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Materials

5-hydroxymethylfurfural (HMF), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 

2,5-diformylfuran (DFF), 5-formyl-2-furan-carboxylic acid (FFCA), 2,5-

furandicarboxylic acid (FDCA) and ammonium formate were purchased from 

Innochem Science & Technology Co., Ltd (Beijing, China). Cobalt chloride 

hexahydrate (CoCl2·6H2O, AR, ≥ 99.5%), nickel (II) chloride hexahydrate 

(NiCl2·6H2O, AR, ≥ 99.5%), thiourea, polyethylene glycol 200 (PEG200) and 

potassium hydroxide (KOH, AR, ≥ 99.5%) were received from Aladdin Reagents Co., 

Ltd (Shanghai, China). All the chemicals were used as received without purification. 

Nafion was purchased from Shanghai Macklin Biochemical Co., Ltd. The nickel foam 

(NF) with a purity > 99.99% was purchased from Sheng Qiang Co., Ltd (Jiangsu, 

China). The NF was cleaned with 3 M hydrochloric acid, ethanol, and deionized water 

for 10 minutes each before use. 

Fig. S1. Schematic diagram of deep eutectic solvents (DESs) with different ratios of 

nickel and cobalt.



Fig. S2. Differential Scanning Calorimeter (DSC) spectra of deep eutectic solvents of 

DES-1 and DES-3 (PEG200, Tg = -65 °C; Thiourea, Tg =170 °C; Cobalt chloride 

hexahydrate, Tg =86 °C; Nickel (II) chloride hexahydrate, Tg = 140 °C).

Fig. S3. FT-IR spectra of DES-1, DES-2, TU, PEG 200, NiCl2·6H2O and CoCl2.6H2O.



Fig. S4. SEM images of DES-1 after one-step pyrolysis strategy (NSOC).

Fig. S5. TEM images of NSOC.



Fig. S6. SEM images of DES-2 after one-step pyrolysis and sulfuration strategy 

(Ni3S2@NSOC).

Fig. S7. TEM images of Ni3S2@NSOC.



Fig. S8. SEM images of DES-3 after one-step pyrolysis and sulfuration strategy 

(Co9S8-Ni3S2@NSOC).
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Fig. S9. N2 adsorption-desorption isotherms (inset: pore size distribution) of Co9S8 

@NSOC, Ni3S2@NSOC, and Co9S8-Ni3S2@NSOC.



Fig. S10. SEM images of a) DES-4, b) DES-5, c) DES-6, d) DES-7 after one-step 

pyrolysis and sulfuration strategy.

Fig. S11. HRTEM images of Co9S8-Ni3S2@NSOC.



 
Fig. S12. Energy dispersive spectroscopy (EDS) of Co9S8-Ni3S2@NSOC.
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Fig. S13. PXRD patterns of the samples obtained from DES at different molar ratio 

(DES-2~DES-7 as precursors, 3 h, 400 oC).
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Fig. S14. XPS survey spectrum of Co9S8-Ni3S2@NSOC hybrid. 

294 292 290 288 286 284 282

In
te

ns
ity

(a
.u

.)

Binding energy

C 1s

C-C

C-S-C

C-N-C/C-O-C
O-C=O

Co9S8@NSOC

406 404 402 400 398 396

In
te

ns
ity

(a
.u

.)

Binding energy(eV)

Pyrrolic N

Pyridinic N

N 1s

Graphitic N

Co9S8@NSOC

536 534 532 530 528

In
te

ns
ity

(a
.u

.)

Binding energy(eV)

O3

O2
O1

O 1sCo9S8@NSOC

172 170 168 166 164 162 160

In
te

ns
ity

(a
.u

.)

Binding energy(eV)

Co9S8@NSOC S 2p

SO4
2-

C-S-C
M-S

 2p3/22p1/2

a b

c d

Fig. S15. XPS spectra of (a) C 1s, (b) N 1s , (c) O 1s and (d) S 2p for Co9S8@NSOC.



Fig. S16. Typical three-electrode model.
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Fig. S17. Polarization curves of NF in 1.0 M KOH and 1.0 M KOH with 10 mM 

HMF after CV. 



Fig. S18. SEM images of bare NF electrode a, b) before CV activation; c, d) after CV 

activation.

Fig. S19. SEM images of after CV activation. a, b) NSOC/NF electrode; c, d) 

Ni3S2@NSOC/NF electrode.



Fig. S20. SEM images of Co9S8-Ni3S2@NSOC/NF electrode after CV activation. 

Fig. S21. a) LSV curves for Co9S8-Ni3S2@NSOC/CC, Ni3S2@NSOC/CC and 

NSOC/CC in 1 M KOH without HMF (10 mM) and b) with10 mM HMF (scan rate, 5 

mV s−1)



Fig. S22. a) The polarization curves of the samples obtained from DES at different 

molar ratio (DES-1~DES-7 as precursors, 3 h, 400 oC) in 1.0M KOH solution, and b) 

Polarization curves in 1.0 M KOH with 10 mM HMF.

Fig. S23. a, b) The polarization curves of samples obtained from DES at different 

elements, different pyrolysis temperatures in 1.0 M KOH solution and c, d) 

Polarization curves in 1.0 M KOH with 10 mM HMF. 
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Fig. S24. Tafel slopes of the samples obtained from DES at different molar ratio 

(DES-1~DES-7 as precursors, 3 h, 400 oC) and bare NF.

Fig. S25. Cyclic voltammetry of catalysts (1.21-1.26 V vs. RHE) at different scan rate.
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Fig. S26. HPLC standard curve measurements of pure a) DFF, b) FDCA, c) HMFCA, 

d) FDCA and e) HMF. 

