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Note S1. Thermopower of a redox couple

According to the Nernst equation, for an electrochemical reaction 4 ox + n e 2 B red, the
equilibrium potential £ can be expressed as:

0 RT (aox )A
E=FE +—In—+ (1)
nF (ared )
where E° is the standard potential, » is the number of electrons transferred in the electrochemical
reaction, F'is the Faraday constant, R is the ideal gas constant, the exponents 4 and B are the
coefficients in the reaction, a is the activity of oxidation or reduction species as indicated by the
subscript ox or red. a is related to the concentration (C) by a = yC, where y is the activity
coefficient. Thus, Eq. (1) can be rewritten as:
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The thermopower (Stcc) of a redox couple can be defined as
EH _EC
= 3

e =" T 3)
where E and T are the equilibrium potential and temperature of the electrode, the subscripts H
and C denote hot and cold electrodes. It is worth noting that the definition of temperature
coefficient in electrochemistry has opposite sign convention from Seebeck coefficient in
thermoelectrics (4). Recently, Han et al. gave a thorough discussion on the sign conventions of
thermogalvanic and thermodiffusion thermopowers and they followed the sign convention of
Seebeck coefficient for the definition of thermopower (24). We follow the same sign convention
in this work. By substituting Eq. (2) into Eq. (3), we obtain
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In electrochemistry, the temperature coefficient () is defined as (40)
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ag can be further related to the entropy change of redox reaction as follows:
S-S AS
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where S,.4 and S,, are the partial molar entropies of reduction and oxidation species, and A4S is the
partial molar entropy change. Substituting Egs. (5) and (6) into Eq. (4), we obtain
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The second term on the right-hand side of Eq. (7) is related to the entropy change of redox
species due to other activities such as the phase transition of MC and KCl-induced
complexation/dissociation. The third term is related to the concentration difference of redox
species between two electrodes.
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Fig. S1. FTIR characterization of the hydrophobic interaction between MC and I3~ ions.
FTIR spectra of the pure MC and /I3~ + 2 wt% MC powders.

Fig. S1 shows the FTIR spectra of the pure MC and I'/I3~ + 2 wt% MC powders. Several
absorption peaks corresponding to O-H stretching (3414 cm™'), C-H stretching (2920 and 940
cm ), C-O-C stretching (1635 cm™!) on the glucose ring, and -OCH3 groups (1048 cm™!) are
observed for the pure MC. For the I'/I3” + 2 wt% MC powders, C-H stretching is greatly
weakened, indicating that I3~ ions interact with MC through the hydrophobic methyl groups.
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Fig. S2. Experimental setup for characterizing the thermopower and power generation
performance. Parts of the experimental setup: 1, 6 — thermoelectric devices for controlling the
temperatures of hot and cold electrodes; 2, 5 — copper plates as current collectors; 3 — graphite
plates as the electrodes; 4 — Teflon frame with a thickness of 1.5 cm for thermal and electrical
insulation; 7 — thermocouples installed at the inner surface of the electrodes for monitoring the
temperature.
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Fig. S3. Micro DSC characterization of pure MC and ternary electrolytes. Measured specific
heat (C,) as a function of temperature for pure MC and dry powders of the I'/I3~ + 2 wt% MC +y
KCl electrolytes (y = 0.1, 0.2, 0.3, 0.5, and 0.8 M).

The micro differential scanning calorimetry (DSC) measurements were conducted to determine
the gelation temperatures of pure MC and dry powders of the I /I3~ + 2 wt% MC + y KCl
electrolytes (y = 0.1, 0.2, 0.3, 0.5, and 0.8 M). Fig. S3 shows the measured specific heat as a
function of temperature for each sample. An endothermic peak is observed, which is due to the
sol-gel transition of MC. The gelation temperature can be determined as the temperature
corresponding to the peak specific heat. The extracted gelation temperatures of the ternary
electrolytes are listed in Table 1, which agree reasonably well with the n-p transition
temperatures, confirming that polarization switching is induced by the gelation of MC. As shown
in Fig. S3, KCl effectively lowers the gelation temperature of MC. The area under the heat
capacity curve represents the enthalpy change during the sol-gel process. Compared to the pure
MC, the addition of KCl leads to a larger enthalpy change, indicating an increase in the entropy
change.
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Fig. S4. Schematics of thermogalvanic and thermodiffusion effects. (A) n-type thermogalvanic
effect; (B) p-type thermogalvanic effect; (C) thermodiffusion effect.

