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Figure S1. CV curves of different metal electrodes measured with FeCN-PAM electrolytes 

including 2 M guanidinium chloride: (a) Pt sheet, (b) Cu foil, and thermally deposited 50 nm-

thick films of (c) Ti, (d) Ni, (e) In, (f) Cr, (g) Ag, and (h) Al on Cu foils. 
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Figure S2. Photographs of the tested samples in Figure S1 before (left) and after (right) the CV 

measurements. The hydrogel electrolytes were detached from the electrodes after 

measurements, and electrolyte residues remained for the other samples except the Pt sheet 

sample. 
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Table S1. Intensity ratios of D to G bands and 2D to G bands of CCTs carbonized at different 

temperatures. 

550 ℃ 650 ℃ 750 ℃ 850 ℃ 

ID/IG 0.72 0.85 0.96 1.01 

I2D/IG 0.51 0.41 0.33 0.22 



Figure S3. XRD patterns of CCTs carbonized at different temperatures. 
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Figure S4. Sheet resistances and electrical conductivities of CCTs as functions of carbonization 

temperature. The CCT carbonized at 850 °C had a thickness of approximately 480 m. 
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Figure S5. Schematic of a custom-built apparatus for measuring the performance of a TGC 

device 
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Figure S6. Output current and power densities versus input voltage of all-flexible QTCs (ΔT 

= 10 K) using CCT electrodes prepared with different carbonization temperatures.  
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Figure  Plot of relative electrical conductivity (σ/σ0) over bending cycle for CCT carbonized 

at 850 °C. Inset photographs show a CCT before and after bending with a bending radius (R) 

of 0.2 cm. 
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Figure  Images obtained from (a) FE-SEM and (b) C and (c) O EDS of commercial carbon 

cloth. All images share the same scale bar. 
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Figure S9. Output current and power densities versus input voltage of all-flexible QTCs (ΔT = 

10 K) using Ni-CCT electrodes prepared with different electrodeposition current densities. 
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Figure S10. Plot of σ/σ0 over bending redius for Ni-CCTs electrodeposited at 550 and 650 mA 

cm−2. Inset photographs show two Ni-CCTs at each marked state. 
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150 μm

Ni

Figure S11. Cross-sectional FE-SEM (left) and EDS (Ni, right) images of Ni-CCT. Both

images share the same scale bar. 
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Figure S12. (a) Top-view FE-SEM image of Ni-electrodeposited carbon cloth and its (b) cross-

sectional view FE-SEM (top) and EDS (Ni, bottom) images. Both images in (b) share the same

scale bar.
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Figure S13. Water contact angle images of (a) Ni-CCT, (b) Ni-electrodeposited commercial

carbon cloth, (c) 0.5-Ni-CCT, and (d) commercial carbon paper.
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Figure S14. CV curves of (a) commercial carbon cloth, (b) Ni-electrodeposited commercial

carbon cloth, (c) CCT, and (d) Ni-CCT measured at scan rates in the range of 10–50 mV s−1.
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Figure S15. Ni 2p3/2 XPS spectra of (a) 0.25-Ni-CCT, (b) 1-Ni-CCT, and (c) 3-Ni-CCT. (d)

Proportions of Ni0, NiO, β-Ni(OH)2, and γ-NiOOH plotted over oxidation time.



Figure  O 1s XPS spectra of (a) 0.25-Ni-CCT, (b) 1-Ni-CCT, and (c) 3-Ni-CCT. 
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Figure Plots of Voc versus ΔT for all-flexible QTCs using Ni-CCT and n-Ni-CCT 

electrodes. 
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Figure S18. Output current and power densities versus input voltage of all-flexible QTCs using 

FeCN-PAM electrolytes and (a) Ni-CCT, (b) 0.25-Ni-CCT, (c) 0.5-Ni-CCT, (d) 1-Ni-CCT, and 

(e) 3-Ni-CCT electrodes measured at ΔT = 5, 10, and 15 K.
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Figure S19. (a) Nyquist plots of all-flexible QTCs using Ni-CCT and n-Ni-CCT electrodes 

with neat FeCN-PAM electrolytes. (b) Equivalent circuit used for fitting the Nyquist plots, 

where Rs is solution resistance, CPE is constant phase element, and W is warburg impedance. 
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Figure  CV curves of all-flexible QTCs using Ni-CCT and n-Ni-CCT electrodes. 
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Figure  FE-SEM images of (a) CCT, (b) Ni-CCT, (c) 0.25-Ni-CCT, (d) 0.5-Ni-CCT, (e) 

1-Ni-CCT, and (f) 3-Ni-CCT. All images share the same scale bar and insets show magnified

views.
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Figure  Plots of Voc versus ΔT for all-flexible QTCs using 0.5-Ni-CCT electrodes and 

FeCN-PAM electrolyte with different additive salts. 
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Figure S23. Output current and power densities versus input voltage of all-flexible QTCs using 

