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Section S1: 3D framework structure of NiDMOF 

 

 

(a) 

 

  

(b) (c) 

Figure S1. a) Secion of the 3D framework structure of [Ni2(BDC)2DABCO]·(DMF)4·(H2O)1.5 (NiDMOF), 

b) and c) two presentations of the {Ni2(O2C-)4} paddle-wheel cluster also showing the penta-

coordination of the Ni centers  by the nitrogen atoms from the DABCO ligand. Graphic produced with 

the software Diamond [1] from the deposited cif-file for NiDMOF with CCDC number 802892.[2] 
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Section S2: Powder X-ray diffraction (PXRD) measurements 

 

Figure S2. PXRD patterns of NiDMOF, its 7, 14, 22, 34 wt.% mKB composites and mKB. The simulated 

PXRD pattern of NiDMOF was obtained from the deposited cif-file for NiDMOF with CCDC number 

802892.[2] The first five reflexes at 2θ = 8.2°, 9.4°, 11.7°, 12.4° and 16.6° correspond are the 100, 001, 110, 

101 and 200 reflections. 

Section S3: Fourier-transform infrared (FT-IR) spectroscopy  

 

Figure S3. FTIR spectra of modified Ketjenblack carbon (mKB) and pristine Ketjenblack carbon (KB). 

 

Fourier-transform infrared (FT-IR) spectroscopy was used to confirm the existence and increase of 

functional groups in mKB (Figure S3). The spectrum of mKB shows peaks at 3435, which could be 

attributed to the ν(O−H). The bands at 2921 and 2850 cm−1 are assigned to the νasymC−H and νsymC-H, 

respectively. After modification, the mKB has additional bands at 1640 ± 5, 1550 ± 5 and 1180 ± 5 cm−1, 
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attributed to the νasymCOO−, δO−H, νsymCOO− and νC−O, respectively.3 The oxygen containing groups 

−OH, -COO− and -C-O can be obserbed in both KB and mKB, but the intensity in mKB is much stronger 

than in KB, indicating that oxidation with 20% HNO3 increased the amount of oxygen containing 

functional groups. 

  

(a) (b) 

Figure S4. FT−IR spectra of a) mKB, H2BDC, DABCO, NiDMOF and the Ni-DMOF/KB7 composite; b) 

NiDMOF and its 7, 14, 22, 34 wt.% mKB composites, Ni(Fe)DMOF and Ni(Fe)DMOF/mKB14. 

As shown in Figure S4a, NiDMOF and NiDMOF/KB7 display the same characteristic bands in the 

fingerprint region which are in a good agreement with the literature.[2,4] The wide band at 2900−3400 

cm−1 are attributed to νasymC–H and νO−H of uncoordinated water molecules. The strong bands at 1650-

1580 cm–1 and 1400-1350 cm–1 were assigned to the νasymCOO− and νsymCOO− vibrations of the COO– 

groups. The bands at 1100 ± 5 cm–1 and 1055 ± 5 cm–1 could be due to the νasC-N and νasC-N vibrations 

of DABCO. The absorbance bands at 810 ± 5 cm–1 and 750 ± 5 cm–1 correspond to the ν(C-C)Ar and δ(C-

H)Ar vibrations, respectively, of the 1,4-BDC ligand. The composite series DMOF/mKBx exhibit similar 

bands as those in the parent DMOF, indicating that incorporation of mKB did not prevent the formation 

of DMOF units. The results confirmed that mKB could be smoothly mixed with the DMOFs, in 

agreement with the PXRD results. 
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Table S1. Assignment of IR-bands of KB, mKB, NiDMOF and NiDMOF/mKB analogs (cm−1). 

 νO−H νC-H νasymCOO−/δO-H νsymCOO− νsCO− νasC-N νC-CAr / δ(C-
H)Ar 

νNi-O/ 
νNi/Fe−O, 

KB 3435 2918 
2844 

1641 
1557 

- 1174 - 879 
722 

- 

mKB 3435 2918 
2844 

1645 
1554 

- 1181 -  
875 
782 
722 

- 

NiDMOF 3406 2963 
2887 

1602 
1573 

1385 1147 1056 
1010 

813 
737 

 

