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Fig. S1. (a) The XRD patterns of Pre-NiCo and (b) the SEM images and corresponding elements 

mapping for Pre-NiCo.
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Fig. S2. Microscopy measurements of the Pre-NiCo at different reaction time with the same reaction 

temperature of 87 ˚C. SEM images of Pre-NiCo prepared at different reaction time (5 h (a), 10 h (b), 15 

h (c), and 20 h (d)).

Fig. S3. SEM images of Pre-NiCo with different Co salts content under the same other conditions.



Fig. S4. The SEM images elements mapping and EDS of NiCoP.

Table S1. The mass percentage and atomic percentage of elements in NiCoP catalyst.

Elements Mass ratio Atomic

O 21.76 46.18

P 16.65 18.25

Co 14.87 8.57

Ni 46.71 27.01

Total 100



Fig. S5. The SEM images of Ni2P (a) and (b) CoP.

Fig. S6. The XRD patterns of Ni2P (a) and (b) CoP.



Fig. S7. The LSV curves of NiCoP, Ni2P, and CoP at 1.0 M KOH.

Table S2. Comparison HMFOR performance of NiCoP with other electrocatalysts in 1.0 M KOH with 

300 mM HMF.

Samples Oxidation 
voltage (V 
vs RHE)

HMF 
Conversion 
(%)

FDCA 
Selectivity 
(%)

Faraday 
efficiency 
(%)

HMF 
concentration 
(mM)

Reference

NiOOH 1.47 99.8 95.8 96.0 5.0 1

MoO2- FeP@C 1.45 99.4 98.6 97.8 10 2

NiSe@NiOx/NF 1.35 (onset) 99.0 98.0 98.0 10 3

Ni3N@C/NF 1.38 99.0 98.0 99.0 10 4

Co-P 1.44 ~100 90.0 ~90.0 50 5

NiCo2O4 1.50 90.4 90.8 87.5 5.0 6

VN/NiF 1.36 98 96 84 10 7

MnOx 1.6 99.9 53.8 33.8 20 8

CuCo2O 1.45 ~100 93.7 94 50 9

CoNiFe LDH 1.55 95.5 84.9 ~90.0 10 10

om-Co3O4/NF 1.457 ~100 99.8 ~100 10 11

(PdAu)7 0.82 ~ 17.5 85.8 10 12

NiCoP 1.464 99.8 99.6 96.1 300 This work



Fig. S8. The hydrogen evolution overpotential of 20% Pt/C, NiCoP, Ni2P, CoP, and Ni with different 

current densities.

Fig. S9. The Tafel slope of 20% Pt/C, NiCoP, Ni2P, CoP, and Ni.



Table S3. Comparison HER performance of NiCoP with other electrocatalysts.

Catalyst Current
density (j)

Overpotentia
l at the 
correspondi
ng (j)

Electrolye
solution

Reference

NiCoP 10 mA/cm2 13.5 mV 1.0 M KOH This work

RhSe2 10 mA/cm2 81.6 mV 1.0 M KOH 13

PS-MoNi@NF 10 mA/cm2 30 mV 1.0 M KOH 14

Ni3N-Co3N PNAs/NF 10 mA/cm2 43 mV 1.0 M KOH 15

Ni4Mo 100 mA/cm2 86 mV 1.0 M KOH 16

MoP/Mo2N 10 mA/cm2 89 mV 1.0 M KOH 17

NiP2-650(c/m) 10 mA/cm2 134 mV 1.0 M KOH 18

Cr−Ni 10 mA/cm2 203 mV 1.0 M KOH 19

Ni2P−Cu3P 10 mA/cm2 78 mV 1.0 M KOH 20

PtNi5-0.3 10 mA/cm2 26.8 mV 1.0 M KOH 21

CuAlNiMoFe 100 mA/cm2 56 mV 1.0 M KOH 22

Co-N4 10 mA/cm2 66.7 mV 1.0 M KOH 23

Ru@WNO-C 10 mA/cm2 24 mV 1.0 M KOH 24

MoS2–MoP/NC, 10 mA/cm2 35 mV 1.0 M KOH 25

PHA-Mo2C 10 mA/cm2 93 mV 1.0 M KOH 26

Ni3N-V2O3-3-1 10 mA/cm2 57 mV 1.0 M KOH 27

N-NiMoS 10 mA/cm2 68 mV 1.0 M KOH 28

2DPC-Ru 10 mA/cm2 24 mV 1.0 M KOH 29

Ni-ReSe2 10 mA/cm2 109 mV 1.0 M KOH 30



Table S4. The exchange current densities of the catalysts for HER.

Catalyst Exchange current density in acid solution (mA 
cm-2)

20% Pt/C 6.25

NiCoP 2.82

CoP 2.69

Ni2P 1.77

Ni 1.67

Fig. S10. The equivalent circuit of electrochemical impedance spectroscopy.

Fig. S11. The cyclic voltammetry curves for NiCoP, Ni2P, and CoP with scanning rates from 20 to 200 

mV s-1.



Fig. S12 The cyclic voltammetry curves in the region of − 0.2 to 0.6 V vs. RHE for NiCoP, Ni2P, CoP, 

and Ni at pH = 7.0 with a scan rate 50 mV s-1. Polarization curves of NiCoP, Ni2P, CoP at pH = 1.0 with 

a scan rate of 5 mV s-1. (c) Calculated TOFs for NiCoP, Ni2P, CoP at pH = 1.0.

