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Supporting Notes
Note S1. Ionic conductivity of i-TE gels

Electrochemical impedance spectroscopy (EIS) was an effective technique to
obtain the ionic conductivity. Graphite paper was used as the electrodes. The internal

resistance (R) of i-TE gel was derived from the intercept on the real axis in Nyquist

plots from EIS measurements. The ionic conductivity (ai), was calculated using the

l
0. = —

equation " RS , where [ and S represent the gel thickness (0.2 cm) and electrode area

(1.0x1.0 cm?), respectively. R values showed a decreased trend as FeCN*/3
concentration, mass fraction of MWCNTs, and temperature increased, corresponding
to the increased ionic conductivity (Figure S10).
Note S2. Dynamic rheological analysis of i-TE gels

Temperature-sweep rheological measurement (w = 1 Hz, y = 1%, 293-353 K) was
performed for the i-TE gel G-0.1M FeCN**-6 wt.%MWCNTSs using a rotational
rheometer (Rheometer, Shanghai Bosin). In Figure S14, the storage modulus G’
maintained the high value (> 4000 Pa) and exceeded the loss modulus G" in the
temperature range of 293-303 K, indicating a typical elastic gel state. G’ showed a
monotonic decrease with a sharp drop near 308 K, and rapidly reached to a low level
(< 100 Pa) close to G" above 310 K. This behavior indicated a thermal dissociation of
the three-dimensional network and a transition to a sol state dominated by viscous flow.
It was noteworthy that the sol-to-gel transition was typically accompanied by a
crossover of G'and G" for the chemically crosslinked or strongly physically crosslinked
gels, marking an abrupt transition from a viscous fluid (G' < G") to an elastic gel (G'>
G'"). However, in this work, G' for the i-TE gel, as a thermo-reversible physical gel,
continuously decayed from a high value while G" remained relatively low and changed
mildly, resulting in no strict intersection between them. Nevertheless, the dramatic drop
of G'(2-3 times drop) and the evolution of the relative relationship between G'and G"
could be confirmed the occurrence of the gel-to-sol transition'-2.

Note S3. Thermal performance of i-TE gels



The melting point and thermal conductivity were critical for assessing the thermal
performance of i-TE gels. In differential scanning calorimetry (DSC), the melting
points of 309 K and 312 K was observed for G- FeCN*”3- and G-0.1 M FeCN*/3--6
wt.% MWCNTs, respectively (Figure S12). It indicated that the improved thermal
tolerance was achieved as MWCNTs were introduced. The thermal conductivity (k)

Kk =DpC

was calculated using the equation p, where D, p, and C, represent the thermal

diffusivity, density, and specific heat capacity, respectively. Here, the thermal
diffusivity of i-TE gels was measured using a Laser Flash Apparatus (LFA457,
NETZSCH). The density of i-TE gel was determined via the mass/volume method. The
specific heat capacity of gelatin was employed for caculation for simplicity?.

The thermal diffusivity of the i-TE gel G-0.1 M FeCN*3-6 wt.% MWCNTSs
increased from 0.12 to 0.16 mm? s-!, which was higher than the increase from 0.12 to
0.13 mm? s*! observed for G-0.1 M FeCN*/* in the temperature range of 298-323 K
(Figure S15(a)). The thermal conductivity increased as rising temperature (Figure
S15(b)). At 298 and 323 K, the thermal conductivity of the i-TE gel G-0.1 M FeCN#*
13--6 wt.% MWCNTSs was 0.28 and 0.37 W m™! K1, higher than values of 0.27 and 0.29
W m! K-! for G-0.1 M FeCN*/3-, respectively. The MWCNTSs in the gel system could
enhance the thermal stability of the i-TE gel via the interaction with gelatin molecules
and ions. The lower thermal conductivity of G-0.1 M FeCN*/3--6 wt.% MWCNTs could
effectively suppress heat dissipation between the hot and cold electrodes, maintaining
a more stable AT during the operation to obtain the stable voltage output (with an ionic
thermopower of 11 mV-K-1).

Note S4. Si; (FeCN*/*) of gels

For the redox couple containing gel system, a relationship was demonstrated as S;,
(FeCN*73) = -ag = -AS/nF, where og, AS, n, and F represent the temperature coefficient
of the electrode, the entropy changes of the redox reaction, the number of electrons
transferred, and the Faraday constant, respectively. An isothermal three-electrode
system was employed to measure the temperature coefficient ar. This system included

a platinum working electrode (WE), a saturated calomel electrode (SCE) as the



reference electrode (RE), and a counter electrode (CE) (Figure S16). The value of ag
was determined from the slope of the open-circuit V. vs. SCE with dependence of
temperature, based on the equation agr = dE/dT. The temperature coefficient ar (FeCN#
/3-) was calculated as the sum of the slope of V. vs. SCE dependent on temperature and
or (SCE) (-0.01 mV K-!), with the latter measured using a non-isothermal system®.