For the pristine ['/I3” electrolyte, reduction will occur at the hot electrode (Fig. S4A). Thus,
electrons will flow out of the hot electrode and into the cold electrode, which is equivalent to n-
type materials in thermoelectrics. In this work, the thermopower is defined as Stgc = —AV/AT.
The n-type electrolyte has a negative thermopower, which is consistent with the sign convention
in thermoelectrics.

When the hot electrode temperature is below the transition temperature, the MC-added I/15~
electrolyte behaves as n-type. When the hot electrode temperature is higher than the transition
temperature, the reversed reactions will occur at two electrodes induced by the strong
hydrophobic interaction between MC and I3~ ions at the hot electrode. Then, the electrolyte turns
into p-type, as shown in Fig. S4B. For the ternary electrolytes, 0.1 — 0.8 M KCl was added to
enhance the thermopower and tune the transition temperature for polarization switching. The
thermodiffusion effect of mobile ions will also contribute to the thermopower, as shown in Fig.
S4C.
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Fig. S5. UV-Vis spectra of the pristine I'/I3~ and I'/I3™ + 2 wt% MC electrolytes. UV-Vis
spectra at two electrodes for the TGCs with a hot electrode temperature of (A, B) 40°C and (C, D)
55°C. The UV-Vis spectra of the pristine [ /I3~ electrolyte are also shown in (A-D) as a reference.

The UV-Vis spectra in the wavelength range of 200 — 400 nm are shown in Fig. S5 for both the
pristine I /I3 and I /I~ + 2 wt% MC electrolytes. The absorption peak near 225 nm is ascribed to
I" ions, while those peaks at 290 and 350 nm are ascribed to I3~ ions. The absorbance profile of
the pristine I /I3~ electrolyte serves as the reference. Generally, the I concentration of the I'/I3™ +
2 wt% MC electrolyte at both electrodes is nearly the same as that of the pristine I /I3~
electrolyte, indicating that I” ions do not involve in complexation. In contrast, the I3~
concentration decreases at the hot electrode with the increase of temperature, while it increases at
the cold electrode accordingly. This confirms that there is the strong hydrophobic interaction
between MC and I3 ions at the hot electrode and the interaction is more intense at higher
temperatures.
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Fig. S6. Effects of MC on the I/I3” electrolyte. (A) Photograph of the I /I3™ + x MC electrolytes
with x =2 and 5 wt%, respectively. CV curves of (B) the pristine I /I3~ and (C) I'/I;™ + 2 wt% MC
electrolytes at room temperature.

Fig. S6A clearly shows that a high MC content (5 wt%) will solidify the electrolyte while the
I'/I3™ + 2 wt% MC electrolyte remains as solution at room temperature. As a nonconductive
polymer, MC may hinder the electrochemical activities of the electrolyte. The CV measurements
were conducted on both the pristine I'/Is~ and I'/I3~ + 2 wt% MC electrolytes in a three-electrode
configuration at room temperature. As seen in Fig. S6B and C, both electrolytes undergo a two-
step oxidation process. The peak separation (Epp) of a CV curve, which is the potential difference
between oxidation 1 and reduction 1 peaks, reflects the reversibility of the electrochemical
reaction. Compared to the pristine electrolyte (Epp =220 mV), the E, of the I'/I3™ + 2 wt% MC
electrolyte (320 mV) is larger, indicating the degraded reversibility.
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Fig. S7. Steady-state thermopower measurement and comparison of the thermopowers
extracted by the quasi-steady-state differential method and the steady-state method. (A)
Recorded open-circuit voltage and hot electrode temperature over time for the I /I3 + 2 wt% MC
+ 0.3 M KCl electrolyte during the steady-state measurement. (B) Comparison of the Voc-Th curves
obtained by the quasi-steady-state differential method and the steady-state method. (C)

Comparison of the absolute thermopowers obtained by two methods.

Fig. S7TA shows the recorded open-circuit voltage and hot electrode temperature over time during
the steady-state measurement. Fig. S7B compares the Vo.-Th curves obtained by the quasi-
steady-state differential method and the steady-state method, which agree with each other
reasonably well. As shown in Fig. S7C, the thermopowers obtained by the steady-state method
are —7.35 mV K! for n-type and 9.32 mV K! for p-type, both of which are consistent with the
mean thermopowers extracted by the quasi-steady-state differential method within the error bar.



