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Methods 

Synthesis of the polyacrylic acid-FeCN4-/3- system (PAA-FeCN4-/3-) 

0.33 mL of the 0.34 M/0.26 M FeCN4-/FeCN3- electrolyte solution [containing 0.042 g potassium 

hexacyanoferrate (FeCN4-) and 0.028 g potassium ferricyanide (FeCN3-) in 0.33 mL deionized water], 

0.14 g acrylic acid (AA), and 1 g 2-Hydroxyethyl methacrylate (HEMA) were mixed to form a 

homogeneous solution, followed by the addition of 11.1 mg ethylene glycol dimethacrylate (EDGMA), 

0.1 mL (5 wt%) ammonium persulfate (APS) solution, and 0.1 mL N,N,N',N'-

Tetramethylethylenediamine (TMEDAS). The mixture was stirred for 10 min and quickly transferred 

into cylinder-shaped molds (diameter: 20 mm, height: 9 mm). The polymerization was conducted at 323 

K for 3 h.  

Synthesis of the sulfur-vacancies ZnIn2S4 (Sv-ZIS) 

The fabrication of Sv-ZIS is described in our previous work (25). Zn(NO3)2·4H2O (0.5 mmol), 

In(NO3)3 (1 mmol), and thioacetamide (TAA, 2 mmol) were dissolved in 30 mL deionized water with a 

molar ratio of 1:2:4. Then, the mixture was sealed into a 50 mL Teflon-lined autoclave and maintained 

at 453 K for 24 h. Finally, Sv-ZIS was obtained by washing three times with ethanol and deionized water 

separately and drying at 333 K for 24 h. ZnIn2S4 (ZIS) was prepared using the same procedure except 

for the addition of 2 mmol TAA. A Pt cocatalyst was deposited on the Sv-ZIS via a reduction method. 

Briefly, 50 mg of Sv-ZIS was suspended in 50 mL of H2PtCl6 solution (Pt content = 5 mg mL-1), followed 

by the addition of 3 mL NaBH4 aqueous solution (containing 95 mg NaBH4) under vigorous stirring for 

3 h. Pt-immobilized Sv-ZIS precipitates (1 wt%) were collected and thoroughly washed with water and 

ethanol and dried at 333 K for 12 h. 

Synthesis of the oxygen vacancies in WO3 (Ov-WO3) 

The fabrication of Ov-WO3 has been previously reported by us (25). A mixture of sodium tungstate 

(1 mmol) and citric acids (1.5 mmol) was added to a solution of distilled water (15 mL) and ethanol (5 

mL) under vigorous stirring for 10 min. After adding 2 mL 3 M HCl and stirring for another 10 min, the 

solution was transferred into a 50 mL Teflon-lined autoclave and heated at 453 K for 6 h. The obtained 

yellow WO3 precipitate was washed three times with deionized water and dried at 333 K. The Ov-WO3 

was obtained by annealing WO3 powder at 773 K under an Ar atmosphere for 2 h with a heating rate of 

2 K min-1. CoOx as a cocatalyst (2 wt%) was loaded on the Ov-WO3 by impregnation from an aqueous 
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Co(NO3)2·6H2O solution (1 g L-1) and stirred for 3 h at 373 K followed by heating at 673 K for 2 h under 

an Ar atmosphere to form CoOx/Ov-WO3. 

Synthesis of the ZrO2/TaON (ZTO) 

ZTO was fabricated according to previous work (24). ZrO(NO3)2·2H2O and Ta2O5 were 

thoroughly mixed with a small amount of methanol and thermally treated at 343 K for 1 h. The resultant 

powder was then calcined in an Al2O3 crucible for 2 h at 1073 K. Finally, the ZrO2/Ta2O5 composite 

was nitrogenized under an ammonia flow (20 mL min-1) at 1123 K for 15 h to produce ZTO. 

Synthesis of the BiVO4 (BVO) 

BVO was synthesized according to previous work (24). Normally, 60 mL of 2.0 M nitric acid 

solution was used to dissolve NH4VO3 (10 mmol) and Bi(NO3)3·5H2O (10 mmol). The pH of the 

solution was then drastically reduced to 0.5 by adding ammonia solution (27 wt%) while stirring the 

mixture until a light-yellow precipitate was formed. The yellow precipitate was transferred to a 100 

mL Teflon-lined stainless-steel autoclave and hydrothermally treated at 473 K for 10 h followed by 2 

h of aging. An in situ photodeposition method was adopted to deposit of CoOx cocatalyst on the surface 

of the BVO. 0.2 g BVO powder was dispersed in deionized water containing CoSO4 (2.0 wt%). After 

that, the suspension was exposed to full-spectrum illumination for 2 h using a 300 W Xe lamp. After 

filtration, washing, and drying, the as-obtained powder CoOx/BVO was acquired.  

Synthesis of the SrTiO3:Rh (STO) 

STO was synthesized according to the previous work (43). Sr, Ti, and Rh had an atomic ratio of 

1.07/0.99/0.01 in SrTiO3. In a 10 vol% aqueous methanol solution containing RuCl3·nH2O, a Ru (0.5 

wt%) cocatalyst for the H2 evolution photocatalysts was added by a photodeposition process. The 

resultant powders were dried at 343 K for 2 h after being washed with distilled water. 

Synthesis of the Cs/WO3 (CWO) 

CWO was synthesized according to the previous work (43). The WO3 powder was first thermally 

treated in the air for 2 h at 973 K to increase crystallinity. An ultrasonic bath was used to sonicate the 

powder (10 g) in water (500 mL) for 15 min, and then, small particles that did not precipitate were 

removed by decantation. The acquired powder dried at 343 K for 2 h. An impregnation procedure was 

used to modify the surface. The WO3 powder (1.0 g) was dissolved in 0.63 mL of a 110 mM CsCl 



4 

 

solution, which was then raised the pH to 1 using an HCl solution. The slurry was then evaporated to 

dryness before being subjected to a 30 min heat treatment at 773 K. To allow for ion exchange, the 

powder was agitated for 15 min in a 50 mL aqueous solution containing 50 mM FeSO4 and 1 M H2SO4. 

Synthesis of Ov-WO3/PAA-FeCN4-/3-/Sv-ZIS 

In this process, photocatalysts such as Sv-ZIS powder (2.5 mg) and Ov-WO3 powder (3 mg) were 

dispersed separately in 0.11 mL of the 0.34 M/0.26 M FeCN4-/FeCN3- electrolyte by ultrasonication 

and stirring for 30 min, followed by the addition of corresponding proportions of AA, HEMA, DGMA, 

APS, and TMEDA. And then, the mixed solution was transferred into cylinder-shaped molds and 

heated at 323 K for 10 min, followed by the addition of corresponding PAA-FeCN4-/3-/Sv-ZIS, PAA-

FeCN4-/3-, and Ov-WO3/PAA-FeCN4-/3-. Finally, the Ov-WO3/PAA-FeCN4-/3-/Sv-ZIS sample was 

acquired. The preparation of the other samples loaded with different photocatalysts was similar to that 

of Ov-WO3/PAA-FeCN4-/3-/Sv-ZIS. 

Characterization of the samples 

Voltage-time and current-voltage curves were obtained with a Keithley 2450 instrument. Then, 

the power-voltage curves were calculated by the corresponding current and voltage values. The 

corresponding temperature was acquired by an infrared camera (UTi80). The ionic concentrations were 

detected by ultraviolet-visible (UV-vis) spectra with a UV-2600 spectrophotometer. The ultraviolet-

visible diffuse reflectance spectroscopy (UV-vis DRS) was performed with a UV-2600 

spectrophotometer by a diffuse reflectance method with BaSO4 as the reference. Cyclic voltammetry 

(CV) measurement scanned from - 1 V to + 1 V on the electrochemical workstation (CHI760). The 

scanning electron microscopy (SEM) images and energy dispersive X-ray spectroscopy (EDX) were 

collected on the SEM (FEI Helios G4 CX 450) equipped with an EDX spectrometer. The sample's 

morphology was recorded on transmission electron microscopy (TEM) (FEI Talos F200X), which was 

equipped with EDX spectroscopy. X-ray photoelectron spectroscopy (XPS) and ultraviolet 

photoelectron spectra (UPS) measurements were detected by using a Kratos spectrometer (Axis Supra) 

with a monochromatic Al Kα source. Electron spin resonance (ESR) spectra were measured on a 

Bruker EMXmicro-6/1/P/L spectrometer at 300 K and 9.062 GHz. Raman and in situ Raman spectra 

were recorded on a Renishaw RM1000 laser Raman spectrometer using a laser excitation of 532 nm, 

equipped with a Xe lamp. The X-ray diffraction (XRD) (BRUKER D2 PHASER) using Cu Kα 
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(λ=1.5406 Å) radiation was used to assess the crystalline structure of the as-synthesized samples. The 

thermal conductivity (κ) of the samples was measured by the Hot Disk. The electrical conductivity of 

the samples was acquired from the slope of the current-voltage curve via a keithley 2450 sourcemeter.  

