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1. Experimental section

1.1 Materials

All chemicals used were of analytical grade and used as received. Nickel nitrate hexahydrate 

(Ni(NO3)2·6H2O), iron chloride hexahydrate (FeCl3·6H2O), urea (NH2CONH2), fumaric 

acid (C4H4O4), and ammonium fluoride (NH4F) were bought from Aladdin Chemistry Co 

Ltd. Nafion (5 wt%) was from Sigma-Aldrich Co. Ultrapure water (resistivity ≥ 18.2 MΩ 

cm-1) was used to prepare the solutions.

1.2 Catalyst preparation 

1.2.1 Preparation of MIL-88A Fe MOF

FeCl3·6H2O (4 mmol) and fumaric acid (4 mmol) were dissolved in 20 mL ultrapure water. The 

mixture was then transferred into a Teflon reaction kettle, placed in an autoclave, and heated to 65 

°C for 4 h. Finally, the product was washed by ultrapure water several times and dried at 60 °C for 

12 h in the vacuum oven. 

1.2.2 Preparation of Ni-doped Fe MOF

Ni-doped Fe MOF was synthesized according to a previously reported method with modifications.1-3 

The obtained MIL-88A (150 mg) was dispersed in 8 mL of ethanol (solution A). 300 mg of 

Ni(NO3)2·6H2O and 200 mg of urea were dissolved in 12 mL of ultrapure water (solution B). Then, 

solution A and solution B were mixed via stirring at room temperature (solution C). At last, the 

solution C was transferred into a Teflon reaction kettle, placed in an autoclave, and heated at 90 oC 

for 5.5 h. The product was washed with ultrapure water and ethanol for 3 times by centrifugation 

and dried at 70 oC for 12 h in the vacuum oven. 

1.2.3 Preparation of Ni-doped FeF2

Ni-doped MIL-88A Fe MOF and NH4F with a mass ratio of 1:10 were placed in one closed porcelain 

crucible, NH4F was at the upstream side of the furnace. Then it was heated to 450oC with a heating 

rate of 3 oC/min and kept for 2 h in N2 protection. After cooling to room temperature, the black 

product was collected by centrifugation and washed with ultrapure water several times. The Ni 

doped FeF2 was finally obtained after drying for 12 h at 60 oC in the vacuum oven. 

1.2.4 Preparation of FeF2
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The FeF2 was synthesized in the same way to Ni-doped FeF2 except the Ni-doped MIL-88A was 

replaced by MIL-88A Fe MOF.

1.3 Physical characterization

Powder X-ray diffraction (XRD) patterns were tested on a Bruker D8 Advance powder X-ray 

diffractometer using a Cu Kα (λ = 1.5405 Å) radiation source operating at 40 kV and 40 mA, and 

at a scanning rate of 5 ° min−1. The morphology and microstructure of catalysts were analyzed by 

scanning electron microscopy (FESEM, Hitachi, S-4800 II, Japan). All transmission electron 

microscopy (TEM) and high-resolution TEM (HRTEM) measurements of Ni-doped FeF2 were 

conducted on a TECNAI G2 operating at 300 kV. The energy dispersive X-ray detector spectrum 

(EDX) images were obtained on a TECNAI G2 transmission electron microscope equipped with an 

EDXA detector. All X-Ray photoelectron spectroscopy (XPS) measurements were carried out on a 

Kratos XSAM-800 spectrometer with an Al Kα radiation source. Fourier transform infrared (FT-

IR) spectra were recorded on a Tensor27 using KBr disks.

