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Table S1. Reported NixB-based electrocatalyst studied for the electrooxidation of 5-HMF.

Material Catalyst 
loading 

(mg/cm2)

HMF 
concentration 

(mM)

pH Potential 
(V vs 
RHE)

Reaction 
time (h)

HMF 
conversion 

(%)

Yield (%) nproduct  
(mmol)

FE 
(%)

TOF a Ref.

0.05 100 13.9 1.8 3 70 FDCA ~33
HMFCA~5
FFCA~7

nFDCA 
~ 0.33
nHMFCA 
~0.05
nFFCA 
~0.07

94-
100

16

0.05 100 13.9 1.5 3 60 FDCA ~32
HMFCA~8
FFCA~8

nFDCA 
~ 0.32
nHMFCA 
~0.08
nFFCA 
~0.08

100 16

0.05 100 13.9 1.8 8 97 FDCA ~54
HMFCA~4
FFCA~8

nFDCA 
~ 0.54
nHMFCA 
~0.04
nFFCA 
~0.08

47 9.1

0.05 100 12.9 1.8 3 37 FDCA ~3
DFF~4.5

FFCA~18.8

nFDCA 
~ 0.03
nDFF 

~0.045
nFFCA 

~0.188

100 6.8

0.15 100 12.9 1.8 3 37 FDCA ~2.9
DFF~3.9

FFCA~18.5

nFDCA 
~ 

0.029
nDFF 

~0.039
nFFCA 

~0.185

100 2.2

Ni3B-
NCs@CP

0.75 100 12.9 1.8 3 39.3 FDCA ~4.8
DFF~4.1

FFCA~16.9

nFDCA 
~ 

0.048
nDFF 

~0.041
nFFCA 

~0.169

100 0.5

This 
work

NixB/NF 1 10 13.9 1.45 50 min 99 98.5 0.0985 ~100 0.709 1

NiBx/NF 2.47 10 13.9 0.6 vs 
SHE

1h 40 
min

99 99 0.396 99.5 0.57 b 2

NiBx-Py/CP 
(amorphous)

4 10 12.9 1.46 Charge 
passed: 

35 C

97 - 99 FDCA ~60-
80

FFCA 
~9.8-35

80-
92

0.128 
c

3

a , 

𝑇𝑢𝑟𝑛𝑜𝑣𝑒𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (𝑇𝑂𝐹) =  
𝑛𝑒(𝐹𝐷𝐶𝐴) ∙ 𝑛𝐹𝐷𝐶𝐴 +  𝑛𝑒(𝐹𝐹𝐶𝐴) ∙ 𝑛𝐹𝐹𝐶𝐴 +  𝑛𝑒(𝐻𝑀𝐹𝐶𝐴) ∙ 𝑛𝐻𝑀𝐹𝐶𝐴 +  𝑛𝑒(𝐷𝐹𝐹) ∙ 𝑛𝐷𝐹𝐹

𝑚𝑁𝑖𝑥𝐵 ∙ 𝑡

where ne(P) (P = FDCA, FFCA, HMFCA or DFF) is the number of electrons required to oxidize 5-HMF to product P 

(ne(FDCA) = 6, ne(FFCA) = 4, ne(HMFCA) = ne(DFF) = 2) and nP  is the mol of compound P (mmol).  is the mass of the 
𝑚𝑁𝑖𝑥𝐵

NixB on the electrode (mg) and t is the reaction time (h).

b Assuming an electrode area of 1 cm2 (the electrode area was not provided) and electrolyte volume of 40 mL 
(based on data on the caption in the supporting information).

c Assuming reaction time of 1 h and electrolyte volume of 10 mL (any information regarding reaction/measurement 
time and electrolyte volume were not provided).
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Table S2. Reported NixB-based electrocatalyst studied for the electrooxidation of 5-
HMF.