Overall photocatalytic water-splitting reaction 

Photocatalytic reactions were carried out in a reaction vessel that was connected to a condensate 

system with a temperature of 298.5 K. The photocatalytically enhanced thermogalvanic system was 

immersed in 2 mL of water. Prior to each reaction, the equipment was thoroughly degassed under 

vacuum. A solar simulator operating at 1.5G illumination (100 mW cm-2) (CEL-NP2000, Beijing 

China Education Au-light Technology Co., Ltd.) was used as the light source to trigger the 

photocatalytic generation of H2 and O2. Moreover, the amounts of H2 and O2 evolution were monitored 

by online gas chromatography (Shimadzu GC-2014C, molecular sieve-5A, and Ar as the carrier gas).  

Step-by-step fabrication of a large area of photocatalytically enhanced thermogalvanic device 

We first prepared a reaction module (90 mm90 mm) made of polymethyl methacrylate (PMMA) 

with 9 units. Every unit is a cylinder-shaped mold (diameter: 20 mm, height: 9 mm). Nine 

photocatalytically enhanced thermogalvanic systems were connected in series via copper wires. Finally, 

the isolated four PMMA reaction modules were connected in series to construct a 36-unit large-area 

system. Furthermore, we also attached a gas collection bag to the PMMA reaction cell to collect the 

hydrogen and oxygen produced by the overall photocatalytic water splitting.  

Calculation of the thermopower  

The open-circuit voltage was recorded using Keithley 2450 instrument. Au@Cu (10 μm thickness) 

mesh and Au@Cu foil (10 μm thickness) were used as the hot and cold electrodes, respectively. To 

create Au@Cu electrodes, Au (100 nm) was thermally evaporated on the Cu mesh or Cu foil (2×10−6 

mbar) by the Braun steaming equipment. The temperatures were recorded by an infrared camera 

(UTi80). The thermopower was calculated according to Eq. 1 (41): 

                             Se=-
Ehot-Ecold

Thot-Tcold
                                      (1) 

where Se is the thermopower, Ehot and Ecold is the potential at the hot and cold sides of the sample, 

respectively. Thot and Tcold are the temperature at the hot and cold sides of the sample, respectively. 
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Calculation of the normalized output power density (𝑃max/Δ𝑇2) 

For the normalized maximum power density tests, the distance between the two electrodes was 

0.9 cm, and the cross-sectional area of the thermogalvanic cell was 3.14 cm2. The current-voltage 

curves were measured from 0 V to the open-circuit voltage. The power-voltage curves were calculated 

according to Eq. 2 (18): 

Pmax=
VocISC

4
                                    (2) 

where Voc and Isc are the open-circuit voltage and short-circuit current, respectively. 

Calculation of Carnot-relative efficiency (ηr) and figure of merit (ZT) 

The energy conversion efficiency (η) of a thermoelectric device is defined as the ratio of the 

maximum electrical output power (Pmax) from the thermogalvanic cell to the heat input power (Pheat) 

(1). 

η=
Pmax

Pheat
=

Pmaxd

𝑘∆T
                                    (3) 

where d, ∆T, and κ are the thickness, temperature difference between hot and cold electrodes, and 

thermal conductivity, respectively. The value of d used for the calculations was 0.9 cm. ∆T was 16.8 

K, and κ was 0.50 W m–1 K–1. The detailed temperature is shown in Fig. S8, and the detailed κ is 

presented in Fig. S16B.  

The Carnot-relative efficiency (𝜂r) is calculated by (1): 

η
r
=

η

∆T
Thot
⁄

=
PmaxdThot

𝜅∆T2                                  (4) 

where Thot is the temperature at the hot side of the sample. The value of Thot was 315.4 K. 

The performance of thermogalvanic cells is typically evaluated using the figure-of-merit 

(ZT=
Se
2σ

𝑘
). However, this definition is not directly applicable to the cells with thermodiffusion effects 

due to their transient behavior. In the current work, we observed that the thermodiffusion effect has a 

minor impact on the thermopower. Therefore, we amended the calculation of the ZT by subtracting the 

thermodiffusion contribution factor, which is often calculated according to Eq. 5 (41): 

ZT=
(Se−S∆D)

2σ

𝑘
T                                      (5) 

where Se is the thermopower driven by both thermodiffusion and thermogalvanic effects. S∆D is the 

thermopower caused only by the thermodiffusion effect. σ and κ are electrical conductivity and thermal 

conductivity obtained at absolute temperature (T), respectively. σ was 4.7 S m−1 (calculated from the 
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I-V curve in Fig. S16A). κ was 0.50 W m–1 K–1. T was 307 K (the average between cold and hot side 

temperatures). 

Calculation of the solar to hydrogen (STH) energy conversion efficiency 

The STH efficiency was determined according to the following Eq. 6 (44): 

STH(%)=
RH2

 ∆Gr

PS
×100                                    (6) 

here, RH2
, ∆Gr, P, and S denote the H2 evolution rate during the overall water-splitting reaction, the 

Gibbs energy for the water-splitting reaction, the light energy flux of the AM 1.5 solar irradiation, and 

the irradiated sample area, respectively. ∆Gr was 237 kJ mol−1. P was 100 mW cm−2. S was 0.64 

cm2. 

Theoretical calculation of photocatalysts with the electric field 

Density Functional Theory (DFT) calculations were performed by using the Vienna Ab initio 

Simulation Package (VASP) (45). The projector augmented wave (PAW) pseudopotential and the 

Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional within a generalized gradient 

approximation (GGA) were adopted (46). The K-point was set as 3  3  1 and the plane wave energy 

cutoff was 500 eV (47). The convergence tolerance of electronic energy was set to 10-5 eV, and forces 

were converged to within 0.02 eV/Å. The van der Waals interactions were considered by using the 

Grimme method (DFT-D3) (48). The VASP implicit solvent model was used to evaluate the effect of 

water (49). The computational hydrogen electrode (CHE) model was used to calculate the Gibbs free 

energy G (50), which was defined as: 

G = E + ZPE + ∫CPdT ‒ TS                            (7) 

where E is the electron energy obtained by DFT calculations, ZPE, ∫CPdT, and TS are the zero-point 

energy, enthalpy change, and entropy correction at room temperature (T = 298.15 K). 
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Fig. S1. The morphology, structure, and photocatalytic performance of Sv-ZIS and Ov-WO3. SEM images of 

(A)WO3 and (B) ZIS. (C) XRD patterns and (D) ESR profiles of WO3, Ov-WO3, ZIS, and Sv-ZIS. (E) Photocatalytic 

H2 evolution over ZIS, Sv-ZIS, Pt/ZIS and Pt/Sv-ZIS under the 100 mW cm−2 light irradiation in the presence of 

FeCN4- (0.3 mol L−1) as hole scavenger (Reaction conditions: 20 mg photocatalyst; 10 mL FeCN4- solution). (F) 

Photocatalytic O2 evolution of WO3, Ov-WO3, CoOx/WO3, and CoOx/Ov-WO3 under the 100 mW cm−2 light 

irradiation in the presence of FeCN3- (0.3 mol L−1) as electron scavenger (Reaction conditions: 20 mg photocatalyst; 

10 mL FeCN3- solution). Error bars denoted the standard deviation from three times repeated measurements. Pristine 

WO3 and ZIS showed no apparent peaks in the ESR surveys. A strong signal at g = 2.003 was acquired from Sv-ZIS, 

which arises from the S vacancies. Meanwhile, the signal at g = 2.008 was attributed to O vacancies in the Ov-WO3 

(Fig. S1D) (51, 52). 
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Fig. S2. The morphology of Ov-WO3/TGC/Sv-ZIS system. (A) SEM image, (B and C) Low-magnification TEM 

images, (D) HRTEM image of Ov-WO3/TGC. (E) SEM image, (F and G) Low-magnification TEM images, and (H) 

HRTEM image of TGC/Sv-ZIS. 
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Fig. S3. The depth distribution of catalysts by Raman analysis in the Ov-WO3/TGC/Sv-ZIS system. (A) Top and 

(B) side-view digital images of the Ov-WO3/TGC/Sv-ZIS. (C) Schematic of the system with the Raman measurement 

at different depths. (D) Raman spectra were measured along the vertical section of Ov-WO3/TGC/Sv-ZIS at different 

depths. Peaks at 813 nm and 359 nm corresponded to the (o-w-o) characteristic peak of Ov-WO3 and the LO2 peak of 

Sv-ZIS, respectively. (CN) characteristic peaks of FeCN4-/3- were observed at 2058, 2091, and 2128 nm (Fig. S3D). 
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Fig. S4. In situ Raman analysis to monitor real-time concentration changes of FeCN3–/FeCN4– in the system. 

