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Turn-over frequency (TOF)

We used the following formula to calculate the TOF [1]:

𝑇𝑂𝐹 =  
#𝑡𝑜𝑡𝑎𝑙 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑡𝑢𝑟𝑛 𝑜𝑣𝑒𝑟𝑠 / 𝑐𝑚2 𝑜𝑓 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

#𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 / 𝑐𝑚2 𝑜𝑓 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

The total number of hydrogen turn overs was calculated from the current density according to:

# 𝐻2

= (𝑗 
𝑚𝐴

𝑐𝑚2)( 1 𝐶 𝑠 ‒ 1

1000 𝑚𝐴)( 1 𝑚𝑜𝑙 𝑒 ‒

96458.3 𝐶)(1 𝑚𝑜𝑙 𝐻2

2 𝑚𝑜𝑙 𝑒 ‒ )(6.022 × 1023 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

1 𝑚𝑜𝑙 𝐻2 ) = 3.12 ×  1015 
𝐻2/𝑠

𝑐𝑚2

 𝑝𝑒𝑟 
𝑚𝐴

𝑐𝑚2

The active site per real surface area is calculated from the following formula:

The molar volume of Ni:

𝑉𝑚 =
𝐹𝑤

𝜌
=  

58.69 𝑔/𝑚𝑜𝑙

8.9 𝑔/𝑐𝑚3
= 6.594

𝑐𝑚3

𝑚𝑜𝑙𝑁𝑖

The average surface occupancy:

Active site number of Ni 

 

= (
1 𝑎𝑡𝑜𝑚𝑠/𝑓𝑜𝑟𝑚𝑢𝑙𝑎 𝑢𝑛𝑖𝑡 

6.594 𝑐𝑚3/𝑚𝑜𝑙𝑁𝑖 

6.022 × 1023 𝑚𝑜𝑙 ‒ 1

)2/3 = 2.03 × 1015 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑡𝑜𝑚𝑠 / 𝑐𝑚2

The molar volume of Ni3C:

𝑉𝑚 =
𝐹𝑤

𝜌
=  

188.4 𝑔/𝑚𝑜𝑙

7.85 𝑔/𝑐𝑚3
= 23.698

𝑐𝑚3

𝑚𝑜𝑙𝑁𝑖3𝐶

The average surface occupancy:

Active site number of Ni3C 

 

= (
3 𝑎𝑡𝑜𝑚𝑠/𝑓𝑜𝑟𝑚𝑢𝑙𝑎 𝑢𝑛𝑖𝑡 

23.698 𝑐𝑚3/𝑚𝑜𝑙𝑁𝑖 

6.022 × 1023 𝑚𝑜𝑙 ‒ 1

)2/3 = 1.8 × 1015 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑡𝑜𝑚𝑠 / 𝑐𝑚2

We estimate the number of active sites as the number of surface sites from the average value of Ni 

and Ni3C.

Active site number = 1.915 × 1015 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑡𝑜𝑚𝑠 / 𝑐𝑚2

TOF can be calculated according to:
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𝑇𝑂𝐹 =  

(3.12 × 1015
𝐻2/𝑠

𝑐𝑚2
𝑝𝑒𝑟

𝑚𝐴

𝑐𝑚2
) × |𝑗|

#𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 ×  𝐴𝐸𝐶𝑆𝐴 

Fig. S1 (a) XRD pattern and (b) TEM image of sample Ni(OH)2.
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Fig. S2 SEM and TEM images of samples prepared by different annealing time: (a) 0.5h, (b) 1h, 

(c) 4h. (d) XRD patterns of samples prepared by different annealing time.
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Fig. S3 Crystal structure models of trigonal Ni3C and cubic Ni, and their phase transformation by 

annealing.

Fig. S4 (a) SEM image and (b) XRD pattern of sample prepared with nickel nitrate and 

Dicyandiamide.

In detail, 30 mg of Ni(NO3)2·6H2O and 200 mg of dicyandiamide were ground in a mortar with 

ethanol for uniform mixing. After the mixture were dried at 60 °C, the solid powders were placed 

in a covered crucible and annealed at 650 °C for 2 hours under an argon atmosphere, the heating 

rate is 5 °C/min.

Fig. S5 XRD patterns of the products prepared by annealing of single dicyandiamide or Ni(OH)2, 

inserts show the photographs.
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Fig. S6 SEM and TEM images of samples prepared by different annealing temperature for 2 h: (a) 

550 °C, (b) 600 °C, (c) 700 °C. (d) XRD patterns samples prepared by different annealing 

temperature.

Fig. S7 SEM images of samples prepared by different amounts of dicyandiamide: (a) 100 mg, (b) 
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400 mg.

Fig. S8 XRD patterns of samples prepared by different amounts of dicyandiamide.

