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1. Experimental section

1.1. Chemicals and Reagents. 

Nickel foam (NF) and Cu(NO3)2·3H2O (98%) were purchased from Macklin. 

HMF, FDCA, furan-2,5-dicarbaldehyde (DFF), 5-formyl-2-furancarboxylic acid 

(FFCA), and 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) were purchased from 

Macklin.

1.2. Synthesis of Ni3S2. 

NF was sliced into approximately 2 cm × 3 cm pieces and washed sequentially in 

1 mol L-1 HCl solution, anhydrous ethanol, and deionized water for 30 min. NF was 

then vacuum dried at 60 °C overnight. Afterward, a piece of cleaned NF was immersed 

in 30 mL thiourea aqueous solution (1.5 mM). Then, it was transferred to an autoclave 

and maintained at 140 ℃ for 12 h. The prepared Ni3S2 were rinsed repeatedly with 

deionized water and dried at 60 °C overnight.

1.3. Synthesis of Cu-NF.

NF was sliced into approximately 1 cm × 2 cm pieces, Cu-NF was prepared by 

electrodeposition via a three-electrode system at -1.2 V vs Ag/AgCl (25 °C). The 

electrolyte solution was obtained by dissolving Cu(NO3)2ꞏ3H2O (1.2 g) in deionized 

water (50 mL). The prepared Cu-NF samples were rinsed repeatedly with deionized 

water and dried at 60 °C overnight.

1.4. Synthesis of Cu-Ni3S2. 

Ni3S2 sample was cut into 1 cm × 2 cm pieces. Cu-Ni3S2 was prepared by 

electrodeposition in a three-electrode system at -1.2 V vs Ag/AgCl (25 °C) with 

Cu(NO3)2 electrolyte. The prepared samples were repeatedly rinsed with deionized 

water to remove residual electrolyte from the surface and dried overnight at 60 °C.

1.5. Characterization. 

Morphological characterization of the samples was studied using scanning 



electron microscopy (SEM, Apreo S HiVac) and high-resolution transmission electron 

microscopy (HR-TEM, JEM-2100). Crystallographic phase analysis was performed by 

X-ray diffraction (XRD, SmartLab). Chemical composition and valence states were 

evaluated by X-ray photoelectron spectroscopy (XPS, ESCALAB QXi). Raman 

spectroscopy (Raman, DXR) was utilized to obtain information on the molecular 

structure and determine the chemical bonds.

1.6. Electrochemical Measurements.

The electrochemical measurements were performed on a CHI 660 E. The system 

consists of the sample (1 cm × 2 cm) as the working electrode, a Hg/HgO (reference 

electrode) and a platinum wire (counter electrode). All experiments were carried out in 

1 M KOH.

1.7.  Sample Activation Methods.

The 100 cyclic voltammetry (CV) scans (0.8−1.8VRHE, 50mV s−1) were carried out in 

1 M KOH to ensure the complete activation of the sample (Fig. S1).

1.8. Quantitative Analysis of Products. 

The reaction products were analyzed by high performance liquid chromatography 

(HPLC, Shimadzu) equipped with a Shim-pack GWS C-18 reversed-phase column (4.6 

× 150 mm, 5 µm particle size). The chromatographic separation temperature was 35 

°C, and UV detection wavelength was 265 nm. For analysis, 20 μL of mixed samples 

were collected from the reaction cell and diluted to 2 mL with deionized water. HMF 

conversion, FDCA yield, and FE were calculated using the following equations, where 

F stands for Faraday's constant.

HMF conversion (%) =  ×100%

mole of consumed HMF
mole of initial HMF

FDCA yield (%) =  ×100%
 
mole of FDCA formed

mole of initial HMF



FE of FDCA (%) =  ×100%

mole of FDCA formed
total charge pass/(6 × F)
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Fig. S1. CV curves of (a) Cu-NF, (b) Ni3S2, and (c) Cu-Ni3S2 at 50 mV/s in 1 M 

KOH.
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Fig. S2. SEM images of (a) Cu-NF, (b) Ni3S2. 
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Fig. S3. SEM images of (a) Cu-Ni3S2, (b) activated Cu-Ni3S2.
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Fig. S4. Energy dispersive spectroscopy (EDS) of Cu-Ni3S2.



a b

Fig. S5. XRD images of (a) Cu-Ni3S2, and (b) activated Cu-Ni3S2.



Fig. S6. Raman shift of Cu-Ni3S2 and activated Cu-Ni3S2.



Fig. S7. Full-scan XPS spectra of Cu-Ni3S2. 



Fig. S8. Full-scan XPS spectra of activated Cu-Ni3S2.