Fig. S8. Photograph of the I'/I3™ + 2 wt% MC + y KCl ternary electrolytes (y = 0.1, 0.2, 0.3,
0.5, and 0.8 M).
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Fig. S9. Thermopowers of the pure 0.3 M KCl, I'/I3” + 0.3 M KCl, and 2 wt% MC + y KCI
electrolytes (y = 0.1, 0.2, 0.3, 0.5, and 0.8 M). (A) Recorded open-circuit voltage (Voc) with the
increase of the hot electrode temperature for the pure 0.3 M KCI, I'/I;” + 0.3 M KCl, and 2 wt%
MC +y KCl electrolytes (y = 0.1, 0.2, 0.3, 0.5, and 0.8 M). The cold electrode temperature is
held at 24°C. (B) Extracted thermopowers.

In addition to the thermogalvanic effect of the I /15~ redox couple, the thermodiffusion effect of
mobile ions in the ternary electrolytes will also contribute to the thermopower. Therefore, we
further characterized the thermodiffusion thermopowers of the pure 0.3 M KCl and 2 wt% MC +
y KCl electrolytes, as shown in Fig. S9. For the pure 0.3 M KCl electrolyte, the open-circuit
voltage drops as temperature increases, indicating a positive thermopower. As shown in Fig.
S4C, under a temperature gradient, both K and CI™ ions diffuse from the hot electrode to the
cold one. Due to their different thermal diffusivities, more K* ions will accumulate at the cold
electrode, which will lead to a p-type cell. However, for the 2 wt% MC + y KCl electrolytes,
polarization switching from p-type to n-type occurs above a certain transition temperature, as
suggested by the first decreasing and then increasing temperature trend of the recorded open-
circuit voltages. MC interacts with both K" and C1™ ions. Upon heating, MC gradually turns into
gelation at the hot electrode and will restrict the ion mobility. As a result, K" and CI ions diffuse
back from the cold electrode to the hot one. More K ions accumulate at the hot electrode
instead, leading to an n-type cell. Fig. S9B shows that the absolute thermodiffusion
thermopowers of the 2 wt% MC + y KCl electrolytes are less than 0.4 mV K!, which are much
lower than the absolute thermopowers of the optimized ternary electrolyte (8.18 mV K™! for n-
type and 9.62 mV K™ for p-type).

The thermopower of the I'/I3™ + 0.3 M KCl electrolytes was also characterized for comparison.
For the I'/I3™ + 0.3 M KCl electrolyte, the Voc-Th curve is not smooth presumably due to the
competition between the n-type thermogalvanic effect of the I /I3~ redox couple and the p-type
thermodiffusion effect of KC1. The extracted thermopower is —0.47+0.32 mV K!, which is
slightly lower than the thermopower of the pristine I /I3~ electrolyte (—0.71 mV K™).
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Fig. S10. Characterization of the interaction between MC and K" ions. (A) XRD spectra of
the pure MC and dried powders of the 2 wt% MC + 0.3 M KCl electrolyte; (B) FTIR spectra of
the pure MC and dried powders of the I /I3™ + 2 wt% MC + y KCl electrolytes (y =0, 0.1, 0.2, 0.3,
0.5, and 0.8 M).

