffusion effect in gels).S2 

Hence, the ionic thermopower 
𝑆𝑖 =

∆𝜇̃𝑒

𝐹∆𝑇
=‒

∆𝑉𝑒

∆𝑇
=‒

∆𝑠
𝐹

+ 𝑆𝑡𝑑(𝐾 + ‒ 𝐹𝑒𝐶𝑁4 ‒ /3 ‒ )

            (4)                                                              = 𝑆𝑡𝑔(𝐹𝑒𝐶𝑁4 ‒ /3 ‒ ) + 𝑆𝑡𝑑(𝐾 + ‒ 𝐹𝑒𝐶𝑁4 ‒ /3 ‒ )

Note 2. Charicaterization of three different kinds of graphene. 

The GO (graphene oxide) was obtained by the oxidation of graphite. The rGO (reduced 

graphene oxide) was from the reduction of GO, displaying the decreased fuctional groups; as futher 

reducing GO, Gr (graphene) was fabricated and possessed the few fuctional groups.S3 In Fig. S7, 
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the GO (graphene oxide) showed characteristic adsorption bands for the hydroxy -OH (3391 cm-1), 

carboxyl C=O (1723 cm-1), aromatic C=C (1621 cm-1), epoxy C-O (1220 cm-1) and alkoxy C-O 

(1043 cm-1) groups.S4 The oxygen contained fuctional groups indicated that the graphite was 

oxidated to GO. However, the peaks of carboxyl C=O (1723 cm-1) and aromatic C=C (1621 cm-1) 

disappeared and the broad and weakened peaks belonged to hydroxy -OH (3391 cm-1), epoxy C-O 

(1220 cm-1) and alkoxy C-O (1043 cm-1) were observed for rGO and Gr. This indicated that the 

fuctional groups decreased as further reducing GO. The fuctionanl groups, such as -OH and C-O 

were still present in the employed rGO and Gr raw materials. For differentiating the rGO and Gr 

with the similar FTIR curves, the Raman spectra were conducted and shown in Fig. S8. Two distinct 

peaks of D at 1336 cm-1 and G at 1570 cm-1 were observed for GO, rGO, Gr, which the formmer 

was due to defects and disordered carbon and the latter was arised from the sp2-hybridized carbon 

atom.S5,S6 The intensity ratio of D to G peaks (ID/IG) was usually employed to identify the degree of 

disorder of graphene.S7 ID/IG = 1.13, 1.09 and 0.26 were noticed for GO, rGO and Gr, respectively. 

The lowest ID/IG for Gr indicated the lowest disorder due to the formation of mechanical exfoliation. 

The charicteristic G' peak was observed at 2700 cm-1, which G' peak was used to evaluate the 

number of layers in a graphene.S8 The high and wide G' peak indicated a residue of a few layers in 

the employed graphene. Consequently, three different kinds of graphene as GO, rGO, and Gr were 

distinguished by using FTIR and Raman spectra. 

Note 3. Ionic conductivity of gels. 

Electrochemical impedance spectroscopy (EIS) as an effective electrochemical technology, is 

employed to obtain the ionic conductivity of gels in this work. The resistance of gels thermocell is 

regard as the real part value based on the intercept of Nyquist plot in EIS. The ionic conductivity 

was calculated by the equation of , where d, S and R are the thickness, section area and 
𝜎𝑖 =

𝑑
𝑅𝑆

 

resistance, respectively. Herein, d = 0.2 mm, S = 100 mm2. The platinum is severed as electrodes. 

EIS at different temperatures is measured in an isothermal system. In Fig S10, S11 and S12, the 

ionic conductivity at different temperatures was obtained. 

Moreover, the relationship between ionic conductivity and diffusion coefficient could be given 

based on the Nernst-Einstein equation.S9 

                                  (5)
𝜎 = 𝜎 + + 𝜎 ‒ =

𝐹2

𝑅𝑇
(𝑣 + 𝑧 2

+ 𝐷 + + 𝑣 ‒ 𝑧 2
‒ 𝐷 ‒ )

where F is the Faraday constant, R is the gas constant, T is the thermodynamic temperature, v+ and 
v– are the number of cations and anions per formula unit of electrolyte, z+ and z– are the valences of 
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the ions, D+ and D– are the diffusion coefficients of the ions. From the equation (5), the ionic 
conductivity should be related to the combination of the diffusion coefficient of cations and anions. 
The positive thermodiffusive thermopower Std (Fig. 3 (b)) suggests larger thermal mobility (

) of cations than that ( ) of anions (  is the Eastman entropy of transfer).S2

𝐷 + 𝑆̂ +

𝑘𝐵𝑇

𝐷 ‒ 𝑆̂ ‒

𝑘𝐵𝑇 𝑆̂

Note 4. Thermal conductivity of gels.  

