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General experimental details

Chemicals 

Iron(II) chloride tetrahydrate (FeCl2·4H2O, ≥99%, Sigma-Aldrich), cobalt(II) nitrate hexahydrate 

(Co(NO3)2·6H2O, ≥98%, Sigma-Aldrich), nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O, ≥98%, 

Sigma-Aldrich), molybdenum(V) chloride (MoCl5, 95%, Sigma-Aldrich), 2,5-

dihydroxyterephthalic acid (DHTA, 98%, Sigma-Aldrich), N,N-dimethylformamide (DMF, 

anhydrous, 99.8%, Sigma-Aldrich), ethanol (>99%, ECHO Chemical), potassium hydroxide 

(KOH, 50% w/v, Showa), nickel foam (NF, thickness: 1.7 mm, May Chun Co., Ltd), graphite rods 

(Alfa Aesar), and Pt wire (CH Instruments) were used as received without further purification. 

Deionized water (resistivity: 18.2 MΩ·cm) was used for preparation of all aqueous solutions. 

Nickel foam was cut into 3 x 3 cm2 pieces, cleaned with ultrasonication in a 3 M HCl solution for 

30 min, washed alternately with acetone and water three times, and dried in an oven at 60 °C for 

2 h for later use.

Characterizations

Morphologies of the samples were characterized with a field emission scanning electron 

microscope (FE-SEM, Hitachi S-4800). High-angle annular dark-field scanning transmission 

electron microscopy (HAADFSTEM) and STEM-mode energy dispersive X-ray spectroscopy 

(STEM-EDS) were conducted using an aberration-corrected transmission electron microscope 

(TEM, JEM-ARM200FTH) to characterize the crystalline structure of the samples. Powder XRD 

patterns of synthesized MOFs and MOF-derived alloy samples (scratched off from NF) were 

recorded on an X-ray diffractometer (D8 ADVANCE Eco) with Cu Kα as the light source. Metallic 

elements of the samples were quantified with inductively coupled plasma with optical emission 

spectrometry (ICP-OES, iCAP 7000 series, Thermo Fisher Scientific). Nitrogen gas adsorption 

and desorption isotherms (ASAP 2010, Micromeritics Inc., Norcross, GA) were measured at 77 K 
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for all MOF-derived samples scratched off from NF. Specific surface areas of the MOF-derived 

products were determined based on the Brunauer-Emmett-Teller (BET) model. Surface chemical 

states of constituent elements of the samples were investigated using a high resolution X-ray 

photoelectron spectrometer (HR-XPS, PHI Quantera SXM). Raman spectra of the samples were 

recorded on a Raman spectrometer (MRID, ProTrusTech Co., Ltd) using a green laser of an 

excitation wavelength of 532 nm as the light source. Hydrogen and oxygen gases produced during 

the overall water splitting process for Faradaic efficiency determination were examined with a gas 

chromatography (GC-2014, SHIMADZU) instrument equipped with a thermal conductivity 

detector.

Electrochemical measurements 

All electrochemical characterizations were conducted on a CHI workstation (CHI Instruments, 

CHI 6275D) at room temperature in a three-electrode set-up. An Hg/HgO (1 M NaOH) electrode 

was used as the reference electrode. The electrode potential of Hg/HgO [0.107 vs. normal 

hydrogen electrode (NHE)] was calibrated according to a recently reported method.1 Graphite rod 

for HER and platinum wire for OER were used as the counter electrodes with the NF based samples 

serving as the working electrodes. Linear sweep voltammetry (LSV) polarization curves were 

recorded at a scan rate of 1 mV s-1. Potentials reported were converted to refer to reversible 

hydrogen electrode (RHE) and iR-compensated. Prior to measurements, the working electrode was 

conditioned with 30 cyclic voltammetry (CV) cycles at a scan rate of 100 mV s-1 to stabilize the 

current density. Chronopotentiometry (V-t) stability test was conducted at a current density of 500 

mA cm-2 for more than 50 hours for OER, HER, and overall water splitting in 1 M KOH solution. 