0.5-Ni-CCT electrodes and FeCN-PAM electrolytes with and without additive salts measured 

at ΔT = 5, 10, and 15 K: (a) neat, (b) CsOAc, (c) Cs2SO4, and (d) CsNO3. 
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Figure S24. Output current and power densities versus input voltage of all-flexible QTCs (ΔT 

= 10 K) using 0.5-Ni-CCT and CsNO3-added FeCN-PAM electrolytes with different CsNO3 

concentrations of 0.05, 0.1, 0.2, and 0.4 M. 
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Figure  Nyquist plots of all-flexible QTCs using 0.5-Ni-CCT electrodes and FeCN-PAM 

electrolyte with and without additive salts. 
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Figure  Warburg plots of QTCs using FeCN-PAM electrolyte (a) without any salts and 

with (b) CsOAc, (c) Cs2SO4, and (d) CsNO3 (ω: angular frequency). 
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Figure S27. (a) Nyquist plots of all-flexible QTCs using CsNO3-added FeCN-PAM electrolytes 

with Ni-CCT and n-Ni-CCT (n = 0.25, 0.5, 1, and 3). (b) Rct and (c) D of the QTCs plotted over 

oxidation time. 
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Figure S28. Raman O–H stretching spectrum and its deconvoluted spectra for aqueous 

potassium ferrocyanide solutions (0.01 M) (a) without any salts and with (b) CsOAc (0.8 M) 

and (c) Cs2SO4 (0.4 M). 
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Figure  Schematic of five types of hydrogen-bonded water structures. Dashed lines denote 

hydrogen bonds. 
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Figure  Schematic of breakage of hydrogen bonds of water in presence of NO3− anion. 
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Figure S31. Raman C≡N stretching spectra of aqueous potassium ferrocyanide solution (0.01 

M) without any salts (Neat) and with CsOAc (0.8 M), Cs2SO4 (0.8 M), and CsNO3 (0.4 M).
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Figure  Schematic of breakage of FeCN hydration shell by added Cs+ cations. 
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Figure S33. UV–vis spectra of (a) 0.4 M K4[Fe(CN)6] and 0.4 M (b) K3[Fe(CN)6] solutions 

with and without 0.1 M CsNO3 salt. 

200 220 240 260 280 300
0.0

0.2

0.4

0.6

0.8

1.0

1.2

A
b

s
o

rb
a

n
c
e

Wavelength (nm)

K
4
Fe(CN)

6

K
4
Fe(CN)

6
 + CsNO

3

200 220 240 260
0.0

0.2

0.4

0.6

0.8

1.0

K
3
Fe(CN)

6

K
3
Fe(CN)

6
 + CsNO

3

A
b

s
o

rb
a

n
c
e

Wavelenght (nm)

(a) (b)



Table S2. Performance comparison of our all-flexible QTCs with reported QTCs not using 

noble-metal electrodes. 

i) PEDOT/PSS: poly(3,4-ethylenedioxythiophene)/polystyrene sulfonate

ii) EFG/CNT: edge functionalized graphene/carbon nanotube

iii) PVA: polyvinyl alcohol 

iv) BC: bacterial cellulose 

v) PDA-HNTs: polydopamine-halloysite nanotubes 

vi) PI: polyimide 

vii) GdmCl: guanidinium chloride 

Hydrogels and additives Electrode Redox 
couple 

σeff 
(S m−1) 

Pmax/(ΔT)2 
(mW m−2K−2) Reference 

PAM CCT FeCN 5.48 1.19 This work 

PAM Ni-CCT FeCN 8.89 1.94 This work 

PAM 0.5-Ni-CCT FeCN 13.9 2.98 This work 

PAM + CsNO3 0.5-Ni-CCT FeCN 17.3 4.05 This work 

Carboxymethyl cellulose Laser-etched 
PEDOT/PSSi)-EFG/CNTii) FeCN 3.03 0.73 [1] 

PVAiii) Laser-etched PEDOT/PSS Fe 0.4 0.38 [1] 

Cellulose Ni foil FeCN 0.25 0.06 [2] 

PAM Graphite paper FeCN 3.39 0.45 [3] 

PAM Graphite paper Fe 1.02 0.3 [3] 

BCiv) + Propylene glycol 
+ Urea + LiOH Graphene paper FeCN 5.27 0.07 [4] 

PVA/starch + PDA-
HNTsv) PEDOT/PSS-PIvi) FeCN 4.54 0.18 [5] 

BC Carbon fiber/Cu sheet Fe 0.22 0.156 [6] 

BC/poly(acrylic acid) Graphit paper Fe 1.53 0.03 [7] 

PVA 3D Cu foil Cu 8 0.002 [8] 

BC/PAM + GdmClvii) + 
Urea Graphene paper FeCN 10.85 1.76 [9]



 