      Fig. S9 N2 adsorption/desorption isotherms of Ni/Ni3C-NCNT 650-4 and NiO/Ni/Ni3C-

NCNT 600-2.
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Fig. S10 XPS survey spectrum of Ni/Ni3C-NCNT 650-2.

Table S1 Percentage of different N species.

N species Ni-N Pyridinic-N Pyrollic-N Graphitic-N

Percentage (%) 8.69 64.82 20.59 5.91

Fig. S11 LSV polarization curves of Ni/Ni3C-NCNT 650-2 for HER in acidic or alkaline solution.
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Fig. S12 EIS plots of Ni/Ni3C-NCNT 650-2, Ni/Ni3C-NCNT 650-4 and NiO/Ni/Ni3C-NCNT 600-

2.

Table S2 Comparison of HER performance of the Ni/Ni3C-NCNT 650-2 with other non-noble-
metal catalysts in 1.0 M KOH solution.

Electrocatalysts Overpotential (mV)(j=10 mA cm−2) Ref.
Ni/Ni3C-NCNT 650-2 204 This work

CoOx@CN 270 [2]
MoS2+x/FTO 310 [3]

CoP/CC 209 [4]
Ni3N 208 [5]

CoP/rGO-400 340 [6]
NiFe-LDH/NF 250 [7]

FeP/Fe foil 194 [8]
Ni5P4 nanosheets on Ni foil 150 [9]

Ni3S2/NF 223 [10]
Ni3S2 nanorod/NF 200 [11]

NiS/NF 158 [12]
NiCo2O4/NF 164 [13]
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Fe-Ni3C-2%@NCS 178 [14]
Zn-Co-S/CFP 234 [15]

Ni3FeN/carbon cloth 105 [16]

Table S3 Comparison of OER performance of the Ni/Ni3C-NCNT 650-2 with other non-noble-
metal catalysts in 1.0 M KOH solution.

Electrocatalysts Overpotential (mV) (j=10 mA cm−2) Ref.
Ni/Ni3C-NCNT 650-2 277 This work

N doped CNT 450 [17]
N-doped graphite 380 [18]

NiCo LDH 367 [19]
CoZn-NC-700 390 [20]

Ni3C/C 330 [21]
Ni/Mo2C-PC 386 [22]

Fe-Ni3C-2%@NCS 275 [14]
MoS2-Ni3S2 HNRs/NF 249 [23]

Co6Mo6C2/NCRGO 260 [24]
Fe-Ni oxide >375 [25]

NiCo2O4 NNs/FTO 565 [26]
β-Ni(OH)2 444 [27]

NiOOH 525 [28]
NiO >470 [29]

TiN@Ni3N 350 [30]
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Fig. S13 CV curves of catalysts at various scan rates in the region of 1.22-1.32 V vs RHE: (a) 

Ni/Ni3C-NCNT 650-2, (b) Ni/Ni3C-NCNT 650-4, (c) NiO/Ni/Ni3C-NCNT 600-2. (d) Estimation 

of Cdl by plotting the current density differences (∆j = ja-jc) at 1.27 V with various scan rates.

Fig. S14 (a) SEM and (b) TEM images of Ni/Ni3C-NCNT 650-2 after continuous HER test.

Fig. S15 LSV polarization curves of various catalysts obtained with different amount of 

dicyandiamide for HER test.
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Fig. S16 LSV polarization curves of various catalysts obtained with different amount of 

dicyandiamide for OER test.

Fig. S17 CV curves of catalysts obtained with different amount of dicyandiamide at various scan 

rates in the region of 1.22-1.32 V vs RHE: (a) 400mg, (b) 100mg. (c) Estimation of Cdl by plotting 

the current density differences (∆j = ja - jc) at 1.27 V with various scan rates.
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Fig. S18 LSV curves of the product prepared by Nickel nitrate and Dicyandiamide (a) HER and (b) 

OER.

The overpotentials are 269 mV and 330 mV to reach current density of 10 mA cm−2 for HER 

and OER, respectively.

Fig. S19 LSV polarization curve of bare Nickel foam for overall water splitting.

Table S4 Comparison of the overall water splitting performance of the Ni/Ni3C-NCNT 650-2 with 
other non-noble-metal catalysts in 1.0 M KOH solution.

Electrocatalysts Potential (V) (j=10 mA cm-2) Ref.
Ni/Ni3C-NCNT 650-2 1.65 This work

NiFe/NiCo2O4/NF 1.67 [14]
Ni3Se2 1.64 [31]

PO-Ni/Ni-N-CNFs 1.69 [32]
NiFe HNSs 1.70 [33]

NiCo2O4 NW 1.63 [34]
NiCo2O4 1.65 [35]
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Ni11(HPO3)8(OH)6 1.65 [36]
Co24Ni1B75@NF 1.72 [37]

Ni5P4 1.70 [9]
Ni3S2 1.76 [10]
NiS 1.64 [12]
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