Material Catalyst 
loading 

(mg 
mg/cm2)

HMF 
concentr

ation 
(mM)

pH Potential 
(V vs RHE)

Reaction 
time (h)

HMF 
conversio

n (%)

Yield (%) FE 
(%)

Referenc
e

NiFe@NF N/A 50-100 13.9 1.478 0.2 99 FDCA 
~92%

92 4

NiO/Ni(OH
)2

N/A 5 13.9 Chronopot
entiometry 
16 mA/cm2

4 N/A FDCA 
71%

84 5

Ni3S2/NF N/A 10 13.9 1.423 Charge 
passed 58 

C

100 FDCA 
~98

98 6

Ni2P 
NPA/NF

N/A 10 13.9 1.423 2.5 100 FDCA 
selecttivit
y ~100

98 7

Hp-Ni 75 10 13.9 1.423 Charge 
passed 58 

C

100 FDCA 
~95

98 8

NiP-
Al2O3/NF

1.2 10 13.9 1.45 3.5 98.2 FDCA 
selectivit
y ~99.6

N/A 9

Branched 
Ni NPs

0.35 N/A 12.9 1.43 N/A N/A N/A N/A 10

Ni3N@C N/A 10 13.9 1.45 Charge 
passed 

174

100 98 99 11

NiO-Co3O4 N/A 10 13.9 1.45 0.5 100 98.5 100 12

h-Ni(OH)2 0.625 10 13.9 Chronopot
entiometry 
20 mA/cm2

3.3 98.8 FDCA 
selectivit
y ~98.5

94.9 13

t-NiCo-
MOF

1.05-1.55 10 13.9 N/A Charge 
passed 58

100 FDCA 
~100

98 14

NiSe@NiO
x/NF

2.1 10 13.9 1.423 2 100 FDCA 
~99

99 15

NiO NPs N/A 10 7.23 1.5-1.7 Charge 
passed 29

90 FDCA 
~30

70 16

Au-NiO N/A 10 13.9 0.4 V vs 
Ag/AgCl

5 N/A N/A 99 17

NiOOH N/A 10 12.9 1.47 4.7 99.8 FDCA 
~96

96 18

NiCoBDC-
NF

N/A 10 12.9 1.55 4 N/A FDCA 
selectivit

y ~99

78 19

β-
Co0.1Ni0.9(

OH)2

N/A 10 13.9 N/A N/A 100 FDCA 
~96

~93 20

NiO/carbon 
felt

0.375 0.2 mM 11 1.44 12 100 FDCA 98 N/A 21

NiFe LDH N/A 10 - 100 13.9 1.23 – 1.43 0.5 - 10 91 - 99 FDCA 90 
- 98

77 - 
99

22

Ni MOF 0.5 50 13.9 1.5 Charge 
passed 
~58 C

100 FDCA 
~70

98 23

Ni(NS)/CP N/A 5 13.9 1.33 1 99.7 FDCA~9
9.4

N/A 24

NiCoFe 
LDHs

0.532 10 13.9 1.54 1 95.5 FDCA 
~84.9

90 25

NiCo2O4 N/A 5 13.9 1.5 ~0.9 99.6 FDCA 
~90.4

87.5 26

NixSey/NiF
eLDH@NF

7.2 10 13.9 1.423 > 1 99.6 FDCA 
~99.3

98.9 27

NiCoS N/A 10 13.9 1.45 0.67 99.1 FDCA 96.4 28
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~97.1
d-NiFe 
LDH