540 

NiDMOF/mKB 3430 2961 
2895 

1611 
1573 

1387 1144 1048 
1005 

817 
715 

560 

Ni(Fe)DMOF 3408 2970 1615 
1568 

1390 1150 1055 
1007 

748 
814 

528 

Ni(Fe)DMOF/mKB 3401 2918 
2849 

1618 
1572 

1390 1160 1053 
1007 

748 
814 

527 

Derived- Ni(Fe)DMOFb 3637 
3425 

- 1633 
 

1347 - - - 517 
439 

Derived- 
Ni(Fe)DMOF/mKBb 

3634 
3430 

- 1641 
1570 

1367 -  - 516 
450 

a  ν = stretching vibration (νasym= asymmetric vibration, νsym=symmetric stretching vibration); δ =bending vibration (ρ = in plane, γ= out of plane vibration); Ar = aromatic vibration. 

b All major IR bands are listed for the decomposition product of Ni(Fe)DMOF and Ni(Fe)DMOF/mKB after 24 h in 1 mol L−1 KOH.  
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Section S4: NMR spectroscopy 

 

Figure S5. Solution 1H NMR spectra of digested NiDMOF [Ni2(BDC)2DABCO] in DMSO-d6 (2.50 ppm). 

The intergration ratio of H on 1 DABCO (C6H12N2) to H on 2 BDC (2 C6H4(CO2−)2) matches the expected 

1.5:1 ratio. 
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Section S5: Elemental analysis 

Table S2. Elemental analysis of DMOF samples and their composite series with mKB.a 

Material 
C 

(wt.%) 

H 

(wt.%) 

N 

(wt.%) 

Ni 

(wt.%) 

Fe 

(wt.%) 

mKB 

from 

AAS 

(wt.%) 

NiDMOF found 45.26 3.61 4.94 20.82 - - 

NiDMOF = 

[Ni2(C8H4O4)2(C6H12N2)

]·(H2O)0.5 calculated 

46.62 3.73 4.94 20.71 - - 

[Ni2(C8H4O4)2(C6H12

N2)]·H2O calculated 
45.89 3.85 4.87 20.39   

NiDMOF/mKB7 46.28 3.36 4.24 19.49 - 7 

NiDMOF/mKB14 48.84 3.19 4.18 18.13 - 14 

NiDMOF/mKB22 50.20 3.11 3.88 16.44 - 22 

NiDMOF/mKB34 51.86 3.00 3.69 13.98 - 34 

Ni(Fe)DMOF 46.35 3.57 5.01 
20.85 

3.55 at.% 

0.66 

0.118 at.% 
- 

   molar ratio Ni:Fe 30:1  

 

Ni(Fe)DMOF= 

[Ni1.94Fe0.06(C8H4O4)2(C6

H12N2)]·(H2O)0.5 calc. 

46.63 3.74 4.94 20.10 0.59 - 

[Ni1.94Fe0.06(C8H4O4)2(C6

H12N2)]·(H2O) calc. 
45.90 3.85 4.87 19.78 0.58  

Ni(Fe)DMOF/mKB14 49.17 3.28 4.27 
18.11 

3.086 at.% 

0.57 

0.102 at.% 
14 

   molar ratio Ni:Fe 30:1  

a The samples were dried at 150 °C for at least 20 h under vacuum condition (< 10−2 mbar) before using 

for the element analysis, in order to avoid the residual solvent molecules or re-adsorbed moisture 

during storage and handling. 

b MOF wt. % in composite =   .% ( ).    .% (  ) · 100%; mKB wt.% = 100% – MOF wt.% 
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Section S6: Nitrogen sorption experiments (T = 77 K) 

  

(a) (b) 

  

(c) (d) 

Figure S6. a) Nitrogen sorption isotherms at 77 K (filled symbols adsorption; empty symbols 

desorption) and b) pore size distribution of modified Ketjenblack carbon (mKB) and neat Ketjenblack 

carbon (KB). c) Nitrogen sorption isotherms at 77 K (filled symbols adsorption; empty symbols 

desorption) and d) pore size distribution of NiDMOF, its 7, 14, 22, 34 wt.% mKB composites and mKB. 