The thermal conductivity of gels is obtained according to the following equation.

                                    (6)𝜅 = 𝐷𝜌𝐶𝑝

where κ, D, ρ, and Cp are the thermal conductivity, thermal diffusivity, average body density and 

specific heat capacity, respectively. We employed LFA (LFA457, NETZSCH) to measure the out-

of-plane D from 273 to 323 K. ρ was determined according to the mass/volume method. Cp of pure 

gelatin was used.S2 Fig. S14 shows the thermal diffusivity and thermal conductivity of gels Gelatin-

0.04/0.06 M FeCN4-/3--x wt.% Gr. No big changes were noticed for the thermal diffusive of gels as 

increasing temperatures. The thermal diffusive of gels with 6 wt.% Gr was higher than that of 0 

wt.%. The thermal conductivity increased as the temperature increased. The thermal conductivity 

for 6 wt.% Gr was higher than that of 0 wt.% in the whole measured temperature range, showing 

the values from 0.10 to 0.21 W m-1 K-1. 

Note 5. Diffusion coefficient of redox couple ions. 

Cyclic Voltammetry (CV) can be used to investigate the redox reaction at the interface of 

gels/electrodes. For a redox couple contained gels, the characterization of ions participited in redox 

reaction could be reflected in the oxidation/reduction peaks. The diffusion coefficient of ions 

participited in redox reaction can be calcualted by the Randles-Sevcik equation: 

, where ip, n, A, C, υ and D were peak current, number of electrons, 𝑖𝑝 = 269000𝑛3/2𝐴𝐶𝐷1/2𝑣1/2

electrode area, ions concentration, scan rate and diffusion coefficient, respectively.S10 By ploting 

the picture of ip vs. υ1/2, which υ sancs at the different rates, diffusion coefficient of ions is directly 

related to the slop of curve. In this work, the platinum was used as the electrodes in a FeCN4-/3- 

contained gelatin. CV curves are sanced from negtive to positive directions and the scan rates are 

10, 30, 50, 70 mV s-1, respectively. We employed the CV curve at the second cycle for obtaining 

the total diffuison coefficient of FeCN4-/3-. The charicteristic anodic peaks were observed at 0.15-

0.3 V. As the scan rates increased, the peaks shifted to a high voltage due to the polorization. Fig 
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S17, S18, S19 and S20 show the CV curves measured at different temperatures and the plot of ip vs. 

υ0.5. In this way, the diffusion coeffcient of FeCN4-/3- at different temperatuer was obtained.

Note 6. Reactivation of gels thermocell after discharge stage.  

As shown in Fig. S24, all ions including K+, FeCN3- and FeCN4- are distributed uniformly in 

gels at initial stage and no voltage is generated. In thermal charge stage, a combination of a redox 

reaction FeCN3- + e ⇌ FeCN4- and thermodiffusion of K+ and FeCN4-/3- result in a thermo-induced 

voltage under a temperature gradient. In the thermal discharge stage, an external load is connected 

to two electrodes of gels thermocell, forming the external output current. The current consists of 

two parts: Faradaic current from redox reaction and non-Faradaic current from thermodiffusion 

effect. During this thermally electric discharge process, an electrode polarization often occurs due 

to the non-Faradaic current, which negative and positive charges would accumulate near cold and 

hot electrode surface, respectively. As a result, such net surface charges increase, facilitating the 

physical adsorption of counterions, i.e. more K+ adsorbed to the cold electrodes. Such adsorption 

would further lower the ions kinetics and redox reaction, suppressing the continuously high output 

performance. Reactivation could effectively decrease such delay because the ions can return back 

to their initial state at room temperature when removing temperature gradient.S2 



6

Fig. S1. Stress-strain curves of gels Gelatin-0.04/0.06 M FeCN4-/3--x wt.% Gr. 
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Fig. S2. Schematic of voltage generation of gels Gelatin-m/n FeCN4-/3- under temperature gradient 
(TH > TC). 
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Fig. S3. X-ray diffraction patterns of (a) Graphite and Graphite@Au, and (b) Graphene (Gr), 
Gelatin-0.04/0.06 M FeCN4-/3--6 wt.% Gr (x = 0, 6). 
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Fig. S4. SEM of (a) Graphite, (b) Graphite@Au, (c) Graphene, and (d) Gelatin-0.04/0.06 M FeCN4-