N/A 10 13.9 1.48 5 95.5 FDCA 
~96.8

84.5 29

CoFe 
LDH@NiF

e LDH

N/A 10 13.9 1.4 > 3 100 FDCA 
~100

99.8 30

NiVCo-
LDH

N/A 10 13.9 1.376 Charge 
passed 
~58 C

100 FDCA 
~99.7

97 31

NiCu NTs 16.67 20 13.9 1.42 2 100 FDCA 
~99

96.4 32

RuNiO 3.2 wt% 50 7 1.3-1.8 Charge 
passed 
~90 C

72.4 DFF 
~42.5

43.3 33

Mo-
Ni0.85Se

N/A 10 13.9 1.4 2 100 FDCA 
~99

99 34

Pt-Ni(OH)2 0.2 50 13.9 N/A N/A 100 FDCA 
~96

98.7 35

Co-Ni3S2 N/A 50 13.9 1.45 0.3 100 FDCA 
~100

99.1 36

Ni(OH)2-
NiFeP

N/A 10 13.9 1.55 Charge 
passed 
~85 C

100 FDCA 
~99

94 37

Ni2P-
NiCoP

1.8 5 12.9 1.45 Charge 
passed 
~60 C

100 FDCA 
~98.1

97.6 38

NiSx-Ni2P N/A 10 13.9 1.46 Charge 
passed 
~90 C

100 98.5 95.1 39

FeP-
NiMoP2

N/A 10 13.9 1.40 1.8 100 FDCA 
~99.2

99 40

MoS2-
Ni3S2

N/A 50 13.9 1.35-1.7 2.6-8 N/A FDCA 
~95

95 41

Table S3. Carbon balance of 5-HMF oxidation in 0.1 M KOH (pH 12.9) after 3 h of 
chronoamperometry at 1.8 V vs RHE

Electrode Carbon balance (%)
Ni-NCs@CP 91
Ni3B-NCs@CP 95
Ni2B-NCs@CP 95

Table S4. Carbon balance of 5-HMF oxidation in 1.0 M KOH (pH 13.9) after 3 h of 
chronoamperometry at 1.8 V vs RHE

Electrode Carbon balance (%)
Ni-NCs@CP 66

73Ni3B-NCs@CP
58a

Ni2B-NCs@CP 75
a Carbon balance of electrochemical oxidation of 5-HMF with Ni3B-NCs@CP at 1.8 V vs RHE for 8 h.
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Figure S1. Images of two compartment H-type cell with a three-electrode configuration 
equipped with pH meter.
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Figure S2. Reproducibility test of the Ni3B-NCs@CP (Ni3B NC loading 0.05 mg/cm2) cyclic 
voltammetry at 10 mV/s in 0.1 M KOH (pH 12.9).
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Figure S3. Reproducibility test of the Ni3B-NCs@CP (Ni3B NC loading 0.05 mg/cm2) cyclic 
voltammetry at 10 mV/s in 1 M KOH (pH 13.9)
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Figure S4. TEM images of (a, d, g) Ni NCs mixed with Nafion, (b, e, h) Ni3B NCs mixed with 
Nafion, and (c, f, i) Ni2B NCs mixed with Nafion. Selected area electron diffraction (SAED) of 
(j) Ni NCs mixed with Nafion, in which [111] corresponds to the peak at 2θ = 45 ° and [200] 
corresponds to the peak at 2θ = 52 ° in the XRD pattern in Fig. 2a; (k) Fast Fourier Transform 
(FFT) of Ni3B NCs mixed with Nafion, in which [011] corresponds to the peak at 2θ = 24 ° and 
[121] corresponds to the peak at 2θ = 38 ° in the XRD pattern in Fig. 2b; (l) SAED of Ni2B NCs 
mixed with Nafion, in which [002] corresponds to the peak at 2θ = 42 °, [211] corresponds to the 
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peak at 2θ = 46 ° and [310] corresponds to the peak at 2θ = 58 ° in the XRD pattern in Fig. 
2c.
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Figure S5. Scanning electron microscopy (SEM) images of Ni3B-NCs@CP with catalyst 
loading of 0.15 mg/cm2. Ni3B NCs (3 mg) was dispersed in 1 mL of 0.1 M Nafion/DMSO 
solution. The mixture was stirred overnight at 90 C then sonicated for 45 minutes. 50 µL of the 
ink was dropcast onto 1x1 cm2 carbon paper support and dried overnight at 70 C in vacuo.



