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Experimental

Fabrication of GeSe Photocathodes 

GeSe films were prepared via rapid thermal deposition. 300 mesh GeSe powder 

(99.999%) was symmetrically placed around the Mo sheet (4 cm 4 cm) in graphite ×

box, then the graphite box loaded top of AIN plate. Molecular pump was assembled 

with an RTS tube furnace (MIT, Hefei, China) to maintain the vacuum at 5 10-3 pa. ×

The deposition process was first preheated the source and substrate at 350 ℃ for 5 

minutes, then quickly increased the source temperature up to 500 ℃ within 10 

seconds maintained this temperature for 100 seconds, and finally set a fixed cooling 

rate of 10 ℃/min until room temperature.

Surface Modification with TiO2 Layer

Surface modification of the GeSe MABs thin film was performed by LabNano 

9100 atomic layer deposition (ALD) system. Titanium tetrakis (dimethylamide) and 

H2O were used as titanium and oxygen source, respectively. Based on our empirical 

value (The deposition rate of the ALD of TiO2 film was estimated by Spectroscopic 

ellipsometer measurement), the growth rate was estimated to be about 0.054 nm per 

cycle and the films were grown for 50 nm at 150℃.

Surface Modification with Pt Catalyst

Pt particles was deposited on the prepared TiO2/GeSe films by photo- 

electrodeposition. The deposition was performed by using a three-electrode system 

consisting of the TiO2/GeSe sample as a working electrode, a Pt wire as a counter 

electrode, and Ag/AgCl as a reference electrode. These electrodes were immersed in 

0.1 M Na2SO4 solution containing 1 mM H2PtCl6, and the deposition was performed 

with a constant potential of -0.1 V vs Ag/AgCl. During the deposition, the TiO2/GeSe 

working electrode was illuminated by simulated AM 1.5 solar irradiation.

Thermoelectric generator 

A commercial thermoelectric generator (CMD-LH, TEC-33506) have adopted in 

this work and original geometry of 54 62 4 mm. The Maximum output voltage × ×

and current is 42 V and 6 A, respectively.
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PEC Measurements.

An online gas chromatography system (Shimadazu GC-2014C gas analyzer 

equipped with a MS-5A column and a thermal conductivity detector) was used to 

detect H2 amount during the PEC water splitting. The PEC cell was covered by a

water jacket to maintain the temperature at 293 K. Two-electrode configuration 

consist of Pt-TiO2/GeSe as the working electrode, a DSA electrode as the counter 

electrode and reference electrode.

Solar to hydrogen efficiency 

ηSTH was calculated by the following equation:

𝜂𝑆𝑇𝐻(%) = [𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑆𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡 ]

       = [
𝑅𝑎𝑡𝑒 𝑜𝑓 𝐻2 𝑝𝑟𝑜𝑑𝑒𝑐𝑡𝑖𝑜𝑛 × ∆𝐺

𝐻2𝑂→𝐻2 +
1
2

𝑂2

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑠𝑜𝑙𝑎𝑟 𝑝𝑜𝑤𝑒𝑟 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝐴𝑟𝑒𝑎]
       = [(𝑚𝑚𝑜𝑙 𝐻2 𝑝𝑒𝑟 𝑠) × (237000 𝐽/𝑚𝑜𝑙)

𝑃𝑇𝑜𝑡𝑎𝑙(𝑚𝑊/𝑐𝑚2) × 𝐴𝑟𝑒𝑎(𝑐𝑚2) ]𝐴𝑀1.5𝐺

       = [𝐽𝑠𝑐(𝑚𝐴/𝑐𝑚2) × (1.23 𝑉) × 𝜂𝐹

𝑃𝑇𝑜𝑡𝑎𝑙(𝑚𝑊/𝑐𝑚2) ]𝐴𝑀1.5𝐺

       = [13.8 𝑚𝐴/𝑐𝑚2 × 1.23 𝑉 × 95% × 𝑡

𝑃𝑇𝑜𝑡𝑎𝑙𝑚𝑊/𝑐𝑚2 × (𝑡 + 300 𝑠) ]
where  is the Faradaic efficiency of H2 or O2 production.  is the generated 𝜂𝐹 𝐽𝑠𝑐

photocurrent density. The light intensity at the position of our samples was measured 

and calibrated by a light intensity detector (Thorlabs PM100D with S401C detector).

                                                                                      

Structural Characterization.

Surface and cross section morphology was observed by scanning electron 

microscope (SEM) using Hitachi S-4800 microscope. The surface temperature, 

infrared images and video in this work was recorded by infrared thermal imager (Ti 

100, FLUKE; V5.5.14, HIKMICRO).
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Table S1. Comparison of this work with the typical/record performance of previously reported 

PV-PEC tandem cell for solar water splitting.1-20

* Reported are cited chronologically.

