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Note S1 Theoretical analysis of the Se for the Cu-based thermocell
[bookmark: _Hlk195007795]For a liquid thermocell using CuCl/CuCl2 as redox couple, the reversible reactions can be symbolically described as follows:
                                         
When a temperature difference (ΔT) is applied to this LTC, the resulting electrochemical redox potential difference (ΔE) drives the aforementioned reaction to spontaneously occur in the reverse direction, generating a cell voltage (ΔV) and allowing electrons to flow through the external circuit. This phenomenon is commonly referred to as the thermogalvanic effect. The thermopower Se represents the dependence of the potential difference (ΔE) on the temperature difference (ΔT). Thus, Se can be expressed as [S1, S2]:

where ΔS is the entropy change for the redox reaction, n is the number of electrons transferred in the redox reaction, and F is Faraday’s constant.
To enhance the Se of this thermocell system, the ΔS must be highly boosted. In general, the ΔS only takes into account the solvent-structural entropy of Cu+ and Cu2+. Besides, the concentration ratio difference (ΔCr) of [Cu2+]/[Cu+] also can lead to a ΔS, but its value is generally nearly zero in a thermodynamically stable state. Nonetheless, Zhou's work offered a novel approach by introducing a thermosensitive crystallization process, which effectively regulates the concentration of the targeted ions through temperature control [S3, S4]. Here, we analyze the potential for enhancing the Se by regulating the ΔCr of [Cu2+]/[Cu+].
According to the Nernst equation, the equilibrium potential (E) of the abovementioned redox reaction can be expressed as:
[bookmark: _Hlk205317011]
where E0 is the standard potential, and R is the ideal gas constant. The activity (αi) is defined as the product of the activity coefficient (γi) and concentration ([i]) (αi = γi×[i]). Thus, Eq. (S3) can be written:
[bookmark: _Hlk205317061]
In general, Se is calculated by:

where the subscripts “hot” and “cold” indicate that the corresponding variables pertain to the hot and cold sides of the LTC, respectively. By substituting Eq. (S4) into Eq. (S5), Se can be finally written as the sum of two terms:

whereas the first term containing the activity coefficient (γ) is considered to be dominated by the solvent-dependent difference in entropy between the redox couple; the second term is only related to the concentrations of Cu+ and Cu2+, which is defined as temperature-dependent concentration ratio difference ΔCr. 
Generally, the concentration ratio [Cu2+]/[Cu+] is approximately consistent for the hot and cold sides, equaling to the initial concentration of the used electrolyte. Hence, the second term in Eq. (S6) is nearly zero. Clearly, if the concentration ratio [Cu2+]/[Cu+] at the hot side is much larger than that at the cold side, the value of the second term in Eq. (S6) could be highly boosted, and thereby contributed a giant Se. According to our experimental Se value for the pristine electrolyte (Fig. 2e), the value of the first term in Eq. (S6) is approximately considered to be 1.47 mV K–1 in following calculations. We establish a Cu2+ concentration gradient using the ammonium sulfate (NH4)2SO4 to induce thermosensitive crystallization. Specifically, (NH4)2SO4 addition causes Cu2+ to crystallize on the cold side (top), precipitating due to gravity and subsequently redissolving on the hot side (bottom). This creates a Cu2+ concentration gradient, lower near the cold electrode and higher near the hot electrode (Fig. 1). As shown in the Figure S11, Supporting Information, we demonstrate the potential for regulating the open-circuit voltage (Voc, namely Se×ΔT) by the concentration ratio [Cu2+]/[Cu+] at the cold and hot side (Th and Tc are 60 and 20 ℃, respectively). Furthermore, based on the measured concentration ratio [Cu2+]/[Cu+] at different temperature (Figure S10, Supporting Information), the simulated Voc values for the TC-LTC are also calculated, exhibiting a near consistence with the experimental values (Fig. 2e).
Note S2 Analysis of cuprous and copper ion content by UV-vis spectra
[bookmark: OLE_LINK7]In this work, the strategy of thermosensitive crystallization is adopted to enhance Se. Specifically, thermosensitive crystallization at the cold electrode and dissolution process at the hot electrode induce a persistent concentration gradient of redox ions by adding (NH4)2SO4. Therefore, the detection of Cu2+ ion and Cu+ ion content to analyze the change of concentration ratio [Cu2+]/[Cu+] is very critical. In 3 M Cl‒ environment, the absorption peak of Cu+ ion appears at 274 nm, while that of Cu2+ ion appears at 250 nm [S5] (Fig. S8). When the solution contains Cu2+ and Cu+ ions at the same time, there are two absorption peaks at 250 nm and 270 nm. The UV absorption spectra of 0.4 M CuCl2 and 0.15 M CuCl are superimposed in the range of 210~400 nm, which is similar to the UV absorption spectra containing both 0.4 M CuCl2 and 0.15 M CuCl in the solution (Fig. S8, dashed line). This suggests that the shift of Cu+ absorption peak in the solution containing Cu2+ is caused by the superposition of Cu2+ absorption band. Obviously, when the solution contains Cu2+ and Cu+ ions at the same time, the characteristic peak intensity of Cu2+ is inevitably affected by Cu+, and vice versa. Therefore, the content of Cu2+ and Cu+ ions cannot be calculated directly according to the intensity of characteristic peak. 
[bookmark: OLE_LINK1] According to Lambert-Beer's law, absorbance A = KCL, where K is the molar absorption coefficient; C is the concentration of detection solution; L is the thickness of the transmittance layer. Moreover, absorbance is additive [S6], at the same wavelength A = A1 + A2 + A3 + …… In order to resolve the concentration from the intensity at characteristic peak, we select the absorption intensity at 250 nm and 274 nm in the UV absorption spectra to analyze the copper ion content. Firstly, we obtain the UV absorption spectra of the solution with known Cu2+ (Cu+) concentration, and fit the relationship between the absorbance intensity at 250 nm and 274 nm and concentration of Cu2+ (Cu+) (Fig. S9). It can be seen that there is a good linearity between the absorbance intensity and concentration, with a correlation coefficient R of at least 0.998. Next, for unknown solutions containing X1 M CuCl and X2 M CuCl2, the absorbance of this UV absorption spectra at 250 nm and 274 nm is A250, A274, respectively. The Cu2+ and Cu+ ion concentration in solution can be obtained by solving the following binary first order equation:

[bookmark: _Hlk205317718]
                                       (S7)

[bookmark: _Hlk201475226]Note S3 Mechanism of etching carbon cloth by KOH activation
KOH activation method is widely used in broad fields to increase the specific surface area of carbon material. The activation mechanism has not been well understood because of the complexity due to the large number of variables in both the experimental parameters and the reactivity of different precursors used. In a general view, the reaction of carbon and KOH starts with solid–solid reactions and then proceeds via solid–liquid reactions including the reduction of potassium (K) compound to form metallic K [S7], the oxidation of carbon to form carbon oxide and carbonate, and other reactions among various active intermediates.
Based on previous research [S8-S10], three main activation mechanisms for KOH activation of carbon are concluded which have been widely accepted: (a) Etching the carbon framework by the redox reactions between various potassium compounds as chemical activating reagents with carbon as shown: 
[bookmark: _Hlk205318580]


called chemical activation, is responsible for generating the pore network; (b) the formation of H2O () and CO2 ( and ) in the activation system positively contributes to the further development of the porosity through the gasification of carbon as shown:
[bookmark: _Hlk205318631]

namely physical activation; (c) the as-prepared metallic K (Eqs. (8-10)), efficiently intercalating into the carbon lattices of the carbon matrix during the activation, results in the expansion of the carbon lattices [S11]. After the removal of the intercalated metallic K and other K compounds by washing, the expanded carbon lattices cannot return to their previous nonporous structure and thus the high microporosity.
 The development of large specific surface area and high porosity in KOH-activated carbons is the result of the synergistic, comprehensive actions including chemical activation, physical activation, and carbon lattice expansion by the metallic K intercalation. In our research, this activation mechanism is also applicable to the etching process of carbon cloth. After soaking in 1 M KOH solution and annealing at a suitable time at 600 ℃, microporous structures can be etched on the surface of carbon cloth fibers (Fig. S20), which will further increase the specific surface area of carbon cloth. When the carbon cloth is annealed at 600 ℃ for 5 h without KOH soaking, a small number of micropores will appear on the surface of the carbon cloth fiber (Fig. S21), which may be caused by gasification of carbon.
Supplementary Figures and Tables
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Fig. S1 Schematic sectional drawing illustrating the assembly process of the LTC device in four steps: (1) Preparing all parts and assembling the cell frame; (2) Injecting the electrolyte to fill the cell; (3) Sealing the cell using nano transparent double-sided tape; (4) Horizontally placing the cell for testing. The temperature difference in the LTC is achieved by positioning a heater on one side and a thermoelectric cooler with a water-cooled plate on the opposite side. The water-cooled plate effectively cools the thermoelectric cooler through water circulation, helping maintain the cold side of the LTC at 20 °C. The cross-sectional area of the cell is 3.24 cm2, with an electrode separation of 1.2 cm.