14

Figure S6. Scanning electron microscopy (SEM) images of Ni3B-NCs@CP with catalyst 
loading of 0.75 mg/cm2. Ni3B NCs (15 mg) was dispersed in 1 mL of 0.1 M Nafion/DMSO 
solution. The mixture was stirred overnight at 90 C then sonicated for 45 minutes. 50 µL of the 
ink were then dropcast onto 1x1 cm2 carbon paper support and dried overnight at 70 C in 
vacuo.
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Figure S7. Cyclic voltammetry recorded at 10 mV/s of Ni3B-NCs@CP with different catalyst 
loading in 0.1 M KOH (pH 12.9) in the absence 5-HMF.
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Figure S8. Conversion, yield, and Faradaic Efficiency (FE) of 5-HMF (100 mM) electrooxidation 
catalyzed by Ni3B-NCs@CP with different catalyst loading at a constant potential 1.8 V vs RHE 
in 0.1 M KOH (pH 12.9).
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Figure S9. Difference between anodic to cathodic current density plotted against the scan rate. 
From the value of the slope of the plots (2CDL), the double layer capacitance (CDL) can be 
calculated.
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Figure S10. Current density and the sum of 5-HMF, DFF, and FFCA concentrations as function 
of electrolysis time obtained by chronoamperometry of Ni3B-NCs@CP with catalyst loading 
0.15 mg/cm2 in 0.1 M KOH (pH 12.9).
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Figure S11. Current density and the sum of 5-HMF, DFF, and FFCA concentrations as function 
of electrolysis time obtained by chronoamperometry of Ni3B-NCs@CP with catalyst loading 
0.75 mg/cm2 in 0.1 M KOH (pH 12.9).
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Figure S12. Chronoamperometry of Ni3B-NCs@CP with catalyst loading 0.05 mg/cm2 in 0.1 M 
KOH (pH 12.9) at 1.8 V vs RHE with 100 mM of 5-HMF and no 5-HMF.
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Figure S13. Current density and the sum of 5-HMF, DFF, and FFCA concentrations as function 
of electrolysis time obtained by chronoamperometry of carbon paper in 0.1 M KOH (pH 12.9).
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Figure S14. XPS spectra of the (a) O 1s and (b) C 1s core level regions of Ni3B-NCs@CP post 
electrocatalytic test at pH 12.9 (purple), and at pH 13.9 (blue).
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Figure S15. Cyclic voltammetry recorded with scan rate of 10 mV/S for Ni3B-NCs@CP (0.05 
mg/cm2) measured at pH 12.9 (0.1 M KOH) and pH 13.9 (1.0 M KOH). These measurements 
were carried out in the absence of 5-HMF.
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Figure S16. Chronoamperometry of Ni3B-NCs@CP (0.05 mg/cm2) conducted at constant 
potential 1.8 V vs RHE for 3 hours in the presence of 5-HMF (100 mM) at pH 12.9 (0.1 M KOH, 
dark blue line) and pH 13.9 (1.0 M KOH, light blue line).
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Figure S17. Cyclic voltammetry recorded with scan rate of 10 mV/S for Ni3B-NCs@CP (0.05 
mg/cm2) measured at pH 12.9 (0.1 M KOH) and pH 13.9 (1.0 M KOH) after 3 hours of 5-HMF 
electrooxidation (chronoamperometry at 1.8 V vs RHE).
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Figure S18. Concentration profiles of 5-HMF and the possible 5-HMF oxidation products 
(HMFCA, DFF, FFCA, FDCA) measured throughout 3 hours of chronoamperometry with Ni3B-
NCs@CP (0.05 mg/cm2) at 1.8 V vs RHE in 0.1 M KOH (pH 12.9).
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Figure S19. Concentration profiles of 5-HMF and the possible 5-HMF oxidation products 
(HMFCA, DFF, FFCA, FDCA) measured throughout 3 hours of chronoamperometry with Ni3B-
NCs@CP (0.05 mg/cm2) at 1.8 V vs RHE in 1 M KOH (pH 13.9).
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Figure S20. Images of (a) synthesized Ni(OH)2 powder; (b) NiOOH powder; (c) NiOOH mixed 
with 5-HMF in 0.1 M KOH; (d) NiOOH mixed with 5-HMF in 1 M KOH.
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Figure S21. High performance liquid chromatographs (HPLC) analysis recorded by immersing 
NiOOH in a 5-HMF-containing 0.1 M KOH (pH 12.9)  without applying potential. Equimolar 
amounts of NiOOH and 5-HMF were mixed in 0.1 M KOH and stirred at room temperature. 
Samples were collected at different times for product analysis. Methyl phenyl sulfone (MPS) 
was added as internal standard.
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Figure S22. High performance liquid chromatographs (HPLC) analysis recorded by immersing 
NiOOH in a 5-HMF-containing 0.1 M KOH (pH 12.9)  without applying potential. Equimolar 
amounts of NiOOH and 5-HMF were mixed in 0.1 M KOH and stirred at room temperature. 
Samples were collected at different times for product analysis. Methyl phenyl sulfone (MPS) 
was added as internal standard.
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Figure S23. Cyclic voltammetry recorded with scan rate of 10 mV/S for Ni3B-NCs@CP (0.05 
mg/cm2) measured in 1.0 M KOH (pH 13.9) in the presence of different concentration of 5-HMF 
(10, 100, 200 mM).
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Figure S24. Effect of 5-HMF concentration in the electrolyte (1.0 M KOH) to the current density 
measured at two potentials (1.5 V vs RHE and 1.8 V vs RHE). The working electrode in this 
study was Ni3B-NCs@CP with catalyst loading 0.05 mg/cm2. The data points plotted in this 
graph were collected from cyclic voltammogram measured at a scan rate of 10 mV/s.
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Figure S25. Concentration profiles of 5-HMF and the possible 5-HMF oxidation products 
(HMFCA, DFF, FFCA, FDCA) measured throughout 3 hours of chronoamperometry with Ni3B-
NCs@CP (0.05 mg/cm2) at 1.5 V vs RHE in 1 M KOH (pH 13.9).