(A) Schematic of in situ Raman analysis to monitor real-time concentration changes of FeCN3– and FeCN4– in the 

system under light irradiation. Real-time FeCN4-/3- monitoring through in situ Raman analysis for the (B) hot and (C) 

cold sides of TGC under the light irradiation. 
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Fig. S5. UV-vis absorption measurement for the FeCN4-/FeCN3- concentration in the system. (A) Digital image 

and (B to D) time courses of concentrations for FeCN4- and FeCN3- on the hot and cold sides of the TGC system 

under light irradiation. (E) Digital image and (F to H) time courses of concentrations for FeCN4- and FeCN3- on the 

hot and cold sides of the Ov-WO3/TGC/Sv-ZIS system under light irradiation. Error bars denoted the standard 

deviation from ten times repeated measurements. Based on the Lambert-Beer law of UV-vis absorption spectra, 

FeCN3- and FeCN4- concentrations were quantitatively analyzed (53). The FeCN4- and FeCN3- concentrations on the 

cold and hot sides were determined through UV-vis absorption spectra using the standard curve method. During the 

light irradiation, we extracted 0.05 g of the sample on the hot and cold sides of the system for 20 min intervals and 

soaked it in 3 mL of deionized water for 20 h. Thus, we acquired the test-related solution.  
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Fig. S6. PH values on both sides of Ov-WO3/TGC/Sv-ZIS under light irradiation after 60 min. Error bars indicated 

the standard deviation for three measurements. The pH values on the hot and cold side after 60 min of the light 

irradiation were 6.4 (H+ concentration: 3.910-7 mol L-1) and 7.2 (H+ concentration: 0.610-7 mol L-1), respectively. 

Therefore, the concentration difference of H+ between the hot and cold side was 3.310-7 mol L-1. 
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Fig. S7. The characterization of electrodes. (A) Schematic illustration of the Au@Cu mesh+Ov-WO3/TGC/Sv-

ZIS+Au@Cu foil fabrication. (B) Transmission spectrum of Au@Cu mesh. (C) Transmission spectra of Ov-

WO3/TGC/Sv-ZIS and Ov-WO3/TGC/Sv-ZIS+Au@Cu mesh. (Inset: Digital images of Au@Cu mesh+Ov-

WO3/TGC/Sv-ZIS and Ov-WO3/TGC/Sv-ZIS.) SEM images of (D) the Au@Cu mesh and (E) Au@Cu foil. Schematic 

diagram of electron transport for (F) Au/Ov-WO3/TGC/Sv-ZIS/Au and (G) Au-Ov-WO3/TGC/Sv-ZIS-Au. (H) Open-

circuit voltage response versus time curves of Au/Ov-WO3/TGC/Sv-ZIS/Au and Au-Ov-WO3/TGC/Sv-ZIS-Au. We 

choose Cu electrodes due to their inexpensiveness. The Cu electrodes were coated with Au particles to avoid electrode 

corrosion of the Ov-WO3/TGC/Sv-ZIS (7). Ov-WO3 and Sv-ZIS were loaded within the PAA matrix and did not contact 

the electrodes directly. A transparent hot electrode, consisting of an Au-coated Cu (Au@Cu) mesh with 91% 

transmittance, was utilized by pressing it against the PAA hydrogel and securing it with transparent conductive 

adhesives surrounding the edge. Meanwhile, an Au@Cu foil was employed as the cold electrode and sealed with 

transparent epoxy. Compared with the catalyst directly attached to the electrode (Au-Ov-WO3/TGC/Sv-ZIS-Au), the 

presence of Ov-WO3 and Sv-ZIS in the PAA matrix (Au/Ov-WO3/TGC/Sv-ZIS/Au) was more conducive to the 

reaction between the catalyst and FeCN3-/FeCN4-, improving the concentration gradient. Consequently, the open-

circuit voltage of the Au/Ov-WO3/TGC/Sv-ZIS/Au reached 137 mV. For the Au-Ov-WO3/TGC/Sv-ZIS-Au system, 

under light illumination, the photogenerated holes of Ov-WO3 and the photogenerated electrons of Sv-ZIS were 

transferred to the electrode. The electrons flowed in the opposite direction of the thermogalvanic cells of FeCN4-/3-. 

As a result, the voltage of the Au-Ov-WO3/TGC/Sv-ZIS-Au system decreased to 42 mV (Figs. S7F to H). 
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Fig. S8. Infrared thermal images. (A) TGC and (B) Ov-WO3/TGC/Sv-ZIS with the electrodes. 
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Fig. S9. Real pictures of the cells. (A) Reaction system, and (B) measurement setup for photocatalytically enhanced 

thermogalvanic cells. The temperature (298.6 K) and the voltage (0.137 V) were in Fig. 1F and Fig. 2B of the main 

text, respectively. 

  



17 

 

 

Fig. S10. The characterization of Ov-WO3/TGC/Sv-ZIS after the photocatalytic reaction. SEM images of (A) 

Ov-WO3/TGC and (B) TGC/Sv-ZIS. (C) Raman spectra of Ov-WO3/TGC and TGC/Sv-ZIS before and after the 

photocatalytic reaction. 
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Note S1. The weight coefficient of ΔD, ΔS and ΔC in the Ov-WO3/TGC/Sv-ZIS system  

The mechanism of enhanced ΔS between FeCN4- and FeCN3-: We explored the reason for the 

enhanced ΔS of FeCN4- and FeCN3- in the Ov-WO3/TGC/Sv-ZIS system. ΔS arises from the 

interactions between the redox ions and monomer units of PAA (19). The intermolecular interaction is 

usually evaluated using UV-vis absorption spectroscopy and XPS spectroscopy (2). Based on UV-vis 

absorption spectra analysis, we evaluated the intermolecular interaction between the FeCN4-/3- and 

monomer units [with or without photocatalysts (Ov-WO3/Sv-ZIS)] in Figs. S11A and B (18). Acrylic 

acid (AA) and 2-Hydroxyethyl methacrylate (HEMA) are precursors of PAA (see details in the 

Methods). We observed a significant shift in the UV-vis absorbance band of FeCN4- from 217 to 220 

nm with the addition of HEMA and Ov-WO3/Sv-ZIS simultaneously, whereas the band location of 

FeCN4- remained almost unchanged with the addition of AA. The UV-vis absorbance bands of FeCN3- 

were unchanged with the addition of AA, HEMA, Ov-WO3/Sv-ZIS, and Ov-WO3/Sv-ZIS+HEMA, 

respectively. These results indicated that the HEMA units and Ov-WO3/Sv-ZIS synergistically had a 

stronger interaction with FeCN4-, which could increase ΔS of the FeCN4-/3- and enhance the 

thermopower of thermogalvanic cells. We further investigated the interaction between thermogalvanic 

ions and monomer units (with or without photocatalysts) by XPS (2). The solid composite samples 

used for XPS measurement were prepared by drying the composite solutions in a vacuum oven at 333 

K for 24 h. Fig. S11C showed the N1s spectra of FeCN4-, FeCN4-+AA, FeCN4-+HEMA, FeCN4-+Ov-

WO3/Sv-ZIS, and FeCN4-+Ov-WO3/Sv-ZIS+HEMA. The N1s binding energy of the mixture of FeCN4-

+Ov-WO3/Sv-ZIS+HEMA shifted to higher binding energy compared to the pure FeCN4- sample. By 

contrast, the N1s binding energy of all composite samples with FeCN3- only exhibited a slight shift 

compared to the pure FeCN3- sample, respectively (Fig. S11D). The results observed from XPS and 

the UV–vis spectra revealed that HEMA units and Ov-WO3/Sv-ZIS synergistically had stronger 

interaction with FeCN4- than with FeCN3-. 

The existence of ΔD: We used an isothermal three-electrode system to determine the temperature 

coefficient and the thermodiffusion thermopower. In the TGC system, the temperature coefficient of 

FeCN4-/3- was measured to be -1.7 mV K-1 vs the saturated calomel electrode (SCE). It was worth 

noting that the SCE itself had a temperature coefficient of -0.5 mV K-1, resulting in a temperature 

coefficient of FeCN4-/3- of -2.2 mV K-1 (Fig. S11E), which was opposite to the sign convention of the 

thermogalvanic thermopower. The total thermopower was the sum of the thermogalvanic thermopower 

and thermodiffusion thermopower. The total thermopower of TGC was measured to be 2.7 mV K-1 

(Fig. S12C). Thus, we could derive that the thermodiffusion thermopower of ions (i.e., K+, FeCN4-/3-, 

H+) in TGC contributed 0.5 mV K-1 (i.e., 2.7 mV K-1-2.2 mV K-1). For the Ov-WO3/TGC/Sv-ZIS, the 
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temperature coefficient of FeCN4-/3- and the thermodiffusion thermopower were -2.5 mV K-1 (i.e., -2.0 

mV K-1-0.5 mV K-1) and 1 mV K-1 (i.e., 3.5 mV K-1-2.5 mV K-1), respectively. The thermopower driven 

by thermodiffusion of K+, H+ and FeCN4-/3- enhanced in the Ov-WO3/TGC/Sv-ZIS due to the more 

negatively charged surface of Ov-WO3/PAA/Sv-ZIS (Fig. S11F). Compared with the temperature 

coefficient in TGC, the temperature coefficient in Ov-WO3/TGC/Sv-ZIS increased due to the strong 

intermolecular interaction of the PAA matrix, photocatalysts, and FeCN4– (Figs. S11A-D). 