Fig. S9. XPS spectra of O 1s for activated Cu-Ni3S2.



Fig. S10. LSV curves of (a) Ni3S2, and (b) Cu-NF with and without 10 mM HMF.



Fig. S11. LSV curves of Cu-Ni3S2 at different electrodeposition times for Cu.



Fig. S12. LSV curves of Cu-NF, Ni3S2 and Cu-Ni3S2 in 1 M KOH and 10 mM HMF.



Fig. S13. CV curves of (a) activated Cu-NF (b) activated Ni3S2, and (c) activated Cu-

Ni3S2 at different scan rates.



Fig. S14. Operando EIS spectra of (a) Cu-NF, (b) Ni3S2, and (c) Cu-Ni3S2 

under different potentials in 1 M KOH.



Fig. S15. Operando EIS spectra of Cu-NF under different potentials in 10 
mM HMF.



Fig. S16. (a) HPLC measurement, and (b) calibration curve of HMF.



Fig. S17. (a) HPLC measurement, and (b) calibration curve of FDCA.



Fig. S18. (a) HPLC measurement, and (b) calibration curve of FFCA.



Fig. S19. (a) HPLC measurement, and (b) calibration curve of DFF.



Fig. S20 (a) HPLC measurement, and (b) calibration curve of HMFCA.



Fig. S21. (a) HPLC chromatograms (1.55 VRHE, 10 mM HMF, 1 M KOH) of the 

activated Cu-Ni3S2. (b) The curve of current density vs time over the activated Cu-Ni3S2



Fig. S22. (a) HPLC chromatograms (1.50 VRHE, 10 mM HMF, 1 M KOH) of the 

activated Cu-Ni3S2. (b) The curve of current density vs time over the activated Cu-Ni3S2



Fig. S23. (a) HPLC chromatograms (1.6 VRHE, 10 mM HMF, 1 M KOH) of the 

activated Cu-Ni3S2. (b) The curve of current density vs time over the activated Cu-Ni3S2



Fig. S24. (a) HPLC chromatograms (1.55 VRHE, 10 mM HMF, 1 M KOH) of the 

activated Cu-NF. (b) The curve of current density vs time over the activated Cu-NF.



Fig. S25. Concentration of HMF, FDCA, HMFCA, FFCA, and total charge vs time 

over the activated Cu-NF at 1.55 VRHE (1 M KOH, 10 mM HMF).



Fig. S26. (a) HPLC chromatograms (1.55 VRHE, 10 mM HMF, 1 M KOH) of the 

activated Ni3S2. (b) The curve of current density vs time over the activated Ni3S2.



Fig. S27. Concentration of HMF, FDCA, HMFCA, FFCA, and total charge vs time 

over the activated Ni3S2 at 1.55 VRHE (1 M KOH, 10 mM HMF).



Table S1. Results of Inductively Coupled Plasma (ICP) after Electrolysis

Total electrolyte volume (mL) Electrolyte 
volume for 

ICP-MS (mL)

Test element Sample 
Element 

Content C 
(mg/L)

40 2 Ni 0.089 

40 2 Cu 3.07



Table S2. Reported electrochemical Oxidation of HMF to FDCA systems.

HMF FDCA 
yield

(%)

FE

(%)

Potential 

(vs. 
RHE)

KOH Catalysts Ref.

10 mM 99.2 97.3 1.34 V 1 M W20-Ni3S2@NF [1]

10 mM 97.6 97.6 1.38 V 1 M H-0.3Co-Ni3S2 [2]

20 mM 100 100 1.4 V 1 M Cu/Ni3S2-R [3]

50 mM 98.8 97.6 1.45 V 1 M Ni3S2/NF [4]

10mM/L 98.1 98.8 1.42 V 1 M P-Ni3S2/Ni/NF [5]

100 mM 97.6 94.2 1.40 V 1 M Mn0.2NiS/GF [6]

20 mM 84 84 1.40 V 1 M Ni3S2−Co9S8/CoLDH/NF [7]

10 mM 98 100 1.45 V 1 M NiSX/CB-2 [8]

20 mM 98 98 1.5 V 1 M Ni3S2/NiOx [9]

10 mM

10 mM

10 mM

99

100

100

99

100

100

1.45 V

1.45V
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1 M

1 M
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[10]

[11]
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work



Fig. S28. (a) HPLC chromatograms of 5 cycles. (b) HMF conversion, FDCA yield and 
FE over activated Cu-Ni3S2 during 5 successive of HMF oxidation (1.55 VRHE, 10 mM 
HMF, 1.0 M KOH).



Fig. S29. The curve of current density vs time for 5 cycles.
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