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Fig. S2 a The open-circuit voltage of the 0.4 M Fe(CN)63‒/Fe(CN)64‒ LTC across a temperature difference (ΔT) ranging from 0 to 40 K. The 0.4 M Fe(CN)63‒/Fe(CN)64‒ system, with a thermopower Se of approximately ‒1.4 mV K–1[12], serves as a benchmark for thermocells. To verify the accuracy of our experimental device, we tested the 0.4 M Fe(CN)63‒/Fe(CN)64‒ system using our experimental setup. Within the temperature range of 0 to 40 K, the measured Se was ‒1.38 mV K–1, confirming the reliability of our testing apparatus. b Short-circuit current density (Jsc) of 0.4 M Fe(CN)63‒/Fe(CN)64‒ LTC versus time over about 12 h short-circuit operation at a ΔT = 40 K
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Fig. S3 a Photographs of electrolytes comprising 0.15 M CuCl/CuCl2 in 0.9 M NH4Cl solution with and without the addition 0.1 M HCl. The results indicate that the addition of a small amount of HCl inhibits hydrolysis and enhances dissolution. b Open-circuit voltage of the LTC device as a function of temperature difference (ΔT) from 0 to 40 K
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[bookmark: _Hlk204953973]Fig. S4 a Photographs of electrolytes including 0.15 M CuCl and different amount of CuCl2 in 0.9 M NH4Cl and 0.1 M HCl solutions with 3 M (NH4)2SO4 added. An increase in the CuCl2 content corresponds to a greater amount of precipitate produced. b The corresponding Se as a funciton of CuCl2 concentration. The Se reaches its maximum value when the CuCl2 concentration is 0.4 M. 
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[bookmark: _Hlk204954731]Fig. S5 Thermogalvanic properties of the selected pristine electrolyte for the LTC. The pristine electrolyte comprises 0.15 M CuCl, 0.4 M CuCl2, 0.9 M NH4Cl, and 0.1 M HCl. a Open-circuit voltage of this LTC as a function of ΔT ranging from 0 to 40 K. b Short-circuit current density (Jsc) versus time over a 12 h short-circuit operation. The Jsc do not fluctuate, indicating excellent stability of the LTC.
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Fig. S6 Cyclic voltammetry (CV) curves scanned at 10 mV s-1 for (a) 2 mM K3Fe(CN)6/K4Fe(CN)6 in 1 M KCl aqueous solution and (b) 2 mM CuCl/CuCl2 in 0.9 M NH4Cl + 0.1 M HCl aqueous solution. Both the working electrode and the opposing electrode are graphite electrodes, and reference electrode is Ag/AgCl electrode.
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[bookmark: _Hlk204954933][bookmark: _Hlk182433909]Fig. S7 Photographs of the electrolytes (top row), left to right: 0.15 M CuCl, 0.4 M CuCl2, 0.15 M CuCl/0.4 M CuCl2 and 0.15 M CuCl/0.4 M CuCl2 + 4 M (NH4)2SO4 in 0.9 M NH4Cl solution with 0.1 M HCl. The bottom row shows the corresponding dried powders obtained through vacuum drying. CuCl appears as a white powder; however, upon exposure to moisture in the air, it slightly oxidizes and takes on a light yellow color. The dried powders from the supernatant are white, indicating a very low content of Cu2+ ions.
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[bookmark: _Hlk204955018][bookmark: OLE_LINK4][bookmark: _GoBack]Fig. S8 a N 1s XPS spectra for pure (NH4)2SO4 and the dried powders from the supernatant and precipitate in the (NH4)2SO4 added electrolyte. b FTIR spectra for pure (NH4)2SO4 and dried powders from the supernatant and precipitate in the (NH4)2SO4 added electrolyte
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[bookmark: OLE_LINK3]Fig. S9 UV-vis absorption spectra of Cu+ or/and Cu2+ in different aqueous solutions. The dashed line represents the superposition of the UV-Vis absorption spectra under 0.15 M CuCl and 0.4 M CuCl2 conditions. It is evident that the dashed line closely matches the UV-Vis absorption spectrum of the solution containing 0.15 M CuCl + 0.4 M CuCl2 at the absorption band. This observation suggests that the shift of the Cu+ absorption peak in the presence of Cu2+ is attributable to the superposition of the Cu2+ absorption band.