/3--6 wt.% Gr.
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Fig. S5. DSC curves of Gelatin and Gelatin-0.04/0.06 M FeCN4-/3--x wt.% rGO/Gr/GO (x = 0, 4, 6). 
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Fig. S6. (a) Voltage and temperature with dependence of time; (b) V(TH)-V(TC) with dependence of 
TH-TC for gels Gelatin-0.04/0.06 M FeCN4-/3--6 wt.% Gr. 
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Fig. S7. Fourier transform infrared spectroscopy (FTIR) of Gr, rGO and GO.
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Fig. S8. Raman spectroscopy of Gr, rGO and GO. The wavelength laser was 532 nm.   
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Fig. S9. Ionic thermopower with dependence of temperature. (a) Gelatin-0.04/0.06 M FeCN4-/3--x 
wt.% GO (x = 2, 4, 6), (b) Gelatin-0.04/0.06 M FeCN4-/3--x wt.% rGO (x = 4, 6, 8). 
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Fig. S10. Electrochemical impedance spectroscopy (EIS) of gels Gelatin-m/n FeCN4-/3- for (a) m/n 
= 0.02/0.03 M, (b) m/n = 0.04/0.06 M, (c) m/n = 0.08/0.12 M, and (d) m/n = 0.12/0.18 M, 
respectively. 
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Fig. S11. Electrochemical impedance spectroscopy (EIS) of gels Gelatin-0.04/0.06 M FeCN4-/3--x 
wt.% Gr for (a) x = 2, (b) x = 4, (c) x = 6, (d) x = 8, respectively. 
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Fig. S12. Electrochemical impedance spectroscopy (EIS) of gels (a) Gelatin-0.04/0.06 M FeCN4-/3--
6 wt.% rGO and (b) Gelatin-0.04/0.06 M FeCN4-/3--4 wt.% GO. 
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Fig. S13. Voltage and output power density with dependence of current density for gels (a) Gelatin-
0.04/0.06 M FeCN4-/3--4 wt.% GO and (b) Gelatin-0.04/0.06 M FeCN4-/3--6 wt.% rGO.
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Fig. S14. (a) Thermal diffusivity and (b) Thermal conductivity with dependence of temperature for 
gels Gelatin-0.04/0.06 M FeCN4-/3--x wt.% Gr (x = 0, 6).
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Fig. S15. Voltage vs. SCE with dependence of temperature in an isothermal system for gels Gelatin-
0.04/0.06 M FeCN4-/3--x wt.% Gr/rGO/GO with (a) 0 wt.%, (b) 6 wt.% Gr, (c) 6 wt.% rGO and (d) 
4 wt.% GO. The picture of isothermal system was shown in the insert of (a). Platinum was served 
as work electrode (WE), while SCE was used as reference electrode (RE) and counter electrode 
(CE). For an isothermal system in electrochemistry community, temperature coefficient referred to 
a temperature dependence of the standard electrode potential (E0), which was defined as αR = 
dE0/dT. 𝛼𝑅 = -1.88, -1.54, -1.47 and -1.46 mV K-1 are observed for 0 wt.%, 6 wt.% Gr, 6 wt.% rGO 
and 4 wt.% GO, respectively, whereas that of SCE is -0.47 mV K-1.S11 Based on the thermogalvanic 
effect, ionic thermopower was Stg = - 𝛼𝑅.S2 Therefore, ionic thermopower Stg (FeCN4-/3-) is 2.35, 
2.01, 1.94 and 1.93 mV K-1 for 0 wt.%, 6 wt.% Gr, 6 wt.% rGO and 4 wt.% GO, respectively.
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Fig. S16. (a) V(TH)-V(TC) with dependence of TH-TC, and (b) ionic thermopower for gels Gelatin-
0.06 M FeCN3--x wt.% Gr (x = 0, 6) at 303 K and 323 K.
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Fig. S17. Cyclic voltammetry (CV) of gels Gelatin-0.04/0.06 M FeCN4-/3- at different temperatures 
of (a) 298 K, (b) 303 K, (c) 313 K, (d) 323 K and (e) 333 K. (f) Current density with dependence of 
(υ s-1)0.5. The scan rates are υ = 10, 30, 50, 70 mV s-1, respectively. 
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Fig. S18. Cyclic voltammetry (CV) of gels Gelatin-0.04/0.06 M FeCN4-/3--4 wt.% GO at different 
temperatures of (a) 298 K, (b) 303 K, (c) 313 K, (d) 323 K and (e) 333 K. (f) Current density with 
dependence of (υ s-1)0.5.
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Fig. S19. Cyclic voltammetry (CV) of gels Gelatin-0.04/0.06 M FeCN4-/3--6 wt.% rGO at different 
temperatures of (a) 298 K, (b) 303 K, (c) 313 K, (d) 323 K and (e) 333 K. (f) Current density with 
dependence of (υ s-1)0.5.
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Fig. S20. Cyclic voltammetry (CV) of gels Gelatin-0.04/0.06 M FeCN4-/3--6 wt.% Gr at different 
temperatures of (a) 298 K, (b) 303 K, (c) 313 K, (d) 323 K and (e) 333 K. (f) Current density with 
dependence of (υ s-1)0.5.
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Fig. S21. Cyclic voltammetry (CV) of Gelatin-0.04/0.06 M FeCN4-/3- -x wt.% Gr (a) x = 0, (b) x = 
6. The scan rate was 10 mV s-1. Graphite@Au was employed as electrodes.
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Fig. S22. Tafel curves of Gelatin-0.04/0.06 M FeCN4-/3--x wt.% Gr for (a) x = 0 and (b) x = 6. Pt 
was employed as electrodes. 
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Fig. S23. Ultraviolet and visible spectrophotometry (UV-Vis) of aqueous 0.06 M FeCN3--x wt.% 
GO/rGO/Gr (x = 0, 4, 6).
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Fig. S24. Schematic image of redox reaction and ions migration in gels Gelatin-m/n FeCN4-/3- -x 
wt.% Gr, including initial stage, thermal charge stage, thermal discharge stage and recover stage. 
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Fig. S25. Conductivity of gels Gelatin-0.04/0.06 M FeCN4-/3--6 wt.% Gr under different mechanical 
treatments. (a) Original state, (b) Twisting, (c) Cutting, (d) Stretching. 
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Table S1. Comparison of ionic thermopower and output power density Pmax/(ΔT)2 for this work 
and reported values.  