Electrochemical impedance spectroscopy (EIS) spectra were recorded at a specific potential, under 

which all sample electrodes undergo HER or OER, within a frequency range of 100 kHz to 1 Hz. 
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A reported reduction peak method was adopted to quantify the total number of surface active sites 

present in the sample for turnover frequency (TOF) calculations.2 In details, a CV curve is first 

recorded in 1 M KOH for the catalyst, from which the reduction peak area of the curve can be 

measured. The area is divided by the scan rate to give the total charge of the reduction process, 

from which the number of electrons actively involved in the reduction process can be calculated 

by dividing the total charge by the unit charge of an electron (1.602 x 10-19 C). Here, the reduction 

process is considered as a single electron transfer reaction, and hence, the number of electrons 

obtained above is exactly the same as the number of surface-active sites (Γ). From the value of Γ, 

the TOF can be calculated based on the following equation,

TOF = (j x NA)/(n x F x Γ).

Here, j is the current density (A cm-2) at a specific potential, NA is the Avogadro number, n is the 

number of electrons transferred to evolve the gas molecule (4 for oxygen and 2 for hydrogen), and 

F is the Faraday constant (96485 C). 

Overall water splitting measurements were conducted on a two-electrode set-up in 1 M 

KOH. The NF based electrode couple, blank NF//blank NF, Pt-C/NF//IrO2/NF, or 

FeCoNiMo@C/NF//FeCoNiMo@C/NF, was first conditioned at a scan rate of 100 mV s-1 with a 

30 CV cycles. The LSV measurements were then conducted in the potential range of 0–2 V at a 

slow scan rate of 1 mV s-1. The potentials are iR-compensated. The Faradaic efficiency of 

FeCoNiMo@C/NF electrode as both anode and cathode for overall water splitting was determined 

by comparing the number of moles of oxygen and hydrogen produced experimentally and 

theoretically. And, the amount of hydrogen and oxygen produced experimentally was determined 

with a water displacement method.3
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Calculation details

Calculation details for the four parameters used for judging formation of solid-solution HEAs of 

an FCC structure are summarized below

(1) Atomic size difference (δ):

δ  ,

 =  100
n

∑
i = 1

ci (1 -
ri

�̅�
)

where  is the average atomic radius, ri the atomic radius of the ith element, and ci the 
�̅� =  

𝑛

∑
𝑖 = 1

𝑐𝑖𝑟𝑖

atomic concentration of the ith element.

Element ci ri ciri  
(1 -

ri

�̅�
) ci (1 -

ri

�̅�
)

Fe 0.2321 1.241 0.288036 0.00046965 0.000109
Co 0.2459 1.251 0.307621 0.00019011 4.67E-05
Ni 0.3292 1.246 0.410183 0.00031434 0.000103
Mo 0.1927 1.363 0.26265 0.00555113 0.00107

�̅� 1.26849

n

∑
i = 1

ci (1 -
ri

�̅�
)

0.001329
n

∑
i = 1

ci (1 -
ri

�̅�
)

0.036455
δ 3.645461

(2) Mixing enthalpy (∆Hmix):

,      
∆Hmix =  

n

∑
i = 1, i ≠ j

Ωijcicj
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where  is the regular solution interaction parameter between the ith and jth elements Ωij =  4∆H ij
mix 

and is the enthalpy of mixing of binary liquid alloys.∆H ij
mix

 +  +  +  +  +  ∆Hmix =  ΩFeCo c𝐹𝑒c𝐶𝑜 ΩFeNi c𝐹𝑒c𝑁𝑖  ΩFeMo c𝐹𝑒c𝑀𝑜  ΩCoNi c𝐶𝑜c𝑁𝑖 ΩCoMo c𝐶𝑜c𝑀𝑜  ΩNiMo

c𝑁𝑖c𝑀𝑜

= [4(-1) * 0.2321 * 0.2459] + [4(-2) * 0.2321 * 0.3292] + [4(-2) * 0.2321 * 0.1927] + [4(-5) * 

0.2459 * 0.3292] + [4(-5) * 0.2459 * 0.1927] + [4(-7) * 0.3292 * 0.1927] = -5.5403 kJ mol-1 

(3) Mixing entropy (∆Smix):