The XRD characterization was performed on the pure MC and dried powders of the 2 wt% MC +
0.3 M KCl electrolyte to investigate the interaction between MC and KCI (Fig. S10A). Two
relatively broad peaks were observed at around 8.0° and 20.5° for the pure MC, indicating a
semi-crystalline structure. Both peaks are weakened dramatically after complexing with KCI,
which suggests that MC becomes more amorphous. The FTIR spectra of the I /I3~ + 2 wt% MC
+y KCl electrolytes in Fig. S10B shows that the absorption peak at 1048 cm™! for -OCH3
stretching mode broadens, confirming that K* ions interact with MC at O sites.
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Fig. S11. UV-Vis spectra of the pristine I'/I3” and I'/Is™ + 2 wt% MC + y KCl electrolytes (y
=0, 0.1, 0.2, 0.3, 0.5, and 0.8 M). UV-Vis spectra at two electrodes for the TGCs with a hot
electrode temperature of (A, B) 40°C and (C, D) 55°C. The UV-Vis spectrum of the pristine [ /I3~
electrolyte is also shown in (A-D) as a reference. (Insets show the zoomed in absorbance spectra
of I3” ions)
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The UV-Vis spectroscopy characterization was conducted to examine the relative concentration
changes of I and I3 ions at cold and hot electrodes for the I /I~ + 2 wt% MC + y KCI
electrolytes (y =0, 0.1, 0.2, 0.3, 0.5, and 0.8 M), as shown in Fig. S11. The absorbance profiles
of I ions nearly overlap with each other, indicating that the I” concentration is almost
unchanged. However, the absorbance of I3~ ions at the hot electrode first decreases with the
increase of the KCl content, reaches a minimum value at 0.3 M, and then increases as the KC1
content further rises (Fig. S11B and D). In addition, the TGC with Ty = 55°C demonstrates a
larger absorbance change for I3~ ions than the TGC with Ty = 40°C, which is due to the higher
hot electrode temperature and thus the stronger hydrophobicity of MC (Fig. S11B and D). The
absorbance profiles of I3~ ions at the cold electrode show an opposite trend due to the mass
transport in a confined cell (Fig. S11A and C). The relative concentration changes (AC/Co) of I
and Is~ ions are determined from the corresponding absorbance changes at two electrodes and the
results are shown in Fig. 5D-G.
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Fig. S12. Power generation performance of the pristine and n-type binary TGCs. Voltage-

current curves and output powers of the pristine TGCs with Tc = (A) 24°C and (B) 43°C and (C)
n-type TGC with the binary electrolyte.

The voltage-current curves and output powers of the TGCs with the pristine and binary
electrolytes are given in Fig. S12. Under AT = 15°C, the pristine TGC achieves a maximum
power of 0.16 uW and 0.26 uW for T = 24°C and 43°C, respectively, while the n-type TGC
with the binary electrolyte gives rise to a maximum power of 0.18 uW.
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Fig. S13. Durability of n-type and p-type TGCs with the optimized ternary electrolyte.
Recorded open-circuit voltage and hot electrode temperature over time for (A) n-type and (B) p-
type TGCs with the optimized ternary electrolyte.

The durability of both n-type and p-type TGCs with the optimized ternary electrolyte is
examined for a relatively long period (120 min). Fig. S13 shows the recorded open-circuit
voltage and hot electrode temperature over time for n-type and p-type TGCs when the hot
electrode is gradually heated up till AT = 15°C and then maintained at this temperature. It is
shown that both n-type and p-type TGCs can maintain a stable output voltage under a constant
temperature difference, confirming the durability of our TGCs.
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Fig. S14. Ionic conductivity of the pristine, binary, and ternary electrolytes. Temperature-

dependent ionic conductivity of the pristine I'/I37, I'/I3™ + 2 wt% MC, and I /I3™ + 2 wt% MC +y

KCl electrolytes (y = 0.1, 0.2, 0.3, 0.5, and 0.8 M).

Fig. S14 shows the temperature dependence of the ionic conductivity for the pristine I/I3, /I3~
+ 2 wt% MC, and /15~ + 2 wt% MC + y KCl electrolytes (y = 0.1, 0.2, 0.3, 0.5, and 0.8 M). For
most of the electrolytes (except ternary electrolytes with y = 0.5 and 0.8 M), the ionic
conductivity increases with temperature due to the enhanced mobility of mobile ions (417).
However, for ternary electrolytes with y = 0.5 and 0.8 M, the ionic conductivity first reaches a
plateau and then decreases with temperature. Besides, the ionic conductivity of these two
electrolytes is lower than that of the ternary electrolyte with 0.3 M KCI. As clearly seen in Fig.
S8, the ternary electrolytes with y = 0.5 and 0.8 M are not stable and precipitates are formed at
room temperature. With the increase of temperature, the concentration of K™ ions will be further
reduced due to their complexation with MC, which will lead to the decreased ionic conductivity.
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Table S1. Absolute thermogalvanic thermopowers of aqueous electrolytes with different I/I3~

concentrations in the literature.

I'/I3~ Concentration | Absolute Thermopower
. (mM) (mV K
Zhou 2.5 0.87
Duan'’ 5 0.71
Zhou?* 12.5 0.86
Zhou?* 100 0.64
Abraham'’ 400 0.53
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