The slope of V. vs. SCE with dependence of temperature for G-0.1 M FeCN*/3--y
MWCNTs was -1.55, -1.59, -1.62, and -1.69 mV K-!, corresponding to Sy, (FeCN*/3-)
of 1.56, 1.60, 1.63, and 1.70 mV K-! at y = 0 wt.%, 2 wt.%, 4 wt.%, and 6 wt.%,
respectively (Figure S17).
Note S5. Diffusion coefficient of redox couple

Cyclic Voltammetry (CV) was employed to investigate the electrochemical
reactions occurring at the electrode/electrolyte interface and measure the diffusion
coefficient (D) of the redox couple. An ultramicroelectrode method was employed to
obtain the diffusion coefficient. The Pt ultramicroelectrode with a diameter of 20 um
was served as the working electrode. The Pt wire with a diameter of 0.5 mm was used
as the counter electrode, and a saturated calomel electrode (SCE) was functioned as the
reference electrode. The CV scan was 0.2 mV s'!. The diffusion coefficient D was
calculated using the equation igs = 4nFDCr,, where ig represents the limiting current in
a steady state, n is the number of electrons transferred in the redox reaction, F is the
Faraday constant, C is the concentration of the redox species, and 7y is the radius of the
ultramicroelectrode®. As shown in Figure S18, the limiting current iy varied as
MWCNTs were sequentially added to the i-TE gels. The diffusion coefficients D
(FeCN*3-) were 1.81x1071°, 1.53x1019, 1.37x1010 and 0.75x10°1° m? s'! for G-0.1 M
FeCN#/3-y MWCNTs composites (y = 0 wt.%, 2 wt.%, 4 wt.%, 6 wt.%) at 293 K,
respectively. The corresponding diffusion coefficient D (FeCN*/3-) of G-0.1 M FeCN*
B-_6 wt% MWCNTs at 303 and 313 K was 1.04x10°10 and 1.45x10°10 m? s,

respectively.



Supporting Figures

Graphite@Au Graphite@Au
I !
F’PDMS mold

Gel
1cm

Figure S1. Image of i-TE gel thermocell with G-x FeCN*/3--y MWCNTs.
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Figure S2. Fourier transform infrared spectroscopy (FTIR) of MWCNTs.
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Figure S3. High-resolution XPS spectra of MWCNTs. (a) Cls, (b) Ols. The content of
carboxyl carbon (O=C-O) was calculated to be 8.76 at% through semi-quantitative

analysis of the XPS Cls spectrum using peak area integration.
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Figure S4. Stretchable image of pure gelatin.
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Figure S5. Stretchable image of G-0.1 M FeCN*/3-,
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Figure S6. Image of self-healing for G-0.1M FeCN#/-,
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Figure S7. Image of no self-healing for pure gelatin.
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Figure S8. Voltage and temperature difference with dependence of time at 7o =313 K

for G-0.1 M FeCN*/3--6 wt.% MWCNTs.
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Figure S9. V(T¢) - V(Ty) with dependence of Ty - Tc for G-0.1 M FeCN*/3- and G-0.1
M FeCN*/3--6 wt.% MWCNTs at 293 and 313 K.
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Figure S10. Electrochemical impedance spectroscopy (EIS) of i-TE gels (a) G-x
FeCN*/3- for x = 0.025, 0.05, 0.1, 0.2, and 0.3 M, (b) G-0.1 M FeCN*/3--y MWCNTs
for y =2 wt.%, 4 wt.%, 6 wt.%, 8 wt.%, and 10 wt.%, (c) G-0.1 M FeCN*3--6 wt.%
MWCNTs at T = 293, 303, 313, 323, and 333 K. Graphite paper was used as the

electrode.
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Figure S11. Voltage and P/(AT)? with dependence of current density for i-TE gels G-
0.1 M FeCN*/3-6 wt.% MWCNTs at (a) T=303 K, (b) 7=323 K, and (c¢) 7=333 K.
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Figure S12. Differential scanning calorimetry (DSC) curves of G-0.1 M FeCN*/3- and
G-0.1 M FeCN**-6 wt.% MWCNTs.
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Figure S13. Infrared image of G-0.1 M FeCN*/--6 wt.% MWCNTs at 298 and 316.3