Figure  Photographs of (a) PAM hydrogel and (b) FeCN-PAM, CsOAc-added FeCN-PAM, 

Cs2SO4-added FeCN-PAM, and CsNO3-added FeCN-PAM electrolytes. (c) Photograph of 

CsNO3-added FeCN-PAM electrolyte attached on human finger before (left) and after (right) 

bending. Photographs showing stretchability of (d) PAM hydrogel and (e) CsNO3-added FeCN-

PAM electrolyte. 
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Figure  Output current and power densities versus input voltage of all-flexible QTC (ΔT 

≈ 2.2 K) using 0.5-Ni-CCT electrodes and CsNO3-added FeCN-PAM electrolyte before and 

after repeated bending (bending angle ≈ 90o). 

ΔT ≈ 2.2 K

0 1 2 3 4
0

10

20

30

40
Bending cycles

 0
 50
 100
 200

C
ur

re
nt

 d
en

si
ty

 (A
 m

-2
)

Voltage (mV)

0

10

20

30

40

Po
w

er
 d

en
si

ty
 (m

W
 m

-2
)

S35.



 

Figure S36. (a) Output voltage and current of QTC with 0.5-Ni-CCT electrodes and CsNO3-

added FeCN-PAM electrolyte measured over time (ΔT = 2.5 K). The QTC was connected to an 

external resistance (10 Ω) as illustrated in the circuit diagram in the inset of (b). (b) Calculated 

power density plotted over time. (c) Cyclic performance of output voltage and current. The 

measurements performed in (a) were repeated for seven cycles. (d) Output energy density 

harvested in 15 min plotted over cycle number. (e) Output energy density harvested in 15 min 

plotted over resistance value of external load. 

As shown in Figure S36a, the output voltage and current of an optimized QTC was 

measured over time with loading an external resistance (10 Ω) at ΔT = 2.5 K until saturation 

(about 15 min). As a ΔT = 2.5 K was applied, the open-circuit voltage increased to 3.65 mV in 

5 min. Subsequently, the external resistance was loaded, resulting in the reduction of output 

voltage and the generation and decay of output current with time. Within 15 min, the output 

voltage and current reached a steady state. By multiplying the time-dependent output voltage 

and current, the output power density could be calculated and plotted over time (Figure S36b). 

Furthermore, we repeated the time-dependent measurements performed in Figure S36a seven 

times and obtained the cyclic performance of output power density and energy density, as 

shown in Figure S36c. The output energy density was calculated by integrating the area of 
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each output power density curve (Figure S36d). The external resistance value 10 Ω was 

determined after the energy density measurements with various resistance loads because the 10 

Ω load led to the highest output energy density value (Figure S36e). 



Table S3. Normalized power comparison of our all-flexible QTC with other reported QTCs 

and QTC modules operated using body heat or self-made platforms. 

Operating ΔT 
(K) Electrode Number of units Body heat Normalized power 

(μW K−2) Reference 

2 0.5-Ni-CCT 1 O 0.75 This work 

4.1 Graphite paper 20 O 0.048 [3] 

8.5 Pt sheet 1 O 0.028 [10] 

8.5 Pt sheet 6 O 0.125 [10] 

8 Graphite paper 25 O 0.05 [11] 

5 3D Cu foil 4 X 0.08 [8] 

5 3D Cu foil 9 X 0.16 [8] 

5 3D Cu foil 18 X 0.32 [8] 

2.5 Ni foam 8 X 0.218 [12] 

5.1 Ni foil 3 X 0.154 [13]



Figure S37. Schematic illustrating circuit diagram of our QTC device powering an LED via a 

voltage amplifier (AD620). 

Voltage amplifier

(AD620)



Note S1: 

The ESA is the amount of surface area available for effective electrochemical reactions.[14,15] 

The ESA of each electrode (Ni-CCT and n-Ni-CCTs) was derived by fitting the CV data into 

the Randles–Sevcik equation: 

ESA = Ip/(2.69 × 105D0.5ne
1.5υ0.5C) (1) 

where Ip is the faradaic peak current, D is the diffusion coefficient, ne is the number of electrons 

transferred during the redox reaction, υ is the potential scan rate, and C is the concentration of 

the probe molecule. 

Note S2: 

Generally, the low-frequency region of the Nyquist plots provide information regarding the D 

(diffusion coefficient) of ions in electrochemical cells.[16,17] In this context, the D of the FeCN 

redox couples was evaluated by fitting the low-frequency region of the EIS data (200–5 Hz) 

into the following equation: 

D = 0.5(RT)2/(Ane
2F2CZw)2 (2) 

where R is the ideal gas constant, T is the absolute temperature, A is the surface area of the 

interface between the electrode and the electrolyte, F is the Faraday’s constant, C is the 

concentration of the redox couple, and Zw is the Warburg coefficient, which is the slope of the 

Warburg plot in Figure . S26
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