 , where R is the gas constant.
∆Smix =  - R 

n

∑
i = 1

cilnci

Element ci lnci ci lnci

Fe 0.2321 -1.46059 -0.339
Co 0.2459 -1.40283 -0.34496
Ni 0.3292 -1.11109 -0.36577
Mo 0.1927 -1.64662 -0.3173

n

∑
i = 1

cilnci
-1.36703

- R 
n

∑
i = 1

cilnci
11.36614

(4) Valence electron concentration (VEC):

, where is the VEC for the ith element.
VEC =

n

∑
i = 1

ci(VEC)i
(VEC)i 

Element ci (VEC)i

 ci (VEC)i
,

Fe 0.2321 8 1.8568
Co 0.2459 9 2.2131
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Ni 0.3292 10 3.292
Mo 0.1927 6 1.1562

n

∑
i = 1

ci(VEC)i
8.5181
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Table S1. Experimental details for syntheses of MOFs on NF.

starting materials FeCoNiMo-
MOF/NF

FeCoNi-
MOF/NF

FeNiMo-
MOF/NF

CoNiMo-
MOF/NF

FeCl2.4H2O
(MW: 198.81)

200 mg
(1 mmol)

250 mg
(1.2 mmol)

360 mg
(1.8 mmol)

-

Co(NO3)2.6H2O
(MW: 291.04)

291 mg
(1 mmol)

350 mg
(1.2 mmol)

-  524 mg
(1.8 mmol)

MoCl5
(MW: 273.24)

110 mg
0.4 mmol

- 164 mg
(0.6 mmol )

164 mg
(0.6 mmol )

H2BDC-(OH)2
(MW: 198.13)

240 mg
(1.2 mmol)

240 mg
(1.2 mmol)

240 mg
(1.2 mmol)

240 mg
(1.2 mmol)

DMF 35 mL 35 mL 35 mL 35 mL
EtOH 2.5 mL 2.5 mL 2.5 mL 2.5 mL
H2O 2.5 mL 2.5 mL 2.5 mL 2.5 mL
NF substrate 3 cm width & 3 cm height (1.7 mm thickness) placed slantingly
Reaction 
condition

150 °C / 48 h (1 h to reach  150 °C, natural Cooling) 

Washing  95% EtOH washing
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Figure S1. (a) Powder XRD patterns of scratched off MOFs from MOF/NF samples. SEM 
images of FeCoNiMo-MOF/NF (b, c), FeCoNi-MOF/NF (d, e), FeCoMo-MOF/NF (f, g), and 
CoNiMo-MOF/NF (h, i).
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TEM-EDX Elemental Analysis

Element Atomic%
Fe K 23.03
Co K 24.12
Ni K 33.64
Mo L 19.21

Figure S2. TEM-EDX elemental analyses of FeCoNiMo@C scratched off from 
FeCoNiMo@C/NF.
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(a)

(b) (c)

 
(d) (e)

 
Figure S3. XPS spectra of trimetallic catalysts. (a) Full survey of FeCoNi@C, FeNiMo@C, and 
CoNiMo@C. (b) HR-XPS of Fe-2p of FeCoNi@C and FeNiMo@C. (c) HR-XPS of Co-2p of 
FeCoNi@C and CoNiMo@C. (d) HR-XPS of Ni-2p of FeCoNi@C, FeNiMo@C, and 
CoNiMo@C. (e) HR-XPS of Mo-3d of FeNiMo@C and CoNiMo@C.
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Figure S4. N2 adsorption/desorption isotherms of (a) FeCoNiMo@C, (b) FeCoNi@C, (c) 

FeNiMo@C, and (d) CoNiMo@C.
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Figure S5. Equivalent circuit model for electrochemical impedance spectroscopy analyses of HER 

and OER. Rs, Rp, and Rct represent electrolyte, electrode porosity, and charge transfer resistances, 

respectively, whereas CPE and Cdl 
represent constant phase element and double layer capacitance, 

respectively.
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Figure S6. In-situ Raman spectra for FeCoNi@C/NF under citation wavelength of 532 nm and 
OER conditions at increasing applied potentials (vs. RHE).
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Figure S7. In-situ Raman spectra for FeNiMo@C/NF under citation wavelength of 532 nm and 
OER conditions at increasing applied potentials (vs. RHE).
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Figure S8. In-situ Raman spectra for CoNiMo@C/NF under citation wavelength of 532 nm and 
OER conditions at increasing applied potentials (vs. RHE).
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after V-t testbefore i-t test Anode Cathode

Figure S9. SEM images of FeCoNiMo@C/NF electrode before and after full cell V-t stability 
test.