Figure S1. XRD pattern of the GeSe film and purchased GeSe powder.
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Figure S2. Lattice images of the GeSe MABs crytal.

Figure S3. XPS spectra of GeSe MABs. Scatter points represent the original experimental data, 

whereas solid lines represent fitted curves. 

Figure S4. Cross-section morphology of GeSe micro air brick.
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Figure S5. Surface and cross-section morphology of flat GeSe film.

Figure S6. Light absorptivity spectrum of GeSe MABs film and flat GeSe film.

Figure S7. Surface light induced heating responding curve of the GeSe MABs loaded on Mo sheet.



7

Figure S8. Statistical histogram and average temperature change curve of the surface temperature 

of 10 GeSe/TEG samples in various illumination time.

Figure S9. Output voltage and current of the GeSe/TEG photothermovoltaic cell in vary 

temperature of coolant.
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Figure S10. Optical picture and output voltage of GeSe/TEG and bare thermoelectrical generator 

in outdoor with air as the coolant.

Figure S11. Diagram of geometric dimension of the Pt/TiO2/GeSe/TEG overall solar water splitting 

device.
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Figure S12. Photograph of the TiO2/GeSe MABs film in dry and wet state.  

Figure S13. Surface contact angles of electrolyte droplets on TiO2/GeSe samples.

Figure S14. Statistical diagram for the saturated photocurrent density under 1.52 V vs C.E. in vary 

temperature electrolyte.
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Figure S15. The schematic diagram of thermal energy storage and conversion for GeSe/TEG 

hybrid device. Schematic diagram of a solar-driven thermoelectric generator was shown in inset.

The schematic diagram of a solar-driven thermoelectric generator of the core thermal energy 

conversion and storage part (GeSe/TEG) was shown in left inset of FigureS15.[25] Although the 

full solar spectrum can be exploited by combining thermoelectric modules and solar thermal 

captured electrode, the efficiency enhancement of hybrid system is still modest. This is mainly due 

to the limitations of present integrated designs, which cannot provide sufficient temperature 

gradients on the thermoelectric modules to deliver meaningful voltage.[26, 27] In some previous 

reports, they have not only focused on the development of high-efficiency, low-cost 

thermoelectric modules, but also the utilization of concentrated solar light to enhance the thermal 

effect and optimization of the integrated design to maximize temperature gradients and heat 

transfer.[28, 29] Such as the model in inset of FigureS15, it can guide us to further optimize the 

parameters of solar-driven thermoelectric generator (including efficiency, power output, and load 

resistance) according to the engineering design ideas.

Where Q1 is the total input solar radiation energy; Q2 is Part of the solar energy reflected by 

water; Q3 is solar energy input into the electrolyte; Q4 is the energy absorbed by water; Q5 is the 

energy lost to the air from electrolyte; Q6 is solar energy input into the GeSe based electrode; Q7 

is the energy absorbed by GeSe based electrode; Q8 is the energy transferred from GeSe (hot end) 

to end electrolyte (cold end); Q9 is the energy lost to the air from GeSe based electrode; Q10 is the 

energy input to TEG; Q11 is the energy absorbed by TEG; Q12 is the energy lost to the air from 

TEG; Q13 is the energy input to running water. 
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Figure S16. J-V curve of Pt/TiO2/GeSe/TEG and DSA electrode in two electrode configuration in 

1 M H2SO4 solution.

Figure S17. Current density-time plot of Pt/TiO2/GeSe/TEG and DSA electrode in preheating 

process for 1500 s in 1 M H2SO4 solution.

Table S2. Comparison of this work with the previously reported TE and photothermal materials 
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hybrid solar water splitting device.21-24 

Figure S18. J-V curve of Pt sheet and Pt/TiO2/GeSe/TEG connected to DSA in 1 M H2SO4 solution 

in the form of two electrodes. 
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Figure S19. J-V curves of the Pt/TiO2/GeSe and Pt in two electrode configuration with DSA in 1 M 

H2SO4 solution, respectively. 

Figure S20. Output voltage and current of the Pt/TiO2/GeSe/TEG photothermovoltaic cell in vary 

temperature of running water.
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Figure S21. Current density-time curve of Pt/TiO2/GeSe/TEG device.

Figure S22. The surface morphology of GeSe photoelectrodes before (a) and after (b) stability test.

From Fig. S22, we did not find any obvious differences in the structural of the GeSe based device 

before and after stability test. 
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Figure S23. GC analysis of Pt/TiO2/GeSe/TEG-DSA unbiased solar water splitting cell in 1 M 

H2SO4 buffer solution with 100 mW/cm2 illumination.
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