 

Fig. S11. The enhanced ΔD and ΔS of FeCN4-/3- in the Ov-WO3/TGC/Sv-ZIS system. (A) UV-vis absorption 

spectra of the FeCN4-, FeCN4-+AA, FeCN4-+HEMA, FeCN4-+Ov-WO3/Sv-ZIS, and FeCN4-+Ov-WO3/Sv-

ZIS+HEMA, respectively. (B) UV-vis absorption spectra of the FeCN3-, FeCN3-+AA, FeCN3-+HEMA, FeCN3-+Ov-

WO3/Sv-ZIS, and FeCN3-+Ov-WO3/Sv-ZIS+HEMA, respectively. (C) N 1s XPS spectra of the FeCN4-, FeCN4-+AA, 

FeCN4-+HEMA, FeCN4-+Ov-WO3/Sv-ZIS, and FeCN4-+Ov-WO3/Sv-ZIS+HEMA, respectively. (D) N 1s XPS spectra 

of the FeCN3-, FeCN3-+AA, FeCN3-+HEMA, FeCN3-+Ov-WO3/Sv-ZIS, and FeCN3-+Ov-WO3/Sv-ZIS+HEMA, 

respectively. (E) Open-circuit voltages at different temperatures of TGC and Ov-WO3/TGC /Sv-ZIS in an isothermal 

three-electrode system. Platinum served as the working electrode, while the saturated calomel electrode was used as 

the reference and counter electrodes. Error bars indicated the standard deviation for three measurements. (F) Zeta 

potential measurement of PAA and Ov-WO3/PAA/Sv-ZIS. 

Weight coefficient of ΔD+ΔS and ΔC in whole system: We observed that the control TGC 

system without photocatalysts under light irradiation had a thermopower of only 2.7 mV K-1, which 

was driven by ions thermodiffusion (ΔD) and entropy difference (ΔS). In contrast, the Ov-

WO3/TGC/Sv-ZIS system under light irradiation had a much higher thermopower of 8.2 mV K-1, which 

was driven by ΔD, ΔS, and ΔC (i.e., the effect of photocatalytic water splitting). To determine the 

weight coefficient of ΔD+ΔS and ΔC in the Ov-WO3/TGC/Sv-ZIS system, we eliminated the ΔC 

caused by photocatalytic water splitting and measured the thermopower of Ov-WO3/TGC/Sv-ZIS only 

-100 -50 0 50 100

 Ov-WO3/PAA/Sv-ZIS

 PAA

T
o
ta

l 
c
o
u
n
ts

 (
a
.u

.)

Zeta potential (mV)
290 295 300 305 310 315

160

180

200

 TGC

 Ov-WO3/TGC/Sv-ZIS

V
o
c
 v

s
 S

C
E

 (
m

V
)

Temperature (K)

A B

D E F

C

210 240 270 300

A
b
s
o
rb

a
n
c
e
 (

a
.u

.)

Wavelength (nm)

FeCN4- FeCN4-+AA
FeCN+HEMA

FeCN4-+Ov-WO3/Sv-ZIS

FeCN4-+Ov-WO3/Sv-ZIS+HEMA      

300 400 500 600

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm)

 FeCN3-  FeCN3-+AA

 FeCN3-+HEMA

 FeCN3-+Ov-WO3/Sv-ZIS

 FeCN3-+Ov-WO3/Sv-ZIS+HEMA

395 400 405

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

Obvious shift

FeCN4-+AA

N 1s

FeCN4-+HEMA+

Ov-WO3/Sv-ZIS

FeCN4-+Ov-WO3/Sv-ZIS

FeCN4-+HEMA

FeCN4-

395 400 405

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

Slight shift

FeCN3-+HEMA

N 1s

FeCN3-+AA

FeCN3-

FeCN3-+Ov-WO3/Sv-ZIS

FeCN3-+HEMA+

Ov-WO3/Sv-ZIS



20 

 

driven by ΔD+ΔS without photocatalytic reaction in Fig. S12A.We adopt a heating plate to replace 

light irradiation to eliminate the effect of ΔC. The ΔT of 16.8 K in the system was controlled by an 

electrical heating plate (on the top) and a water-cooled plate (on the bottom). The cold plate was held 

at 298.6 K, and the hot plate was controlled at 315.4 K. This ΔT was the same as the ΔT of 16.8 K in 

the Ov-WO3/TGC/Sv-ZIS system under light irradiation. The open-circuit voltage (Voc) and 

thermopower of Ov-WO3/TGC/Sv-ZIS only driven by ΔD+ΔS were 59 mV and 3.5 mV K-1, 

respectively, which was due to ΔS and ΔD only, as the photocatalytic reaction was not applied (Figs. 

S12B and C). After the photocatalytic reaction took place, we observed an enhanced thermopower 

from 3.5 mV K-1 to 8.2 mV K-1 with enhanced ΔC. We decoupled the contributions of ΔD+ΔS and ΔC 

caused by the photocatalysts to the thermopower values in the Ov-WO3/TGC/Sv-ZIS system (Fig. S12D). 

The relative contributions of ΔD+ΔS and ΔC to the enhanced thermopower in Ov-WO3/TGC/Sv-ZIS 

under light irradiation were determined as follows: 8% contribution of ΔD+ΔS (calculated from 

SOv-WO3/TGC/Sv-ZIS(∆D+∆S)-STGC(∆D+∆S)-SΔS
H+

SOv-WO3/TGC/Sv-ZIS(∆D+∆S+∆C)-STGC(∆D+∆S)
=

3.5-2.7+0.4

8.2-2.7
=0.08 ) and 92% contribution of ΔC (calculated from 1-

SOv-WO3/TGC/Sv-ZIS(∆D+∆S)-STGC(∆D+∆S)-SΔS
H+

SOv-WO3/TGC/Sv-ZIS(∆D+∆S+∆C)-STGC(∆D+∆S)
=1-0.08=0.92). 

 
Fig. S12. The weight coefficient of ΔD, ΔS, and ΔC in the Ov-WO3/TGC/Sv-ZIS system. (A) Schematic of 

measurement setup for Ov-WO3/TGC/Sv-ZIS driven by ΔD+ΔS with the temperature gradient. The ΔT in the system 
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was controlled by an electrical heating plate (on the top) and a water-cooled plate (on the bottom). (B) Voc and (C) 

thermopower of TGC (ΔD+ΔS), Ov-WO3/TGC/Sv-ZIS (ΔD+ΔS), and Ov-WO3/TGC/Sv-ZIS (ΔD+ΔS+ΔC). Error 

bars denoted the standard deviation from ten times repeated measurements. (D) Relative contributions of ΔS and ΔC 

with photocatalysts to the enhanced thermopower. (E) Reaction equipment and (F) schematic depiction of the 

thermogalvanic reaction of H+/H2 in the Ov-WO3/PAA/Sv-ZIS system. (G) Open-circuit voltage response versus time 

curve of Ov-WO3/PAA/Sv-ZIS for H+/H2 under light irradiation. (H) The contribution thermopower of H+ 

concentration gradient in the system. (I) Relative contributions of H+ and FeCN4-/3- in the Ov-WO3/TGC/Sv-ZIS 

system to the thermopower.  

H+ contribution: Two methods can be used to calculate the contribution of proton (H+) gradient 

to thermopower. 

Method one: The total thermopower of proton gradient (Se
H+

 ) was the combination of the 

thermopower of H+/H2 (SΔS
H+

) driven by the ΔS and the concentration gradient of proton between the 

hot and cold sides of system (SΔC
H+

) based on Nernst equation of Eq. 8:  

Se
H+

=SΔS
H+

+SΔC
H+

                                   (8) 

The thermopower of H+/H2 (SΔS
H+

) driven by the ΔS in the Ov-WO3/TGC/Sv-ZIS system under light 

irradiation was not directly acquired due to the presence of the FeCN4-/3- in the system. To address this, 

we designed an Ov-WO3/PAA/Sv-ZIS system (without FeCN4-/3-) to simulate the contribution of the 

entropy difference of H+/H2 thermogalvanic reaction produced by the Ov-WO3/TGC/Sv-ZIS system 

during photocatalytic reaction to the thermopower (Figs. S12E and F). Because the temperature 

difference was 16.8 K, a pH value of the hot side was 6.4, and the hydrogen production was 11 µmol 

mL-1 in the Ov-WO3/TGC/Sv-ZIS system under light irradiation, we simulated the temperature 

difference between the hot and cold sides of the Ov-WO3/PAA without FeCN4-/3-/Sv-ZIS system using 

a heating and cooling plate to maintain it at 16.8 K, controlled the pH value of the system as 6.4, and 

introduced 11 µmol mL-1 of hydrogen gas into the reactor. Based on the open-circuit voltage response 

versus time curve of Ov-WO3/PAA without FeCN4-/3-/Sv-ZIS for H+/H2 under light irradiation, the 

voltage (∆V ) of the system measured was -6.7 mV (Fig. S12G); and SΔS
H+

  was -0.4 mV K-1 (i.e., 

∆V

∆T
=
-6.7

16.8
=-0.4) (Fig. S12H). SΔS

H+

 had a negative impact on the enhancement of thermopower in the 

Ov-WO3/TGC/Sv-ZIS system. 