S19

Figure S10. TEM images of FeCoNiMo@C scratched off from FeCoNiMo@C/NF as anode 
after full cell V-t test for 50 h at 500 mA cm-2.

Figure S11. TEM images of FeCoNiMo@C scratched off from FeCoNiMo@C/NF as cathode 
after full cell V-t test for 50 h at 500 mA cm-2.
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Figure S12. TEM-EDX elemental mapping of FeCoNiMo@C scratched off from 
FeCoNiMo@C/NF as anode after full cell V-t test for 50 h at 500 mA cm-2.
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Figure S13. TEM-EDX elemental mapping of FeCoNiMo@C scratched off from 
FeCoNiMo@C/NF as cathode after full cell V-t test for 50 h at 500 mA cm-2.
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Element Atomic%
Fe K 23.11
Co K 23.57
Ni K 35.18
Mo L 18.14

Figure S14. TEM-EDX elemental analysis of FeCoNiMo@C scratched off from 

FeCoNiMo@C/NF as anode after full cell V-t test for 50 h at 500 mA cm-2.
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Element Atomic%
Fe K 22.53
Co K 23.71
Ni K 33.94
Mo L 19.82

Figure S15. TEM-EDX elemental analysis of FeCoNiMo@C scratched off from 
FeCoNiMo@C/NF as cathode after full cell V-t test for 50 h at 500 mA cm-2.
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Table S2. ICP-OES results of FeCoNiMo@C scratched off from FeCoNiMo@C/NF before and 
after full cell V-t stability test. And, ICP-OES results of electrolyte after stability test.

sample At%

Before V-t test

Fe - 23.21
Co - 24.59
Ni - 32.92
Mo - 19.27

After V-t test
Anode

Fe - 22.95
Co - 23.71
Ni - 35.02
Mo - 18.32

After V-t test
Cathode

Fe - 22.67
Co - 23.48
Ni - 33.89
Mo - 19.96

ICP-OES results of electrolyte after V-t test
Area of the electrodes used, 0.5 cm2

Loading of FeCoNiCoMo@C on NF = ~0.5 mg cm-1

Loading of FeCoNiCoMo on NF = ~0.45 mg cm-1

Volume of electrolyte = 50 mL
Total weight of electrocatalyst on both electrodes is 0.5 mg (weight of metallic contents ~0.45 
mg)  
ICP-OES results of electrolyte after V-t test:
Fe = 0.026 ppm 
Co = 0.024 ppm
Ni = 0.025 ppm
Mo = 0.040 ppm
Total metallic concentration = 0.115 mg/L
For 50 mL, total weight of metallic content dissolved = 0.00575 mg
% of metallic content dissolved in the electrolyte = (0.00575/0.45)x100 = 1.38%
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Table S3. Comparison of electrolytic HER performances of present FeCoNiMo@C with 
recently reported MOF-derived non-noble metal based HER electrocatalysts in 1 M KOH.

Ref. Electrocatalyst η10 
[mV]

Tafel-
slope
[mV dec-1]

Stability

Present 
work

FeCoNiMo@C/NF 55 56.2 V-t@-500j, 1.8% increase in V @50 
h

4 CoPS/N C 148 78 -
5 MoCx 151 59 i-t@-15j, ~70% loss in i @11 h
6 HC800 123 83 i-t@-30j, no change @2 h
7 Co0.59F0.41P 92 76 i-t@-10j, ~30% loss in i @17 h
8 Co@BCN 183 73.2 i-t@-17j, no change @10 h
9 Ni/C-1 40 77 i-t@-35j, ~20% loss in i @10 h
10 Co/N-carbon 103 – i-t@-5j, no change @10 h
11 C-350 47 67 i-t@-10j, no change @40 h
12 Co@N-CNTs@rGO 108 55 i-t@-20j, no change @100 h
13 Ni@NC-600 250 – i-t@-10j, ~20% loss in i @12 h
14 Mo2C/C 165 63.6 i-t@-10j, ~20% loss in i @20 h
15 nanoMoC@GS(700) 77 50 -
16 NFP/C-3 95 72 V-t@-10j, no change @12 h
17 NHPBAP 121 67 V-t@-100j, ~4% increase in V @20 