Fig. S13 (a) Adsorption infrared spectra of HMF before and after catalyst reconstruction. (b) and (c) 

Partial enlargement of infrared spectrum.



Fig. S14 The EDS elemental content of catalysts before and after HMFOR.



Fig. S15 The XPS spectra of O 1s in the NiCoP before and after HMFOR.

Table S5. The surface element content of NiCoP before and after HMFOR was measured by XPS.

Condition elements Atomic (%)

C 1s 7.25

O 1s 58.93

Co 2p 3.7

Ni 2p 7.59

before

P 2p 22.52

C 1s 9.45

O 1s 59.21

Co 2p 6.71

Ni 2p 19

after

P 2p 5.63

Fig. S16 The XPS analysis of the NiCoP before and after the HMFOR test.



Fig. S17. (a) The chromatogram of HMF electrooxidation catalyzed by NiOOH. (b) Concentration 

change curves with the progress of reaction for the products during the HMFOR process. (c) I-t curve of 

NiOOH at a constant potential of 1.464 V via passing the charge of 1627.6 C. (d) HMF conversion, 

FDCA selectivity, and Faraday efficiency of NiOOH.

Fig. S18 The HPLC measurements of pure HMF, HMFCA, FFCA, FDCA, and DFF.



Fig. S19 Calibration curves of the HPLC for HMF and FDCA.

Fig. S20 The chromatogram of HMF electrooxidation catalyzed by NiCoP at 1.464 V in 10 mL 1.0 M 

KOH with 300 mM HMF.

Fig. S21 I-t curve of NiCoP at a constant potential of 1.464 V in 1.0 M KOH with 300 mM HMF via 

passing the charge of 1802.3 C.



Table S6. The concentration of each substance changed with reaction time.

Substances Reaction time (h) Concentration (mM)

0 300

1 70.32

2 4.86

3 0.99

4 0.39

HMF

5 0.3

0 0

1 189.13

2 288.01

3 298.42

4 298.83

FDCA

5 299.44

0 0

1 39.59

2 6.81

3 0.04

4 0.39

HMFCA

5 0.14

0 0

1 0.96

2 0.32

3 0.55

4 0.39

FFCA

5 0.12

0 0

1 0

2 0

3 0

4 0

DFF

5 0

Table S7. Comparison of conversion, selectivity, and Faraday efficiency for as-prepared samples.

Substances Conversion rate (%) Selectivity (%) Faraday efficiency (%)

NiCoP 99.8 99.6 96.1

Ni2P 98.8 92.4 90.9

CoP 98 91.3 79.1



Fig. S22 Estimation of rate constants for each product.

Fig. S23 I-t curve of NiCoP at 1.464 V with the intermittent addition of 300 mM HMF.

Table S8. Various substances analysis five successive cycles HMFOR for NiCoP.

Cycles Conversion rate (%) Selectivity (%) Faraday efficiency (%)

1 99.8 99.2    95.6

2 99.8 99.1 92.9

3 99.8 99.1 95.5

4 99.8 99.1 95.7

5 99.8 99.2 93.5



Fig. S24 The SEM image elements mapping and EDS of NiCoP after HMFOR.

Table S9. The mass percentage and atomic percentage of elements in NiCoP catalyst after HMFOR.

Elements Mass ratio Atomic

O 24.55 51.86

P 7.13 7.78

Co 16.28 9.34

Ni 52.04 31.02

Total 100

Table. S10 Conversion, selectivity, and Faraday efficiency of NiCoP coupled flow-through reactor at 

different flow rates.

Flow rate (mL/min) Conversion rate (%) Selectivity (%) Faraday efficiency (%)

0.05 99.9 98.9 95.4

0.1 99.9 98.6 95.1

0.15 98.7 98.8 94.2

0.2 98.2 90.7 86

0.3 97.3 87.9 82.6

0.4 97 87.1 81.6



Table. S11 Conversion, selectivity, and Faraday efficiency of NiCoP coupled flow-by reactor at different 

flow rates.

Flow rate (mL/min) Conversion rate (%) Selectivity (%) Faraday efficiency 
(%)

0.05 99.8 99.7 96.8

0.1 97.7 99 94.1

0.15 96.9 91.7 86.4

0.2 96.4 82.9 82.4

0.3 96.2 86 80.5

Fig. S25 (a) The effects of different P content in electrolyte on the detection of FDCA, (b) HMF, (c) 

HMFCA, (d) FFCA and DFF.

Fig. S26 Evaluation of STY in a flow-through reactor under 1.464 V constant voltage.



Table. S12 Conversion, selectivity, and Faraday efficiency of NiCoP coupled flow- through reactor for 

ten times.

Cycles Conversion rate (%) Selectivity (%) Faraday efficiency 
(%)

1 99.9 98.9 94.2

2 99.9 98.9 94.2

3 99.9 97.8 93.1

4 99.9 97.3 93

5 99.9 97.3 92.6

6 99.9 97.4 92.6

7 99.9 97 92.4

8 99.9 97 92.4

9 99.9 97 92.4

10 99.9 97 92.4
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