[image: ]
[bookmark: _Hlk204955142][bookmark: OLE_LINK5]Fig. S10 Cuprous chloride and copper chloride scale measurement. a UV-vis absorption spectra for CuCl solutions with a gradient of concentration. b Linear fit between CuCl content and absorbance at 250 nm and 274 nm. c UV-vis absorption spectra for CuCl2 solution with a gradient of concentration. d Linear fit between CuCl2 content and absorbance at 250 nm and 274 nm
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[bookmark: _Hlk204955448]Fig. S11 a Schematic representation of the in-situ method for measuring redox species concentration in TC-LTC using a solution containing 0.15 M CuCl/0.4 M CuCl2, 0.1 M HCl, 0.9 M NH4Cl, and 4 M (NH4)2SO4. (b-e) UV-Vis spectra of solution at cold and hot electrode in TC-LTC under different temperature difference. The extracted solution samples were diluted ~ 350 times for UV-Vis analysis. The temperature at the cold electrode is controlled at about 293 K (20 ℃).
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[bookmark: _Hlk204954863]Fig. S12 Simulated Voc of the TC-LTC depending on the concentration ratio of [Cu2+]/[Cu+] at the two electrodes. The temperatures at the cold and hot electrodes were 293 and 333 K, respectively. This simulation is based on Eq. (S6) in Note S1
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[bookmark: _Hlk204955259]Fig. S13 a Photographs of the 0.15 M CuCl/0.4 M CuCl2 electrolyte with different amount of (NH4)2SO4. b UV-Vis spectra of CuCl and CuCl2 in electrolyte with different amount of (NH4)2SO4. c Concentrations of Cu+ and Cu2+ in electrolyte with different amount of (NH4)2SO4. These concentrations are calculated from the corresponding UV-Vis spectra. When the concentration of (NH4)2SO4 exceeded 4 M, the Cu+ content began to decrease, suggesting that the increase in the precipitation content after the addition of more than 4 M (NH4)2SO4 came from concomitant Cu⁺ crystallization.
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[bookmark: _Hlk205299203]Fig. S14 Plot of measured Voc versus ΔT for the TC-LTC with different amounts of added (NH4)2SO4
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[bookmark: _Hlk204955570][bookmark: OLE_LINK6]Fig. S15 a Chemical structures of ammonium (NH4+), tetramethylammonium (Tma+), and guanidinium (Gdm+). b UV-Vis spectra of the electrolyte containing different cation additives
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Fig. S16 Plot of measured solubility versus temperature for (NH4)2Cu(SO4)2∙6H2O, K2Cu(SO4)2∙6H2O, and (Tma)2Cu(SO4)2∙H2O
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[bookmark: _Hlk204955701]Fig. S17 UV-Vis spectra at increasing temperatures following the addition of a (NH4)2SO4, b K2SO4, and c (Tma)2SO4. d Plot of the concentration ratio of [Cu2+]/[Cu+] versus temperature for the electrolyte with various additive, which was calculated from the corresponding UV-Vis spectrum by the Lambert-Beer law
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[bookmark: _Hlk204955774]Fig. S18 Plot of measured Voc versus ΔT for the TC-LTC with different cation additives
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[bookmark: _Hlk204955827]Fig. S19 Diagram of the carbon cloth etching process. The cut carbon cloth is immersed in a 1 M KOH solution for 24 hours, concurrently heated at 70 °C. After immersion, the carbon cloth is removed and rinsed three times with deionized water to eliminate excess KOH. The etched carbon cloth is then obtained by annealing at 600 °C for varying durations in a tube furnace and subsequently cleaned
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[bookmark: _Hlk204955877]Fig. S20 Photographs of water drops on three different electrodes. a Graphite sheet; b untreated carbon cloth; c treated carbon cloth soaked in 1 M KOH; d carbon cloth annealed for 5 h without soaking in 1 M KOH; and carbon cloth annealed at 600 ℃ for e 1 h, f 3 h, g 5 h, and h 7 h after soaking in 1 M KOH
[image: ]
[bookmark: _Hlk204955922]Fig. S21 SEM images of the surface of carbon cloth electrodes with increasing annealing times, 1 h (a, b), 3 h (c, d), 5 h (e, f), 7 h (g, h)
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[bookmark: _Hlk204960740]Fig. S22 SEM images of the surface of (a, b) untreated carbon cloth, (c, d) alkalized carbon cloth, and (e, f) carbon cloth annealed at 600 ℃ for 5 h without KOH immersion
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[bookmark: _Hlk204956123]Fig. S23 SEM images of the surface of carbon cloth annealed at 600 ℃ for a 5 h and b 7 h

[image: ]
[bookmark: _Hlk204956045]Fig. S24 Current-voltage and power-voltage curves for LTC with carbon cloth electrodes annealed at 600 ℃ for different times
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[bookmark: _Hlk204956288]Fig. S25 (a, c) Current-voltage curves for the LTC and TC-LTC at different values of ΔT, and their corresponding power densities (b, d) with CC-Alkali+A
[bookmark: _Hlk204956371]

Table S1 Summary of recently reported intrinsic n-type TECs
	Redox
couple
	Electrolyte
	Electrode
	Se
(mV K-1)
	Pmax (ΔT)-2
(mW m-2 K-2)
	Refs.