Fig. S27. a) Controlled potential electrolysis of Co9S8-Ni3S2@NSOC/NF, b) current 

vs time and c) The comparison of charge vs time for Co9S8-Ni3S2@NSOC/NF (red) 

and NF (blue) during the electrolysis at a constant potential of 1.4 V vs RHE in 1 M 

KOH with the presence of 10 mM HMF.
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Fig. S28. XPS spectra a) Ni 2p, b) Co 2p, c) S 2p, d) O 1s, e) N 1s and f) C 1s of the 

Co9S8-Ni3S2@NSOC/NF after HMF EOR.



Table S1. Relevant reagents, sources of different proportions, and Co sources 
for the prepared samples.

Sample PEG200 
(g)

NiCl2.6H2O 
(mmol)

CoCl2.6H2O 
(mmol)

Thiourea 
(mmol)

(400 °C/3 h/N2)
One-step pyrolysis

DES-1 6 0 0 5 NSOC

DES-2 6 5 0 5 Ni3S2@NSOC

DES-3 6 4.5 0.5 5 Co9S8-Ni3S2@NSOC

DES-4 6 3.75 1.25 5 CoSx-NiSx@NSOC

DES-5 6 2.5 2.5 5 CoSx-NiSx@NSOC

DES-6 6 2 3 5 CoSx-NiSx@NSOC

DES-7 6 0 5 5 Co9S8@NSOC

Table S2. Elemental analysis results of the catalysts.
Catalysts N (wt%) C (wt%) H (wt%) S (wt%) Ni (wt%) Co (wt%)

NSOC 3.1 74.6 1.3 0.7 --- ---

Ni3S2@NSOC 2.8 33.8 1.7 12.7 32.4 ---

Co9S8-Ni3S2@NSOC 2.6 30.9 1.4 13.9 29.9 5.9

Co9S8@NSOC 3.2 32.3 1.5 14.1 --- 31.2



Table S3. The polarization curve potential of the prepared catalyst in 1M KOH 
or 10 mM HMF on nickel foam（NF）

OER (V)a HMF EOR (V)a ∆E (mV)b

Precursor 10 

mA/cm2

100 

mA/cm2

10 

mA/cm2

50 

mA/cm2

100 

mA/cm2

10 

mA/cm2

100 

mA/cm2

DES-7 1.343 1.555 1.338 1.352 1.534 5 21

DES-6 1.345 1.530 1.346 1.361 1.389 -1 141

DES-5 1.335 1.520 1.338 1.344 1.353 -3 167

DES-4 1.336 1.517 1.333 1.348 1.363 3 154

DES-3 1.335 1.514 1.330 1.345 1.352 5 162

DES-2 1.343 1.540 1.339 1.353 1.362 4 163

DES-1 1.340 1.535 1.338 1.349 1.377 2 173

NF 1.363 1.690 1.365 1.573 1.651 -2 39.0
a)(V) are the potentials at 10 and 100 mA cm-2, respectively, recorded under stirring at 
room temperature with 90% iR-correction. b)∆E represents the difference between KOH 
and HMF.

Table S4. The HMF EOR performance of the different catalysts.
Performance

Catalysts

Parameters NSOC

/NF

Ni3S2@NSOC

/NF

Co9S8-Ni3S2@NSOC

/NF

η10, η100

(V)

1.338, 

1.377

1.339, 

1.362

1.330, 

1.352

Tafel slopes

(mV dec-1)

46.6 32.7 20.1

Conversion

(%)

90.4 94.8 99.5

Selectivity

(%)

87 90.7 98.8

HMF EOR

FE

(%)

86.8 90.5 98.6



Table S5. The comparison of activity for Co9S8-Ni3S2@NSOC and other 
reported catalysts.

Electrode Materials Electrolysis 
potential

FDCA 
yield

Faradaic 
efficiency

Catalyst 
loading

Catalyst 
substrate

Ref.

Co9S8-Ni3S2@NSOC

NSOC

BNC-2

S-Ni@C

MoO2-FeP@C

P-HEOs

Ni0.9Cu0.1(OH)2

NiBx@NF

1.40 V

1.40 V

1.90 V

1.473 V

1.424 V

1.50 V

1.45 V

1.64 V

98.8%

87%

57%

96%

98%

97.4%

91.2%

99%

98.6%

86.8%

---

96%

97.8%

96.6%

91.2%

99.5%

0.3 mg.cm-2

0.3 mg.cm-2

0.3 mg.cm-2

3.0 mg.cm-2

1.9 mg.cm-2

0.8 mg.cm-2

1.0 mg.cm-2

2.47 mg.cm-2

Nickel foam

Nickel foam

carbon paper

carbon paper

Nickel foam

carbon paper

carbon paper

Nickel foam

This work

This work
1

2

3

4

5

6

CuCo2O4

Ni3S2/NF

Ni2P/NF

CoFe@NiFe

NiCo2O4

NiSe@NiOx

Co3O4 NW/NF

CoNiFe LDH

1.45 V

1.423 V

1.423 V

1.40V

1.43V

1.423V

1.469V

1.55V

93.70%

100%

100%

100%

90.80%

~99%

96.8%

84.9%

94%

98%

~100 %

99.8%

87.50%

~99%

95.9%

~90%

---

---

---

---

---

---

---

---

Nickel foam

Nickel foam

Nickel foam

Nickel foam

Nickel foam

Nickel foam

Nickel foam

Carbon fiber 

paper

7

8

9

10

11

12

13

14
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