h
18 Ni/NiO-400 41 59 V-t@-10j, no change @24 h
19 Ni@NC-rGO 218 99 -
20 CoP/Mo2C-NC 67 66 i-t@-10j, no change @20 h
21 Co2Ni1N 102 60 i-t@-10j, no change @24 h
22 CoNiP nanoboxes 138 65 V-t@-10j, ~40% increase in V @65 

h
23 MoS2/CoS2 NTs 85 34 V-t@-10j, no change @72 h
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Table S4. Comparison of electrolytic OER performances of present FeCoNiMo@C with 
recently reported MOF-derived non-noble metal based OER electrocatalysts in 1 M KOH.

Ref. Electrocatalysts η10

[mV]
Tafel 
[mV 
dec-1]

Stability
(j, mA cm-2)

Present 
work

FeCoNiMo@C/NF 204 33.5 V-t@500j, 2% increase in V @50 h

24 Co3O4/NiCo2O4-
DSNCS

340 88 i-t@10j, ~3% loss in i @5 h

25 Co3O4@CoP 238 51.4 V-t@10j, ~1% increase in V @10 h;
i-t@250j, ~1% loss in i @24 h

26 NF@NC-CoFe2O4/C NRAS 240 45 V-t@100j, 7.5% increase in V @60 h
27 Co3O4@C–MWCNTs 320 62 V-t@10j, ~0.5% increase in V @25 h
28 Zn doped CoSe2/CFC 356 88 V-t@50j, 1% increase in V @14 h
29 CC@NiCo2O4 340 72 i-t@10j, no change @20 h
30 CoTe2@N-GC 300 90 i-t@12j, 25% loss in i @20 h
31 CoOx-MoC@NC-2 330 89 i-t@7j, no change @10 h
32 CeOx/CoS 280 50 V-t@10j, ~1% increase in V @20 h
33 CoSe2 nanosheet arrays 290 114.7 V-t@10j, ~1% increase in V @24 h
34 NiO/NiCo2O4-rGO 350 66 i-t@10j, no change @5 h
35 Co9S8/NSCNFs-850 302 54 i-t@10j, ~10% loss in i @10 h
36 Ni P nanoplates 300 64 i-t@10j, no change @10 h
37 Fe1Co2-P/C 362 50.1 i-t@4j, ~10% loss in i @8 h
38 Ni Fe-Se cages 240 24 V-t@5j, 0.7% increase in V @22 h
39 CoP@GC 345 56 i-t@10j, no change @10 h
40 HEAN@NPC/CC-450 263 43 i-t@10j, no change @24 h
41 FeCoNiMo HEA/C 250 48 V-t@100j, no change @65 h
42 CoNiCuMnAl@C NF 215 35.6 V-t@200j, no change @30 h
43 Co3O4/CBDC 208 50.1 i-t@65j, ~3% loss in i @36 h
44 Cu@CuO–C-0 340 156 V-t@10j, 2.5% increase in V @10 h
45 NiCo@NiCoO2/C 340 84 V-t@20j, 4.5% increase in V @20 h
46 Co3O4@C-N NSA/NiF 245@25 78 i-t@20j, ~5% loss in i @20 h
47 CoS2@NGC@NF 243 71 i-t@65j, ~6% loss in i @20 h
48 Ni-BDC@NiS 330@20 62 V-t@20j, ~1% increase in V @12 h
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Table S5. Comparison of electrolytic water splitting performances of present FeCoNiMo@C 
with recently reported MOF-derived non-noble metal based bifunctional electrocatalysts in 1 M 
KOH.