The contribution of the proton concentration gradient to the thermopower (SΔC
H+

) was calculated 

according to Eq. 9: 

SΔC
H+

=-
R

nF∆T
[ThotInChot

H+

-TcoldInCcold
H+

]                        (9) 

=-
8.314

9648516.8
(315.4In3.910-7-298.6In0.610-7)=-1.5    
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where Chot
H+  and Ccold

H+  are the H+ concentrations of hot and cold side, respectively. F, n, and R are the 

Faraday constant, the number of electrons transferred during a redox reaction, and the ideal gas 

constant, respectively. Thot and Tcold are the temperatures of the hot and cold electrodes, respectively. 

H+ concentrations can be obtained based on pH values of 6.4 (H+ concentration: 3.910-7 mol L-1) and 

7.2 (H+ concentration: 0.610-7 mol L-1) on the hot and cold sides of the system, respectively. The 

thermopower (SΔC
H+

) was calculated to be -1.5 mV K-1. Finally, the proton gradient generated in our 

system contributed a total of -1.9 mV K-1 to thermopower (i.e., -0.4-1.5=-1.9). It was noted that the 

concentration gradient of H+ had an inverse effect on the increase in thermopower of FeCN4-/3- in the 

system. 

Method two: The contribution of the proton gradient to the thermopower of the system can also 

be calculated based on the Eq. 10:       

Se=SΔD+S
ΔS

FeCN4-/3-

+S
ΔC

FeCN4-/3-

+S
ΔS

H+ + S
ΔC

H+                      (10) 

where Se is the total thermopower in the Ov-WO3/TGC/Sv-ZIS system. SΔD is the thermodiffusion 

thermopower of mobile ions (i.e., K+, FeCN4-/3-, H+), and S
ΔS

FeCN4-/3-

 is the thermopower driven by only 

solvent-dependent entropy difference (ΔS) of FeCN4- and FeCN3-. S
ΔC

FeCN4-/3-

is the thermopower driven 

by concentration difference (ΔC) of FeCN4- and FeCN3-. S
ΔS

H+is thermopower driven by ΔS between H+ 

and H2. S
ΔC

H+ is thermopower driven by ΔC of H+ between hot and cold sides. In our system, we 

measured the value of Se to be 8.2 mV K-1. The measured value of SΔD+S
ΔS

FeCN4-/3-

was 3.5 mV K-1 via 

the voltage measured for the system with the temperature difference of 16.8 K by designing the planar 

device (Fig. S12B). We calculated the theoretical S
ΔC

FeCN4-/3-

 based on the concentrations of FeCN4– 

and FeCN3– on the hot and cold sides of the Ov-WO3/TGC/Sv-ZIS system by the Nernst equation. As 

detailed in Eq. 11: 

S
ΔC

FeCN4-/3-

=
R

nF∆T
[ThotIn

Chot
FeCN4-

Chot
FeCN3- -TcoldIn

Ccold
FeCN4-

Ccold
FeCN3-]                        (11) 

=
8.314

9648516.8
[315.4In

0.56

0.04
-298.6In

0.12

0.48
]=6.5 

where the Chot
FeCN4-

 and Chot
FeCN3-

 are measured to be 0.56 and 0.04 mol L-1, respectively. The Ccold
FeCN4-

 

and Ccold
FeCN3-

 are measured to be 0.12 and 0.48 mol L-1, respectively. ΔT is 16.8 K. R is 8.314 J mol-1 

K-1, F is 96485 C mol-1, and the temperatures of the hot and cold sides are 315.4 and 298.6 K. The 

theoretical S
ΔC

FeCN4-/3-

 of the Ov-WO3/TGC/Sv-ZIS system was calculated to be 6.5 mV K-1. According 

to Eq. 11, the total thermopower of proton gradient (S
ΔS

H+

+S
ΔC

H+

) was calculated to be -1.8 mV K-1 (8.2-3.5-

6.5=-1.8) (Table S1). To sum up, the contribution of proton gradient to thermopower calculated from 

the two methods were similar, thus confirming the reliability of the experimental result.  
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Weight coefficient of FeCN4-+FeCN3- contribution and H+ contribution: We further investigated 

the specific contribution of the H+ and FeCN4-+FeCN3- to the total thermopower of system. The 

thermopower generated by the H+ was -1.8 mV K-1 (Fig. S12I). Conversely, the thermopower of FeCN4- 

and FeCN3- contributed 10.0 mV K-1 (calculated from 3.5+6.5=10.0). This result indicated that FeCN3– 

and FeCN4– played a crucial role in enhancing the thermopower of the system. 
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Fig. S13. The optimized amounts of FeCN3–, FeCN4–, Ov–WO3, and Sv–ZIS in the system. (A) Voc of TGC with 

varying concentrations of FeCN4- and FeCN3- (FeCN4-/FeCN3- =0.10/0.10, 0.20/0.20, 0.30/0.30, and 0.40/0.40). (B)  

Voc of TGC with FeCN4- and varying concentrations of FeCN3- (FeCN4-/FeCN3- =0.30/0.18, 0.30/0.22, 0.30/0.26, 

0.30/0.30, and 0.30/0.34). (C) Voc of TGC with FeCN3- and varying concentrations of FeCN4- (FeCN4-/FeCN3- 

=0.26/0.26, 0.30/0.26, 0.34/0.26, 0.38/0.26, and 0.42/0.26). (D) Voc of Ov-WO3/TGC with varying contents of Ov-

WO3. (E) Voc of TGC/Sv-ZIS with different contents of Sv-ZIS. (F) Voc of Ov-WO3/TGC/Sv-ZIS with differing 

contents of Ov-WO3 and Sv-ZIS. Error bars denoted the standard deviation from ten times repeated measurements.  

  

10

20

30

40

50

0.30/0.340.30/0.18

Concentration of FeCN4-/FeCN3- (mol L-1)

V
o

c
 (

m
V

) 0.30/0.22
0.30/0.26

0.30/0.30

10

20

30

40

50

0.42/0.26

0.38/0.26

0.34/0.26

0.30/0.26

0.26/0.26

Concentration of FeCN4-/FeCN3- (mol L-1)

V
o

c
 (

m
V

)

1.0 1.5 2.0 2.5 3.0 3.5 4.0

40

60

80

Sv-ZIS mass (mg)

V
o

c
 (

m
V

)

1 2 3 4 5

40

60

80

100

Ov-WO3 mass (mg)

V
o
c
 (
m

V
)

50

100

150

Ratio of Ov-WO3/Sv-ZIS (mg)

V
o

c
 (

m
V

)

2.2/1.9

1.5/1.3

3/2.5

4.5/3.7

3.8/3.1

A B

E

C

D

10

20

30

40

0.10/0.10

Concentration of FeCN4-/FeCN3- (mol L-1)

V
o

c
 (

m
V

) 0.20/0.20

0.30/0.30

0.40/0.40

F



25 

 

 

Fig. S14. The effect of light intensity on the thermopower of the system. (A) Infrared images of Ov-WO3/TGC/Sv-

ZIS with the electrodes under light irradiation with 60, 80, 100, and 120 mW cm-2 solar intensity. (B) Voc versus solar 

intensity (i.e., 60, 80, 100, and 120 mW cm-2) for Ov-WO3/TGC/Sv-ZIS. (C) The thermopower versus solar intensity 

(i.e., 60, 80, 100, and 120 mW cm-2) for Ov-WO3/TGC/Sv-ZIS. Error bars denoted the standard deviation from three 

times repeated measurements. The thermopower of our system increased with an increment in light intensity (results 

were 5.1, 6.5, 8.2, and 8.4 mV K–1
 for 60, 80, 100, and 120 mW cm–2, respectively). These results indicated a positive 

correlation between thermopower and light intensity, which can be attributed to the photoredox ability of the 

photocatalysts under different solar light intensities. 
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Fig. S15. The effect of locations for Ov-WO3 and Sv-ZIS on the thermopower of the system. Digital photographs 

of (A) TGC, (B) Ov-WO3/TGC, (C) TGC/Sv-ZIS, and (D) Sv-ZIS/TGC/Ov-WO3. Infrared thermal images of (E) TGC, 