Gels Ionic thermopower
(mV K-1)

Pmax/(ΔT)2

(mW m-2 K-2)
Reference

Gelatin-FeCN4-/3--graphene 13 1.03 This work
P(AM-co-AMPS)- FeCN4-/3- 1.6 0.61 S12

Gelatin-FeCN4-/3--KCl 12.7 0.66 S2

MC-I-/I3
--KCl 9.6 0.36 S13

PAAm-FeCN4-/3- 1.37 0.31 S14
PVA-SO2- 4/3 1.63 0.0003 S15

Bacterial cellulose-FeCN4-/3- 4.5 0.024 S16
PVA/ FeCN4-/3- 1.5 0.22 S17
PVA/FeCN4-/3- 1.21 0.024 S18
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Table S2. Comparison of normalized energy density for this work and reported values. 
Gels Energy density

(J m-2 K-2)
Time (h) ΔT (K) Reference

Gelatin-FeCN4-/3--graphene 0.19 1 4 This work
CaBC-NaCl 0.10 1 5.5 S19
PPP-SiO2 0.006 4.2 1.8 S20

PVDF-HFP/NaTFSI/PC (PhNP) 0.004 0.1 1.5 S21
Gelatin-[EMIM] DCA 0.0001 2 10 S22

PEO-NaOH 0.0003 - 4.5 S23
PSS/H/GO 0.022 - 9.5 S24

SiO2-IL 0.016 - 4 S25
PVDF-HFP 0.009 - 0.6 S26
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Table S3. Comparison of output power density Pmax/(ΔT)2 of gels devices for this work and 
reported values.

Gels Pmax/(ΔT)2 of device
(mW m-2 K-2)

Cell number Reference

Gelatin-FeCN4-/3--graphene 1.2 4 This work
PVA/FeCN4-/3- 0.024 2 S18

bacterial cellulose-FeCN4-/3- 0.024 6 S16
PNIPAM-I-/I3

- 0.072 100 S27
Gelatin-FeCN4-/3--KCl 0.08 25 S2
Gelatin-FeCN4-/3--KCl 0.13 24 S28
Gelatin-FeCN4-/3--KCl 0.43 16 S29

PVA/FeCN4-/3- 0.512 27 S17
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