  

0.0 0.2 0.4 0.6 0.8 1.0

0

500

1000

1500

2000

2500

3000

N
2-u

pt
ak

e 
@

ST
P 

(c
m

3  g
–1

)

Relative pressure p/p0

 KB
 m-KB

0 5 10 15 20 25 30

0.0

0.1

0.2

0.3

0.4

0.5

dV
p/

dd
p

Pore width (nm)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0

200

400

600

800

N
2-

up
ta

ke
@

ST
P 

(c
m

3 g
–1

)

Relative pressure p/p0

 NiDMOF
 NiDMOF/mKB7
 NiDMOF/mKB14
 NiDMOF/mKB22
 NiDMOF/mKB34

0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0
dV

p/
dd

p

Pore width (nm)

 mKB
 NiDMOF
 NiDMOF/mKB7
 NiDMOF/mKB14
 NiDMOF/mKB22
 NiDMOF/mKB34



S9 

Section S7: Scanning electron microscopy (SEM) 

 

Figure S7. SEM images of a) NiDMOF, b) NiDMOF/mKB7 c) NiDMOF/mKB14 d) NiDMOF/mKB22, e) 

NiDMOF/mKB34, f) Ni(Fe)DMOF, g) Ni(Fe)DMOF/mKB14 and h) mKB. The scale bar is 10 µm except 

for h) where it is 1 µm. 

 

Figure S8. EDX element mapping for nickel, iron, nitrogen and oxygen of Ni(Fe)DMOF. 
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(a) (b) 

Figure S9. EDX spectra with the composition for a) Ni(Fe)DMOF in the selected area in Figure S8, b) for 

Ni(Fe)DMOF/mKB14 in the selected area in Figure 3 in the main text. 

Table S3. SEM-EDX and AAS Ni:Fe ratios of Ni(Fe)DMOF and Ni(Fe)DMOF/mKB14. 

Material SEM-EDX AAS Synthesis 

 Molar Ni:Fe ratio 

Ni(Fe)DMOF 31.5:1 30:1 32:1 

Ni(Fe)DMOF/mKB14 31:1 30:1 32:1 
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Section S8: X-ray photoelectron spectra (XPS) 

  
Figure S10. Full X-ray photoelectron spectra (XPS) of NiDMOF, Ni(Fe)DMOF and 

Ni(Fe)DMOF/mKB14.  

  

(a) (b) 

  

(c) (d) 

Figure S11. High-resolution X-ray photoelectron spectra (XPS) of a) C 1s, b) O 1s, c) N 1s and d) Fe 3p 

of Ni(Fe)DMOF/mKB14 composite. 
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The deconvolution of the carbon 1s spectrum (C 1s) can be fitted into five peaks with binding 

energies of 284.3, 285.6, 286.7, 287.8 and 289.0 eV, which indicate the presence of C-C/C=C/C-

H, C-O/C-N, C-O-C, C=O and O-C=O, respectively. The shallow broad peak at 291.1 eV is a π 

to π* shake-up satellite.[5] This implies the presence of terephthalate and the functional groups 

of modified Ketjenblack carbon (mKB). Similarly, the oxygen spectrum (O 1s) can be 

deconvoluted into two peaks positioned at 530.8 and 531.9 eV, which are related to typical M-

O-C bonds and C=O, respectively. The N 1s spectrum consists of one peaks with a binding 

energy of 400 eV which corresponds to the presence of tertiary N bonded to carbon (N-C3),[6,7] 

as in DABCO. It should be noted that the Fe 2p peaks have a contribution from a Ni LMM 

Auger peak (Figure S11).[8] Therefore, the weaker Fe 3p peak was used, instead, for the Ni:Fe 

ratio quantification. The Fe 3p XPS region of Ni(Fe)DMOF/mKB shows one peak at 55 eV, 

which confirms of the presence of Fe(II) (Figure S11d).[9,10]  

 

 

(a)  

  

(b) (c) 

Figure S12. High-resolution X-ray photoelectron spectra (XPS) of a) Ni 2p of NiDMOF, b) Ni 2p and c) 

Fe 2p of Ni(Fe)DMOF. In c) the Ni LMM Auger peak occurs at the same positions as the Fe 2p signals.8 
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Section S9: Electrochemical measurements 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure S13. Comparison of CV curves collected after the 3rd and 100th cycle for a) mKB, b) NiDMOF, c) 

NiDMOF/mKB7, d) NiDMOF/mKB14, e) NiDMOF/mKB22 and f) NiDMOF/mKB34.  

 

100 cyclic voltammetry (CV) scans were applied to explore the electrocatalytic behaviors and 

their activation/deactivation profiles due to surface reconstruction. As shown in Figure S13, 
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with mKB present in the composites, the Ni2+ to Ni3+ oxidation peak (at 1.35–1.45 V vs RHE) 

became more noticeable and shifted into positive direction, indicating the synergetic effect of 

mKB and NiDMOF on the oxidation of Ni+2(OH)2 to Ni+3OOH. Oxidation currents at higher 

potentials are then due to the evolution of oxygen according to 4OH– → O2 + 2H2O + 4e–. 