	
	0.4 M 
	Pt
	1.44
	0.592
	[S13]

	
	0.4 M 
	Activated carbon cloth
	1.40
	1.80
	[S14]

	
	0.4 M  in methanol/water
	SWNT
	2.90
	0.64
	[S15]

	
	0.4 M with guanidinium/ urea added 
	Graphite
	4.2
	1.1
	[S1]

	
	0.4 M with guanidinium added
	Carbon fiber
	3.73
	7.08
	[S3]

	Fe2+/3+
	0.5 M Fe2+/3+-Cl
	Pt
	1.04
	0.256
	[S13]

	
	0.2 M Fe2+/3+-NO3 + 1 M H NO3
	Au
	1.38
	0.163
	[S16]

	
	0.8 M Fe2+/3+-ClO4
	DWCNT sheet
	1.65
	0.41
	[S17]

	
	0.8 M Fe2+/3+-ClO4 + 1 M HClO4
	Carbon cloth
	1.50
	1.19
	[S18]

	
	0.8 M Fe2+/3+-ClO4
	Fe-N-C coated carbon cloth
	1.64
	1.92
	[S19]

	I‒/I3‒
	5 mM I‒/I3‒ with methylcellulose
	Graphite
	9.62
	0.36
	[S20]

	
	0.4 M I‒/I3‒ with CsCl added
	Graphite
	1.2
	0.296
	[S21]

	
	2.5 mM KI3, 10 mM KI, 0.2 M KCl
	Pt wire mesh
	1.97
	0.0147
	[S22]

	Cu/Cu2+
	0.7 M CuSO4 + 0.1 M H2SO4
	Cu foil
	0.70
	0.0012
	[S23]

	
	0.7 M CuSO4 + 0.1 M H2SO4 with ethylenediamine and (NH4)2SO4 added
	Cu foil
	2.12
	0.676
	[S24]

	
	1.2 M CuSO4 + 0.1 M H2SO4 with (NH4)2SO4 added
	3D multi-structured Cu
	1.66
	0.71
	[S4]

	
	0.025 M Co(bpy)32+/3+ in [EMIM][NTf2]
	[bookmark: OLE_LINK12]Pt
	1.60
	0.028
	[S25]

	
	0.05 M Co(SAR)(OTf)4/5 in DMSO with HOTf
	Pt
	2.04
	0.011
	[S26]

	
	0.1 M Co(bpy)3(NTf2)2/3 in MPN
	Pt
	1.92
	0.102
	[S27]

	CuCl/CuCl2
	0.15MCuCl/0.4M CuCl2 in 0.1 M HCl and 0.9 M LiCl with (NH4)2SO4 added
	Graphite
	2.93
	3.968
	This work





Table S2 Summary of data of various thermoelectric materials, reported in the literatures and this work, used for CPM estimation
	Type
	Material
	Temperature
(K)
	Material CPM
($ W−1)
	Reference


	LTCs
	0.15MCuCl/0.4M CuCl2 in 0.1 M HCl and 0.9 M LiCl with (NH4)2SO4 added
	333
	1.17
	This work 

	
	K3Fe(CN)6/K4Fe(CN)6/GdmCl solution
	318
	1.56
	[S3]

	OTECs
	PEDOT
	RT
	116.96
	[S28]

	
	CNTs
	310
	133.57
	[S29]

	ITECs
	Bi2Te3
	333
	1979.18
	[S30]

	
	Mg3.2Bi1.498Sb0.5Te0.002
	325
	53.79
	[S31]

	
	PbTe
	380
	~2155.31
	[S32]

	
	SnSe
	320
	~336.55
	[S33]


Material CPM: the Cost-Performance Metric (CPM) is simply calculated from the maximum device performance (Pmax) and the corresponding raw material cost (Cm) by: CPM=Cm/Pmax
Supplementary Movie S1 TC-LTC module to power electronic devices at ΔT = 40 K
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