(F) Ov-WO3/TGC, (G) TGC/Sv-ZIS, and (H) Sv-ZIS/TGC/Ov-WO3 with the electrodes. Concentrations of FeCN4- 

and FeCN3- on the hot and cold sides of (I) Ov-WO3/TGC, (J) TGC/Sv-ZIS, and (K) Sv-ZIS/TGC/Ov-WO3 systems 

after 60 min light irradiation, respectively. (L) Voc and (M) thermopowers of TGC, Ov-WO3/TGC, TGC/Sv-ZIS, Ov-

WO3/TGC/Sv-ZIS, and Sv-ZIS/TGC/Ov-WO3. Error bars denoted the standard deviation from three times repeated 

measurements. The locations of Ov-WO3 and Sv-ZIS were crucial to the thermoelectric performance. When only Ov-

WO3 was added to the hot side or only Sv-ZIS was introduced to the cold side, the thermopower values increased to 

5.8 mV K–1 or 4.6 mV K–1, respectively, due to the limited enhancement of ΔC for FeCN4– and FeCN3– between two 

sides. Conversely, when Ov-WO3 and Sv-ZIS were added to cold and hot sides, respectively, the thermopower of Sv-

ZIS/TGC/Ov-WO3 was significantly reduced to 0.4 mV K–1 due to the opposing effects, i.e., ΔS and the catalyst-

enhanced ΔC. These results further demonstrated that the photocatalytic process induced a continuous ΔC and thus 

significantly improved the thermopower of TGC.  
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Fig. S16. The electrical conductivities and thermal conductivities. (A) Current-voltage (I-V) curves and (B) 

thermal conductivities of Ov-WO3/TGC/Sv-ZIS and TGC. Error bars denoted the standard deviation from three times 

repeated measurements. The electrical conductivity of the sample was calculated from the slope of the I-V curve. 

The electrical conductivities of TGC and Ov-WO3/TGC/Sv-ZIS were 4.2 and 4.7 S m−1, respectively (Fig. S16A). 

Their thermal conductivities were 0.49 W m–1 K–1 for TGC and 0.50 W m–1 K–1 for Ov-WO3/TGC/Sv-ZIS (Fig. S16B). 

  

0.0

0.2

0.4

0.6
0.500.49

TGC

T
h

e
rm

a
l 
c
o

n
d

u
c
ti
v
it
y
 (

W
 m

-1
K

-1
)

Ov-WO3/TGC/Sv-ZIS

A B

-0.2 -0.1 0.0 0.1 0.2
-2

0

2

 TGC

 Ov-WO3/TGC/Sv-ZISC
u
rr

e
n
t 
d
e
n
s
it
y
  
(A

 m
-1
)

Voltage (V)



28 

 

 

Fig. S17. The photocatalytic performances. (A) Repeated cycles of overall photocatalytic water splitting for Ov-

WO3/TGC/Sv-ZIS. (B) Digital photograph of gas release in the Ov-WO3/TGC/Sv-ZIS system. The hydrogen and 

oxygen evolution rates using Ov-WO3/TGC/Sv-ZIS were shown in Fig. 2E of the main text. (C) Mass spectrum of 

oxygen gas evolved during photocatalytic H2O
18 splitting over Ov-WO3/TGC/Sv-ZIS system. In the process of 

preparing Ov-WO3/TGC/Sv-ZIS, H2
18O replaced deionized water. Additionally, the deionized water in the rector was 

also replaced by H2
18O.  
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Fig. S18. Photocatalytic behavior of photocatalysts in the photocatalytically enhanced thermogalvanic system. 

Schematic diagram of the photocatalytic reaction of Ov-WO3/TGC/Sv-ZIS (A) without and (B) with an electric field 

under light irradiation. (C) Hydrogen and oxygen evolution rates using Ov-WO3/TGC/Sv-ZIS with and without an 

electric field. Error bars denoted the standard deviation from ten times repeated measurements. (D) Transient 

photocurrent curves of Sv-ZIS at different voltages (0, 0.1, and 0.137 V). (E) Free energy diagram for H2 evolution 

of Sv-ZIS at different voltages (0, 0.1, and 0.137 V). (F) Structural model of Sv-ZIS. (G) Transient photocurrent 

curves of Ov-WO3 at different voltages (0, 0.1, and 0.137 V). (H) Free energy diagram for O2 evolution of Ov-WO3 

at different voltages (0, 0.1, and 0.137 V). (I) Structural model of Ov-WO3. We conducted the DFT calculations on 

electric field effect (0.137 V) condition to investigate the Gibbs free energy (ΔG) of the H2 evolution and O2 evolution 

processes. The ΔG of Hads (H* adsorption on Sv-ZIS) was -0.683 eV at 0 V and changed to -0.198 eV at 0.137 V (Fig. 

S18E). Free energy profiles of Ov-WO3 during the O2 evolution process were presented in Fig. S18H. The free energy 

change of the third elementary step was higher than that of other elementary steps, indicating that the formation of 

OOH* from O* was the rate-determining step (RDS) of Ov-WO3. The free energy barrier of RDS was significantly 

reduced to 2.2 eV from 2.8 eV when an electric field (0.137 V) was introduced, confirming that an external field was 

thermodynamically favorable for both H2 and O2 evolution of photocatalysts. 
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Fig. S19. The band structures. Diagrams of band gap for (A) Ov-WO3, (B) Sv-ZIS, and (C) CoOx. (D) VB XPS 

spectra and UPS spectra of Ov-WO3, Sv-ZIS, and CoOx. (E) Band structure of CoOx/Ov-WO3 and Pt/Sv-ZIS. Based 

on the Kubelka−Munk function, the band gap diagram was obtained by UV-vis DRS spectra (20). The optical band 

gaps of Ov-WO3, Sv-ZIS, and CoOx were 3.11, 1.58, and 2.15 eV, respectively. As displayed in Figs. S19A-D, the 

valence band maximum (VBM) potential (EVBM) of Ov-WO3, Sv-ZIS, and CoOx were calculated to be -7.81, -5.68, 

and -6.75 eV (vs. Vacuum), respectively (25). Hence, the EVBM of Ov-WO3, Sv-ZIS, and CoOx can be determined as 

3.31, 1.18, 2.25 eV (vs. NHE), respectively. Furthermore, by combining the bandgaps of samples, the conduction 

band minimum (CBM) potential (ECBM) of Ov-WO3, Sv-ZIS, and CoOx could be obtained to be 0.2, -0.4, and 0.1 eV, 

respectively. 
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Fig. S20. The roles of CoOx and Pt. (A) Time-resolved PL spectra of Ov-WO3 and CoOx/Ov-WO3. (B) Free energy 

diagram for O2 evolution of Ov-WO3 and CoOx/Ov-WO3. (C) Structural model of CoOx/Ov-WO3. (D) Time-resolved 

PL spectra of Sv-ZIS and Pt/Sv-ZIS. (E) Free energy diagram for H2 evolution of Sv-ZIS and Pt/Sv-ZIS. (F) Structural 

model of Pt/Sv-ZIS. The CoOx and Pt co-catalysts played important roles in extracting photogenerated carriers and 

providing active sites to accelerate the photocatalytic H2 and O2 evolution. 
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Note S2. The H+ generation and migration in the Ov-WO3/TGC/Sv-ZIS system 

  

Fig. S21. H+ generation and transport. (A) Zeta potential measurement of Ov-WO3/PAA/Sv-ZIS. (B) FTIR 

spectrum of Ov-WO3/PAA/Sv-ZIS. (C) Working principle of protonation and thermodiffusion for the H+ in the Ov-

WO3/TGC/Sv-ZIS under the light illumination. (D) Real-time of water structure monitoring of Ov-WO3/TGC through 

in situ Raman study.  

 

To explore the reasons for forming a small H+ gradient, we considered two aspects: the protonation 

and deprotonation processes in the matrix and the thermodiffusion of H+. From the perspective of 

protonation, the Zeta potential measurement confirmed the negatively charged surface of PAA (Fig. S21 

A), which was mainly attributed to the carboxyl groups -COOH stretch in the PAA matrix, as shown in 

FTIR spectroscopy (Fig. S21 B). According to Manning’s “counterion condensation” theory, some H+ 

cations produced on the hot side tended to adhere along negatively charged polymer chains under 

temperature gradient in our system (Fig. S21 C). From the perspective of thermodiffusion of H+, some 

H+ cations that were not protonated to the negative polymer backbones thermodiffused to neutralize OH- 

on the cold side. Boltzmann distribution theory revealed that the negatively charged surface subsequently 

attracted electrolyte cations to form electrical double layers, while repelling anions to realize a selective 

cations migration. The H+ had higher thermophoretic mobility than OH- and possessed a faster migration 

rate in the electrolyte because of their smaller radius. As proof, we designed the Ov-WO3/TGC system 

without Sv-ZIS loading on the cold side, where only H+ were produced on the hot side. We monitored 

the migration of H+ via in situ Raman on the cold side of the Ov-WO3/TGC to confirm the 

thermodiffusion of H+ cations. The O-H stretching peak intensities gradually decreased on the cold side 

of the system for up to 60 min (Fig. S21 D). This was because of H+ forming on the hot side migrated to 

the cold side by thermodiffusion. Therefore, under the synergistic coupling of two factors, the H+ gradient 

generated in our system was small (Fig. S21 C).  
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Note S3. Theoretical analysis of the relationship between the thermopower and H2 production 

rate 

For the thermogalvanic cell, based on the Nernst equation, the equilibrium potential (Aox+e-↔Bred) of 

the redox reaction can be described as (14): 

E=E0+
RT

nF
In

(αox)
A

(αred)
B
                                 (12) 

where E is potential, E0 is the standard potential, A and B are oxidized and reductive ions, respectively, 

αox and αred are the activities of species A and B, respectively. R, T, n, and F are the ideal gas constant, 

temperature, the number of electrons transferred in the electrochemical reaction, and Faraday constant, 

respectively. The activity (α ) is mentioned as the product of the activity coefficient (γ ) and the 

concentration (C) (16).  