34

Figure S26. Concentration profiles of 5-HMF and the possible 5-HMF oxidation products 
(HMFCA, DFF, FFCA, FDCA) measured throughout 3 hours of chronoamperometry with Ni3B-
NCs@CP (0.05 mg/cm2) at 1.6 V vs RHE in 1 M KOH (pH 13.9).
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Figure S27. Concentration profiles of 5-HMF and the possible 5-HMF oxidation products 
(HMFCA, DFF, FFCA, FDCA) measured throughout 3 hours of chronoamperometry with Ni3B-
NCs@CP (0.05 mg/cm2) at 1.7 V vs RHE in 1 M KOH (pH 13.9).
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Figure S28. Three independent chronoamperometry of Ni-NCs@CP (0.05 mg/cm2) conducted 
at constant potential 1.8 V vs RHE for 3 hours in the presence of 5-HMF (100 mM) at pH 13.9.
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Figure S29. Three independent chronoamperometry of Ni3B-NCs@CP (0.05 mg/cm2) 
conducted at constant potential 1.8 V vs RHE for 3 hours in the presence of 5-HMF (100 mM) 
at pH 13.9.
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Figure S30. Three independent chronoamperometry of Ni2B-NCs@CP (0.05 mg/cm2) 
conducted at constant potential 1.8 V vs RHE for 3 hours in the presence of 5-HMF (100 mM) 
at pH 13.9.
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Figure S31. High performance liquid chromatographs (HPLC) analysis recorded by immersing 
B2O3 in a 5-HMF-containing 0.1 M KOH (pH 12.9)  without applying potential. Equimolar 
amounts of B2O3and 5-HMF were mixed in 0.1 M KOH and stirred at room temperature. 
Samples were collected at different times for product analysis. Methyl phenyl sulfone (MPS) 
was added as internal standard.
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Figure S32. High performance liquid chromatographs (HPLC) analysis recorded by immersing 
B2O3 in a 5-HMF-containing 0.1 M KOH (pH 13.9)  without applying potential. Equimolar 
amounts of B2O3and 5-HMF were mixed in 1 M KOH and stirred at room temperature. Samples 
were collected at different times for product analysis. Methyl phenyl sulfone (MPS) was added 
as internal standard.
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Figure S33. Cyclic voltammetry recorded with scan rate of 10 mV/S for B2O3@CP (1 mg/cm2), 
carbon paper, and Ni3B-NCs@CP (0.05 mg/cm2) measured in 1.0 M KOH (pH 13.9) in the 
presence of 100 mM 5-HMF.
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Recycling tests