1.4 Electrochemical measurements

All the electrochemical measurements were tested in a typical three-electrode system linked 

to a Bio-Logic SAS analyser (France). Our catalysts electrode served as the working 

electrode with a graphite rod as the counter electrode; a saturated calomel electrode (SCE) 

as the reference electrode was employed through a double salt-bridge and luggin capillary 

and it was calibrated before and after the experiments to ensure the accuracy. A glassy carbon 

electrode (3.0 mm diameter) was used to support the catalysts. The working electrode was 

prepared as follows. 5 mg of the specific catalyst ( IrO2, Fe MOF, Ni-doped Fe MOF, FeF2 

and Ni-doped FeF2) were dispersed entirely into the mixture of 950 μL ethanol and 50 μL 

Nafion (5 wt%). After sonicated for 30 min to make a homogeneous solution, 10 μL ink was 

dropped into the surface of the glassy carbon electrode. The electrolyte (1M KOH) was 

saturated by N2 atmosphere before use. 

All the potentials used were converted into RHE. (E(RHE) = E(SCE) +0.0591*pH+0.24V)
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The catalytic performance of the samples for OER was evaluated by linear scan voltammetry 

(LSV), the scanning rate was 5 mV s-1. Electrochemical impedance spectroscopy (EIS) 

which was recorded in the above three-electrode cell with the frequency varies from 1000 

kHz to 10 mHz with an amplitude of 5 mV. 

To estimate the effective surface areas of catalysts, we measured the double-layer capacitance (Cdl) 

by cyclic voltammetry (CV) method through varying the scan rate (20, 40, 60, 80 and 100 mV s-1) 

in the non-Faradaic region from 0.83 to 1.03 V vs RHE. By plotting Δj = 1/2(janodic −jcathodic) at the 

middle potential (0.93 V) against the scanning rates, the linear slope is the double layer. janodic and 

jcathodic are anodic and cathodic current density at anode (>0) and cathode (<0), respectively.  The 

electrochemical active surface area (ECSA) was calculated by normalizing the Cdl ( in mF) to the 

specific capacitance of 40 μF cm-2. The roughness Factor (RF) is obtained from the ratio of ECSA 

to the geometric surface area (0.07cm2) of the electrode.4 The stability was tested for 1000 cycles 

from 1.03 to 1.63 V at the constant scan rate of 150 mV s -1. After 1000 cycles, the stable polarization 

curve was recorded for comparison with the initial curve. To estimate the stability of the catalysts, 

the chronoamperometry (CA) was performed at a potential of 1.51 V vs. RHE for 25 h. All tests 

were measured at room temperature (about 25 oC). All LSV curves were corrected with 85% iR 

compensation.

1.5 Turnover frequency (TOF) calculation

The TOF values were calculated from the following equation:

TOF=(jA)/(4Fn)

j is the current density. A is the surface area of the electrode. F is the Faraday constant (96485 

C mol-1), the number 4 means 4 mole electrons per mole O2, n is the number of moles of 

active materials deposited onto the electrode.5 

1.6 Faradaic efficiency calculation

A gas-tight electrochemical cell coupling with a gas burette was carried out to verify the faradaic 

yield of Ni doped FeF2. A constant potential at 1.51V was applied on the electrode and the volume 

of the evolved gas was recorded synchronously. Thus, the faradaic yield was calculated from the 
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ratio of the recorded gas volume to the theoretical gas volume during the charge passed through the 

electrode.

𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑦𝑖𝑒𝑙𝑑 =
𝑉𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 

𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
=

𝑉𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 

1
4

×
𝑄
𝐹

× 𝑉𝑚

          

where Q is the charge passed through the electrode, F is Faraday constant (96485 C mol-1), the 

number 4 means 4 mole electrons per mole O2, Vm is molar volume of gas (24.5 L mol-1, 298 K, 

101 KPa).
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Figure S1. SEM images of Ni doped FeF2 (a-b).
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Figure S2. TEM images of Ni-doped FeF2 (a-c).
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Figure S3. XRD patterns of Fe MOF and Ni-doped Fe MOF.