 
Figure S14. Comparison of CV curves collected after 100th cycle for mKB, NiDMOF and its 7, 14, 22, 34 

wt.% mKB composites.  

  

(a) (b) 

Figure S15. Comparison of CV curves collected after 3rd, 100th and 1000th cycle for a) 

Ni(Fe)DMOF and b) Ni(Fe)DMOF/mKB14. 
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Figure S16. Equivalent circuit for the metal oxides catalyzing OER. 

The RΩ presents an electrolyte resistance, while Cdl is an element model, which represents the 

double layer capacitance of a solid electrode. The kinetic of Faradaic OER is determined by 

these circuit parameters: Rp, Rs and CΦ. The polarization resistance (Rp) presents the total 

charge transfer resistance of the multiple steps in OER, while Rs is related to the rate of 

production of surface intermediates during OER. In general, CΦ is related to the changes in 

charged surface species during the process of OER.[11,12,13] 

Table S4. Overpotentials at 10 mA cm–2 and Tafel slopes of NiDMOF, Ni(Fe)DMOF and their 

mKB composite series materials at 1.5 V vs. RHE. 

Material 

Overpotential 

at  

10 mA cm–2 

(mV) 

Tafel slope 

(mV dec–1) 

Rp 

(Ω) 

Rs 

(Ω) 

Ketjenblack (mKB) 375 73 62  75 

RuO2 317 56 23 4 

NiDMOF 315 55 21 7 

NiDMOF/mKB7 308 53 8 3 

NiDMOF/mKB14 294 32 4 2 

NiDMOF/mKB22 303 45 5 3 

NiDMOF/mKB34 304 51 11 4 

Ni(Fe)DMOF 301 40 6 4 

Ni(Fe)DMOF/mKB14 279 24 4 2 
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Figure S17. SEM images of (a) bare Ni foam (NF) and (b) Ni(Fe)DMOF/mKB14 loaded on nickel foam 

for the chronopotentiometry (CP) test for 30 h. 
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Table S5. Comparison of OER performance of published materials and in this work. 

a mKB: modified Ketjenblack carbon, KB: Ketjenblack carbon; NF: nickel foam, BDC: 1-4-

bezene dicarboxylate, TED = DABCO: triethylenediamine, HXP: hexagonal 2D 

Ni2(BDC)2(DABCO)⋅(DMF)4(H2O)4, rGO: reduced graphene oxide and PB:  Sodium Phosphate 

Buffer 0.2 mol L−1 electrolyte, pH 7.0. – b 1 mol L−1 KOH electrolyte. 

Material a 
Electrolyte 

b 
 

Substrate 
Overpotential 

@ 10 mA cm−2 (mV) 

Tafel slope 

(mV dec-1) 
Ref. 

NiDMOF/mKB14 KOH  b GCE 294 32 This work 

Ni(Fe)DMOF/mKB14 

(14 wt.% mKB) 
KOH GCE 279 25 This work 

Ni(Fe)DMOF/mKB14 

(14 wt.% mKB) 
KOH NF 247  This work 

Ni(Fe)-MOF-74/KB 

(48 wt.% KB) 
KOH GCE 274 40 [14] 

Ni(Fe)(OH)2/KB 

(47 wt.%) 
KOH GCE 265 55 [14] 

Ni10CoBTC/KB 

(33 wt.% KB) 
KOH GCE 347 70 [15] 

Ni10FeBTC KOH GCE 344 47 [15] 

2D-Ni-single-layer 

(Ni2 BDC2 DABCO) 

PB, pH = 

7.0 (0.2  

mol L−1) 

Carbon 

cloth 
749 182 [16] 

2D-CoNi-single-layer 

(NiCoBDC2DABCO) 

PB, pH = 

7.0 (0.2  

mol L−1) 

Carbon 

cloth 
527 171 [16] 

HXP@NC800 KOH GCE 307 48 17 

Fe-doped 

HXP@NC800 
KOH GCE 266 49 [17] 

Ni32Fe oxide KOH NF 291 58 [18] 

β-Ni(OH)2 nanoburls KOH GCE 303 43 [19] 

α-Ni(OH)2 KOH GCE 387 53 [20] 

α-Ni(OH)2-GO KOH GCE 356 50 [20] 
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