E=E0+
RT

nF
[In

(𝛾ox)
A

(𝛾red)
B

+In
(Cox)

A

(Cred)
B
]                              (13) 

where γ
ox

  and γ
red

  are activity coefficients of species A and B, respectively, Cox  and Cred  are 

species A and B concentrations, respectively. 

Based on Eq. 1 𝑆=-
Ehot-Ecold

Thot-Tcold
, where 𝑆 is the thermogalvanic thermopower, the subscripts “hot” 

and “cold” indicate the corresponding variables pertaining to the hot and cold sides (6, 21). e.g., Thot 

and Tcold are the temperatures at the hot and cold sides of the sample, respectively.  

Therefore, 𝑆 can be finally written as the sum of two terms. 

𝑆=-
R

nF∆T
[ThotIn

(γox)hot

A

(γred)hot

B -TcoldIn
(γox)cold

A

(γred)cold

B] -
R

nF∆T
[ThotIn

(Cox)hot
A

(Cred)hot
B -TcoldIn

(Cox)cold
A

(Cred)cold
B]         (14) 

The first term is only related to the activity coefficient (γ), which is dominated by the solvent-

dependent difference in entropy (ΔS) between the redox ions (1). The second term is only related to 

the concentrations difference (ΔC) of A and B. We can calculate the thermopower based on Eq. 14 for 

all thermogalvanic cells. 

The thermopower of the system arises from the combined influence of thermodiffusion and 

thermogalvanic effects. The thermodiffusion thermopower SΔD can be defined as: 

SΔD =
𝜕𝐸

𝜕𝑇
≈

∑(𝜇𝐸,+)−∑(𝜇𝐸,−)

∑(𝜇𝑁,+)−∑(𝜇𝑁,−)
                                     (15) 

where 𝜇𝐸,+/−  and 𝜇𝑁,+/−  are thermal and electrical mobility of cations (K+ and H+) and anions 

(FeCN3- and FeCN4-). 
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Contribution of FeCN3- and FeCN4- to the thermopower 

Regarding our Ov-WO3/TGC/Sv-ZIS system, the redox couple is FeCN3- and FeCN4-. The FeCN4- 

and FeCN3- concentrations vary during the photocatalytic reaction. In addition, the thermopower of 

our system is influenced by the thermodiffusion of K+, H+, FeCN3-, and FeCN4-. Hence, the 

thermopower of such a system can be calculated by: 

S
e

FeCN4-/3-

=
∑(𝜇𝐸,+)−∑(𝜇𝐸,−)

∑(𝜇𝑁,+)−∑(𝜇𝑁,−)
+

R

nF∆T
[ThotIn

(γFeCN
4-

)hot

(γFeCN
3-

)hot

-TcoldIn
(γFeCN

4-
)cold

(γFeCN
3-

)cold

]+
R

nF∆T
[ThotIn

(C0
FeCN

4-
+Cx)

hot

(C0
FeCN

3-
−Cx)

hot

-TcoldIn
(C0

FeCN
4-
−Cx)

cold

(C0
FeCN

3-
+Cx)

cold

]   (16) 

where γFeCN4-

and γFeCN3-

are the activity coefficients of FeCN4- and FeCN3-, respectively. C0
FeCN4-

 and 

C0
FeCN3-

  are original concentrations of FeCN4- and FeCN3-, respectively. Cx  is the concentration 

variation during the photocatalytic reaction. Since the first term can be simplified as the constant SΔD 

driven by thermodiffusion of mobile ions (i.e., K+, FeCN4-/3-, H+) and the second term can be simplified 

as the constant SΔS driven by ΔS, the Eq. 16 can also be expressed as: 

S
e

FeCN4-/3-

=SΔD + S
ΔS

FeCN4-/3-

+
R

nF∆T
[ThotIn

(C0
FeCN4-

+Cx)hot

(C0
FeCN3-

−Cx)hot

-TcoldIn
(C0

FeCN4-
−Cx)cold

(C0
FeCN3-

+Cx)cold

]     (17) 

Contribution of H+ to the thermopower 

In addition, a small H+ gradient formed in the Ov-WO3/TGC/Sv-ZIS system, which contributed to 

the thermopower. 

Se
H+=SΔS

H++SΔC
H+=SΔS

H++
R

nF∆T
[ThotInChot

H+ -TcoldInCcold
H+ ]              (18) 

where SΔS
H+  is the thermopower driven by ΔS of H+/H2. SΔC

H+  is the thermopower driven by ΔC of H+. 

Chot
H+   and Ccold

H+   are the H+ concentrations of hot and cold side, respectively. Thus, the total 

thermopower of Ov-WO3/TGC/Sv-ZIS system is the sum of S
e

FeCN4-/3-

 and Se
H+. 

Se=S
e

FeCN4-/3-

+ Se
H+                          (19) 

Se=SΔD + S
ΔS

FeCN4-/3-

+
R

nF∆T
[ThotIn

(C0
FeCN4-

+Cx)hot

(C0
FeCN3-

−Cx)hot

-TcoldIn
(C0

FeCN4-
−Cx)cold

(C0
FeCN3-

+Cx)cold

] +Se
H+   (20) 

According to the working principle of the photocatalytically enhanced thermogalvanic system 

and the Nernst equation between the thermopower and redox concentration, the electrons exchange 

between the redox reaction (FeCN3-+e-↔FeCN4-) at the hot and cold sides accompany by the 

photocatalytic water splitting (i.e., one H2 molecule production along with two FeCN4- oxide to FeCN3- 

on the cold side, while one O2 molecular production converts four FeCN3- to FeCN4- on the hot side). 

In this study, we focused on the relatively steady-state system that was achieved after 1 hour of light 
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irradiation, during which the amount of H2 produced equaled the H2 production rate. The FeCN4- or 

FeCN3- concentration variation Cx is equal to 
2𝑥

Vc
 (𝑥 and Vc are the H2 production rate and the volume 

of the electrolyte solution of the hydrogen-evolution photocatalyst, respectively). Assuming an ideal 

scenario where the stoichiometric ratio of hydrogen and oxygen production in the photocatalytic water 

splitting process is 2:1, and the generated electrons or holes are completely utilized in the redox 

reaction (FeCN3-+e-↔FeCN4-) in the system, we can derive the theoretical Eq. 21 between 

thermopower and H2 production rate based on Eq. 20: 

Se=SΔD + S
ΔS

FeCN4-/3-

+
R

nF∆T
[ThotIn

C0
FeCN4-

+2x/Vc

C0
FeCN3-

-2x/Vc

-TcoldIn
C0

FeCN4-
-2x/Vc

C0
FeCN3-

+2x/Vc

] + Se
H+      (21) 

We extend this Eq. 21 to formal power series as follow: 

Se=SΔD + S
ΔS

FeCN4-/3-

+
R

nF∆T

{
 

 

Thot

[
 
 
 

∑

-1n-1(
2x
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FeCN4-

Vc

)

n

n

∞
n=1 -∑

-1n-1(-
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Vc

)

n

n
+∞

n=1 ln C0
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- ln C0
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-

Tcold
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∑

-1n-1(-
2x
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FeCN4-

Vc

)

n

n

∞
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2x

C0
FeCN3-

Vc

)

n

n
+∞

n=1 ln C0
FeCN4-

- ln C0
FeCN3-

]
 
 
 

}
 

 

+ Se
H+     (22) 

The equation is expanded into the following expression: 

Se=SΔD + S
ΔS

FeCN4-/3-

+
R

nF
(ln C0

FeCN4-

- ln C0
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Se=SΔD + S
ΔS

FeCN4-/3-

+
R

nF
(ln C0

FeCN4-

- ln C0
FeCN3-

)+
2R

nF∆T
(Thot+Tcold) (

1

C0
FeCN4-

Vc

+
1

C0
FeCN3-

Vc

) x+O(𝑥)+Se
H+  (24) 

where x is in the range of 0x<
C0

FeCN3-
Vc

2
 and 0x<

C0
FeCN4-

Vc

2
, the C0

FeCN4-

 and C0
FeCN3-

 generally vary in 

the ranges 0<C0
FeCN4-

, 0<C0
FeCN3-

, 0<C0
FeCN4-

+C0
FeCN3-

<saturated solubility of redox ions. As 
1

(C0
FeCN

4-
Vc)