The figures below (S34-S38) present the chronoamperometries and the reactants 
concentration profiles for the recycling tests of the Ni3B-NCs@CP electrocatalyst. It is worth 
noting that higher initial current densities (but also higher level of noise) were observed the 
second and third run of the electrode recyclability tests, most likely due to the higher 
environmental temperature during those experiments, which also resulted in higher 5-HMF 
conversion. 

Figure S34. 1st chronoamperometric run of Ni3B-NCs@CP conducted at constant potential 
1.8 V vs RHE for 3 hours showing current density and the sum of 5-HMF, HMFCA, and FFCA 
concentrations as a function of time.
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Figure S35. 2nd chronoamperometric run of Ni3B-NCs@CP conducted at constant potential 1.8 
V vs RHE for 3 hours showing current density and the sum of 5-HMF, HMFCA, and FFCA 
concentrations as a function of time.
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Figure S36. 3rd chronoamperometric run of Ni3B-NCs@CP conducted at constant potential 1.8 
V vs RHE for 3 hours showing current density and the sum of 5-HMF, HMFCA, and FFCA 
concentrations as a function of time.
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Figure S37. 4th chronoamperometric run of Ni3B-NCs@CP conducted at constant potential 
1.8 V vs RHE for 3 hours showing current density and the sum of 5-HMF, HMFCA, and 
FFCA concentrations as a function of time.
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Figure S38. 5th chronoamperometric run of Ni3B-NCs@CP conducted at constant potential 1.8 
V vs RHE for 3 hours showing current density and the sum of 5-HMF, HMFCA, and FFCA 
concentrations as a function of time.
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Figure S39. XRD patterns of Ni3B-NCs@CP as prepared, and after the first, third and fifth runs 
of electrooxidation of 5-HMF at pH 13.9 at 1.8 V vs RHE for 3 hours. XRD of the carbon paper 
and Ni3B NCs have also been plotted as references.
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Figure S40. XRD patterns of Ni3B-NCs@CP after the fifth run of electrooxidation of 5-HMF at 
pH 13.9 at 1.8 V vs RHE for 3 h. 

The lower angle peaks emerging after the electrochemical tests have been identified as KOH, 
KCl, K2CO3, K2C2O6, K2SO3 and K2SO4. KOH originates from the electrolyte, whereas the other 
salts may stem from the reaction between K+ in the electrolyte and other species present as 
impurities (e.g. Cl-, which is present on the Ni3B surface, as shown by XPS) or generated 
during the reaction (e.g. carbonate and oxalate anions formed by the oxidative degradation of 
carbon paper; sulphates and sulphites coming from Nafion).
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Figure S41. Chronoamperometry of Ni3B-NCs@CP with catalyst loading 0.05 mg/cm2 in 1 M 
KOH (pH 13.9) at 1.8 V vs RHE with 100 mM of 5-HMF and no 5-HMF.

The fact that the chronoamperometry of Ni3B-NCs@CP at 1.8 V vs RHE in the absence of 
5-HMF and at pH 13.9 shows a trend of increasing current density suggests that besides the 
OER, under these conditions significant oxidation of the electrode is taking place, most likely 
as a consequence of gradual oxidative degradation of the carbon paper support. It is worth 
noting that this phenomenon seems to be largely suppressed in the presence of 5-HMF, which 
can be thus considered to be more prone to undergo oxidation than the carbon paper support. 
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