K on a hot plate.
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Figure S14. Temperature dependent storage modulus (G") and loss modulus (G") for

the i-TE gel G-0.1 M FeCN*3--6 wt.% MWCNTs measured at w = 1 Hz and y = 1%.
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Figure S15. (a) Thermal diffusivity and (b) thermal conductivity for i-TE gels G-0.1
M FeCN#/3- and G-0.1 M FeCN*/3--6 wt.% MWCNTs.
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Figure S16. Isothermal three-electrode system for G-0.1 M FeCN*/3--y MWCNTSs (y =
0 wt.%, 2 wt.%, 4 wt.%, and 6 wt.%). Platinum was used as the working electrode (WE)
and the saturated calomel electrode (SCE) was served as the reference electrode (RE)

and counter electrode (CE).
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Figure S17. V. vs. SCE with dependence of temperature (7= 293-313 K) for G-0.1 M
FeCN*/3--y MWCNTSs with (a) y = 0 wt.%, (b) y =2 wt.%, (¢) y =4 wt.%, (d) y =6

wt.%.
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Figure S18. Cyclic voltammetry (CV) curves of (a) G-0.1 M FeCN#/3- (293K), (b) G-
0.1 M FeCN*3--2 wt.% MWCNTs (293 K), (¢) G-0.1 M FeCN*/*-4 wt.% MWCNTs
(293 K), (d) G-0.1 M FeCN*"-6 wt.% MWCNTs (293K), (¢) G-0.1 M FeCN*"3--6
wt.% MWCNTs (303 K), (f) G-0.1 M FeCN*/3--6 wt.% MWCNTs (313 K). The three-
electrode system was employed. The Pt ultramicroelectrode (diameter: d = 20 um), Pt
wire (d = 0.5 mm), and SCE (saturated calomel electrode) were used as the working
electrode, counter electrode, and reference electrode, respectively. CV curves were
scanned from -0.1 to 0.5 V for (a-d) and from -0.05 to 0.3 V (e-f). Scan rate: 0.2 mV

s,
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Figure S19. Cyclic voltammetry (CV) of G-0.1 M FeCN#3--y MWCNTs (a) y = 0

wt.%, (b) y = 6 wt.%. The scan rate was 10 mV s-!. Pt was employed as the electrode.
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Figure S20. Tafel curves of i-TE gels (a) G-0.1 M FeCN*"3>- and (b) G-0.1 M FeCN*
B--6 wt.% MWCNTSs at T'= 293, 303, and 313 K. Electrode: graphite paper.
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Figure S21. Voltage vs. time in 7 days measurement at AT =3 K for G-0.1 M FeCN*
B3--6 wt.% MWCNTs. (a) The 1st day, (b) The 2nd day, (¢) The 3rd day, (d) The 4th
day, (e) The 5th day, (f) The 6th day, (g) The 7th day. Humidity: 50%, oxygen content:
21%.
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Figure S22. Voltage vs. time in 7 days measurement at AT =3 K for G-0.1 M FeCN*
B3--6 wt.% MWCNTs. (a) The 1st day, (b) The 2nd day, (¢) The 3rd day, (d) The 4th
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Figure S23. Voltage vs. time in 7 days measurement at AT =3 K for G-0.1 M FeCN*
B3--6 wt.% MWCNTs. (a) The 1st day, (b) The 2nd day, (¢) The 3rd day, (d) The 4th
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Figure S24. Voltage changes for initial 5 cycles at 313 K and AT = 3 K for the quasi-

continuous discharge process.
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Figure S25. Image of i-TE gel device connected by 25 gel thermocells in series.



Supporting Tables

Table S1. Comprehensive comparison of P, /(AT)? (mW m2 K-2), S; (mV K-!), working

temperature (K), self-healing, and stretchability for i-TE gels in this work and the reported

results.
Gels IS Pmax/(AT)>  Working  Stretchability — Self- Ref.
temperature (%) healing
Gelatin- FeCN43- 11 1.70 313 350 Yes This
work
P(AM-co-AMPS) 1.6 0.61 293 217 Yes 6
-FeCN#3
PAM-Fe2t3+- 2.0 0.10 223 250 No 7
DMAEA-Q
PVA-Fe?3* 0.9 0.17 308 130 No 8
Gelatin-FeCN43- 2.2 0.48 — 247 No 9
BC-FeCN*/3 2.3 0.07 304 167 Yes 10
PVA/LaGG- 2.0 0.03 298 251 Yes 11

FeCN#/3-




Table S2. Comparison of Py,,/(AT)? and voltage for i-TE gel device in this work

and reported results.

Gels Voltage Prax/(AT)? Cell Ref.
(V) (mW m2K-2) number

G-FeCN*3-MWCNTs 0.105 0.8 4 This work
PPF- FeCN*/3 0.7 0.02 2 12
BC-FeCN*/3 0.82 0.02 6 13
PMAA/PDMAPS-I/I- 3 1.8 0.07 20 14
PNIPAM-I/I- 3 1 0.07 100 15
Gelatin-K Cl-FeCN#-3- 2.2 0.08 25 3
CMC-FeCN#/3- 0.36 0.11 36 8

PVA-FeCN*" 0.342 0.51 27 16
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