HER OER Full CellRef. Electrocatalysts
η10
[mV]

Tafel
[mV 
dec-1]

η10 
[mV]

Tafel
[mV 
dec-1]

Voltage 
[V]@10 
mA cm-2

Stability
(j, mA cm-2)

Present 
work

FeCoNiMo@C/NF 55 56.2 204 33.5 1.488 V-t@500j, 3.4% increase in V 
@50 h

49 Co P/NC 154 51 319 52 1.69 i-t@0.8j, no change @24 h
50 CoP/rGO-400 150 38 340 66 1.70 -
51 CoS2NTA/CC 193 88 276 81 1.67 i-t@13j, ~5% loss in i @24 h
52 CoP/NCNHP 115 66 310 70 1.64 V-t@10-100j, no change @36 h
53 CoTe2@NCNTFs 208 58 330 82.8 1.67 i-t@10, no change @30 h
54 Co3ZnC/Co-NCCP 188 108 295 70 1.65 i-t@12j, ~5% loss in i @10 h
55 Co0.2Fe0.8Ni-OCNF 259 94.2 291 36.1 1.65 V-t@10j, ~3.6% increase in V 

@24 h
56 FeNiP/NCH 216 125 250 68 1.59 V-t@10-100j, no change @40 h
57 Co0.85Se@NC 230 125 320 75 1.76 i-t@5-20j, ~5% loss in i @35 h
58 Co-NC/CNT 203 125 314 78 1.625 i-t@20j, no change @25 h
59 Ni3ZnC0.7 93 48 320 52 1.65 i-t@20j, ~5% loss in i @24 h
60 Co4Ni1P 129 52 245 61 1.59 i-t@10j, no change @50 h
61 Ni@NC-800 205 160 280 45 1.60 i-t@19j, ~5% loss in i @50 h
62 Co0.17Fe0.79P/NC 139 57 299 44 1.66 i-t@40j, no change @35 h
63 FeNi@NC-CNTs 202 113.7 274 45.5 1.80 V-t@10j, no change @11 h
64 Ni@CoO@CoNC 190 98 309 53 - -
65 Ni-Fe P@C NRs 74 92.6 217 40 1.52 i-t@20j, no change @24 h
66 FeNi3-Fe3O4/MOF-

CNT
108 96.8 234 37 1.59 i-t@15j, ~10% loss in i @20 h

67 Y−S Ni−Co-Se/CFP 250 72 300 87 - -
68 Ni@graphene 240 120 370 66 - -
69 Ni M@C-130 123 50.8 244 47.2 1.565 i-t@10j, 2% loss in i @25 h
70 Co9S8-NSC@Mo2C 89 86.7 293 59.7 1.61 i-t@10j, ~12% loss in i @20 h
71 Co-NCNTFs//NF 141 114 230 94 1.62 i-t@10j, ~10% loss in i @10 h
72 NiCoP NR@NS 71 57 268 71 1.57 i-t@10j, ~20% loss in i @20 h
73 Mo-N/C@MoS2 117 64.3 390 72 - -
74 PMo/ZIF-67-6-6 N 83 50 295 35 1.61 i-t@10j, ~20% loss in i @100 h
75 CoNC@MoS2/CNF 143 68 350 51.9 1.62 i-t@21j, ~14% loss in i @28 h
76 PNC/Co 298 131 370 76 1.64 -
77 Co0.6Fe0.4P-1.125 133 61 298 48 1.57 i-t@25j, 7.5% loss in i @120 h
78 Co-NC@Mo2C 99 65 347 61 1.685 i-t@10j, 20.8% loss in i @20 h
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79 Co- B@CoO/Ti 61 78 190 78 1.56@20 V-t@20j, ~1% increase in V 
@20 h

80 CoP/HNCNP@2D CoP 173 108.7 220 87 1.59 i-t@10j, ~15% loss in i @12 h
81 Co–Mo2N (S-2-T5) 76 47 302 90 1.576 i-t@11j, ~15% loss in i @44 h
82 Cu0.3Co2.7P/NC 220 122 190 44 1.74 i-t@10j, no change @50 h
83 NF@Ni/C-600 37 57 265 54 1.60@36 i-t@36j, no change @70 h
84 ZIF@LDH@NF-600 106 109 318 97 1.59 i-t@11j, ~7.5% loss in i @5 h
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