2

-

1

(C0
FeCN

3-
Vc)

2

→ 0  ( C0
FeCN4-

  and C0
FeCN3-

  are close to ensuring the efficient redox reaction in 

thermogalvanic cells (5)), the part of n 2 is the infinitesimal of higher order and O(𝑥) can be ignored 

to simplify the analysis. Thus, the universal theoretical function relationship between 

thermopower and H2 production rate was established for photocatalytically enhanced 

thermogalvanic cells, as shown in Eq. 25: 
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Se=SΔD + S
ΔS

FeCN4-/3-
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FeCN3-

)+
2R

nF∆T
(Thot+Tcold) (

1

C0
FeCN4-

Vc

+
1

C0
FeCN3-

Vc

) x+Se
H+   (25) 

We further confirm the reliability of the simplified Eq. 25 in the system by substituting the 

corresponding parameter values. The FeCN3- and FeCN4- concentrations are 0.26 and 0.34 mol L-1. ΔT 

is 16.8 K. The volume of the electrolyte solution of the Sv-ZIS photocatalyst is 1/9 mL. R is 8.314 J 

mol-1 K-1, F is 96485 C mol-1, and the temperatures of the hot and cold sides are 315.4 and 298.6 K. 

The contribution of H+ to the thermopower in the Ov-WO3/TGC/Sv-ZIS system is -1.9 mV K-1. 

When n=1, the thermopower of our system can be expressed as: 

Se=2.7+0.3x                                     (26) 

when n=2, the thermopower of our system can be expressed as: 

Se=2.7+0.3x+9×10-6x2                                (27) 

when n=3, the thermopower of our system can be expressed as: 

Se=2.7+0.3x+9×10-6x2+15×10-9x3                           (28) 

The curves of Eqs. 26, 27, and 28 approximately conformed to the original Eqs. 20 and 21 in Fig. S22. 

Thus, it is reasonable to simplify the analysis to n=1. 

 

 

Fig. S22. The curves of theoretical function in our system for n=1, 2, 3, and . 
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Fig. S23. The universal feature of photocatalytically enhanced thermogalvanic cells. (A) Voc of the TGC system 

with different photocatalysts. Infrared thermal images of (B) WO3/TGC/ZIS, (C) Ov-WO3/TGC/ZIS, (D) 

WO3/TGC/Sv-ZIS, (E) Ov-WO3/TGC/Sv-ZIS, (F) BiVO4/TGC/ZrO2-TaON, and (G) Cs-WO3/TGC/SrTiO3: Rh, 

respectively. (H) Gas evolution rates (H2 and O2) and thermopowers in the TGC system with different photocatalysts 

under light irradiation. Error bars indicated the standard deviation for ten measurements. 
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Fig. S24. The temperature profile from 10:00 to 16:00 (July 07, 2022) at Northwestern Polytechnical University of 

Xi’an.   
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Table S1. The thermopower values of system calculated based on Method one and Method two. 

Method 
Se  

(mV K-1) 

 SΔD+S
ΔS

FeCN4-/3-

 

(mV K-1) 

        S
ΔC

FeCN4-/3-

 

(mV K-1) 

     S
ΔS

H+ + S
ΔC

H+
 

(mV K-1) 

One / / / -1.9 

Two 8.2 3.5 6.5 -1.8 
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Table S2. Comparison of the thermopower (Se), Pmax/(ΔT)2, ZT, and ηr of this work with those reported 

for thermogalvanic cells in the literature. 

Matrix Redox couple 
Se  

(mV K-1) 

Pmax/(∆T)2 

(mW K-2 m-2) 
ZT⁎ ηr (%) Ref. 

Ov-WO3/PAA/Sv-ZIS FeCN4-/3- 8.2 8.5 0.17 4.91 
This 

work 

PAA FeCN4-/3- 2.7 0.82 0.017 0.47 
This 

work 

tetramethylene sulfone Fe3+/2+ 2.49 0.02   (28) 

polyvinyl 

alcohol/gelation 
Fe3+/2+ 1.63 0.03 0.002  (29) 

PAA-

carboxymethylcellulose 
FeCN4-/3- 1.3 0.0325   (15) 

polyvinyl alcohol Fe3+/2+ 0.79 0.05 0.0004  (30) 

α-cyclodextrin I3−/− 2.0 0.052 0.005  (16) 

H2O Co3+/2+ 1.6 0.06  0.087 (31) 

polyvinyl alcohol Fe3+/2+ 2.02 0.1 0.0028  (19) 

H2O FeCN4-/3- 1.45 0.12   (32) 

polyvinyl alcohol  FeCN4-/3- 1.5 0.17 0.01  (9) 

H2O FeCN4-/3- 1.43 0.2 0.015 0.275 (33) 

H2O FeCN4-/3- 1.3 0.36 0.02 0.7 (34) 

H20 Fe3+/2+ 1.70 0.48   (35) 

H2O FeCN4-/3- 1.4 0.5  1.4 (36) 

H2O Fe3+/2+ 1.72 0.56   (37) 

H2O FeCN4-/3- 1.43 0.6 0.014 0.4 (38) 

polyacrylamide FeCN4-/3- 1.5 0.61 0.09 1.38 (18) 

H2O FeCN4-/3- 2.9 0.64 0.07 1.38 (8) 

polyacrylamide Fe3+/2+ 2.91 0.66 0.002  (39) 

H2O Cu/Cu2+ 1.66 0.71   (40) 

H2O FeCN4-/3- 4.2 1.1   (2) 

PAA-sodium alginate FeCN4-/3- 4.4 1.78 0.01 3.05 (41) 

H2O FeCN4-/3- 1.42 1.9  2.4 (42) 

H2O FeCN4-/3- 3.73 7.08 0.4 11.1 (1) 

⁎ We calculated ZT values using the provided equation for references that contained relevant parameters. For 

literature that did not offer relevant parameters, we could not calculate the ZT values.  
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Table S3. Calculated STH values of 5 separated Ov-WO3/TGC/Sv-ZIS samples for overall 

photocatalytic water splitting. 

Sample 
H2 evolution rates  

(μmol h-1) 

O2 evolution rates  

(μmol h-1) 

STH 

(%) 

1 3.9 1.9 0.40 

2 4.0 1.9 0.41 

3 3.7 1.8 0.38 

4 3.8 1.8 0.39 

5 4.1 2.0 0.42 

 

Using sample 1 measurement as the example, STH was estimated using Eq. 6. 

 

STH(%)=
RH2

 ∆Gr

PS
×100 

                                    =
3.9×10-6×237130

100×10-3×0.64×3600
×100 

=0.40   
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Table S4. The comparison of photocatalytic performance for overall water splitting over reported 

representative photocatalytic water splitting systems with aqueous redox mediators. 

Catalysts Cocatalyst 
Electron 

mediator 

 Gas evolution rates  

(μmol h-1) 
STH (%) Ref. 

Ov-WO3/TGC/ 

Sv-ZIS 
Pt, CoOx FeCN4-/3- 

H2:11.3 

O2: 5.5 
0.4 

This 

work 

SrTiO3-WO3 Ru FeCN4-/3- 
H2: 6.05 

O2: 3.01 
0.04 (43)  

ZrO2-TaON/BiVO4 Au, CoOx FeCN4-/3- 
H2: 105 

O2: 52 
0.5 (24) 

MgTa2O6−xNy/TaON/

BiVO4 
FeCoOx FeCN4-/3- 

H2: 160  

O2: 80 
0.6 (23) 

P10/BiVO4 Pd Fe3+/2+ 
H2: 1.0 

O2: 0.5 
0.0014% (55) 

MOF Pt Fe3+/2+ 
H2: 11.6 

O2: 5.8 
/ (56) 

BaTaO2N/WO3 Pt, PtOx I3-/- 
H2: 30 

O2: 15 
0.24 (26) 

HCa2Nb3O10/WO3 Pt, PtOx I3-/- 
H2: 11.5 

O2: 5.3 
0.12 (57) 

SrTiO3:Rh/ 

Ru-H2WO4 
Pt, Ru IO3

−/I− 
H2: 2 

O2: 1 
/ (58) 

Ru/SrTiO3:Rh/ 

BiVO4 

Rh/Cr2O3, 

CoOOH 
Co(bpy)3

3+/2+ 
H2: 100 

O2: 47 
0.06 (59) 
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Movie S1. 

Demonstration of the large-area (112 cm2) photocatalytically enhanced thermogalvanic generator module induced an 

output of approximately 4.4 V under natural sunlight. 
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