The crystal size was calculated for the FeF2 and Ni doped FeF2 catalysts were evaluated using the 

full width at half maximum (FWHM) and the angular position (2θmax) of the FeF2 (110) peak 

according to the following Debye Scherrer equation:

            
𝐿 =

𝑘𝜆𝐾𝛼1 

𝛽(2𝜃)𝑐𝑜𝑠𝜃𝑚𝑎𝑥
𝛽 = 𝐹𝑊𝐻𝑀 ∗

𝜋
180

𝜃 = 𝑇ℎ𝑒𝑡𝑎 ∗
𝜋

180

FeF2:

𝐿 =
𝜆𝐾𝛼1 

𝛽(2𝜃)𝑐𝑜𝑠𝜃𝑚𝑎𝑥
=

0.89 × 0.15405

0.437 ×
𝜋

180
× 𝑐𝑜𝑠(13.386 ×

𝜋
180

)
= 17.98 𝑛𝑚

Ni doped FeF2:

𝐿 =
𝜆𝐾𝛼1 

𝛽(2𝜃)𝑐𝑜𝑠𝜃𝑚𝑎𝑥
=

0.89 × 0.15405

0.593 ×
𝜋

180
× 𝑐𝑜𝑠(13.455 ×

𝜋
180

)
= 13.25 𝑛𝑚

Where L denotes the average particle size, λKα1 is the wavelength of X-ray radiation (0.15405 nm), 

θmax is the angular position at the FeF2 (110) peak maximum, and β(2θ) is the full width at half 

maximum (FWHM) of the peak broadening in radians.
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Figure S4. XPS survey spectrum (a) and High-resolution XPS spectra of C 1s (b) for FeF2 and Ni-

doped FeF2, Ni 2p (c) for Ni doped FeF2 and F 1s (d) for FeF2 and Ni-doped FeF2.
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Figure S5a. Equivalent circuit diagram for fitting the EIS data.

 Rs means uncompensated solution resistance, Rct is a charge transfer resistance, and the CPE 

generally was employed to well fit the impedance data by safely treating as an empirical constant 

without considering its physical basis. And mostly, it was regarded as the double layer capacitor 

from the catalyst and catalyst solution. 
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Figure S5b. Nyquist plots of EIS for Ni doped FeF2 electrode obtained at three different potentials.

The fitting results were shown below.

EIS fitting parameters form equivalent circuits for Ni doped FeF2 at three different potential in 1M KOH. 

Potential/V Rs/Ω CPE/S s-n CPE-n Rct/Ω

1.49 8.50 1.077E-4 0.94 49

1.51 8.45 1.081E-4 0.94 28

  1.53 8.85 1.256E-4 0.92 16
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Figure S6. Cyclic voltammetry (CV) curves of Fe-MOF (a), Ni-doped MOF (b), FeF2 (c), Ni-doped 

FeF2 (d) and IrO2 (e) with various scan rates (20–100 mV/s) in the 0.83 to 1.03V vs RHE region.   

Scan-rate dependence of the current densities derived from double-layer capacitance measurements 

of IrO2 (f).

The electrochemical active surface area (ECSA) of IrO2 was calculated to be 13.95 cm2 for IrO2 that 

was close to the reference reported.7



S12

1.1 1.2 1.3 1.4 1.5 1.6 1.7

0.00

0.02

0.04

0.06

Potential (V vs. RHE)

TO
F/

 s-1

 Fe MOF
 Ni doped Fe MOF
 FeF2

 Ni doped FeF2

 

 

Figure S7. The turnover frequency curve for Fe MOF, Ni-doped Fe MOF, FeF2 and Ni-doped FeF2. 
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Figure S8. Faradic efficiency of oxygen evolution reaction activity for Ni doped FeF2.
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Figure S9. XRD patterns (a), Fourier transform infrared (FT-IR) spectra (b) and high-resolution 

XPS spectra in the Ni 2p (c), Fe 2p (d), F 1s (e) and O 1s region (f) for Ni-doped FeF2 before and 

post OER test.

The infrared spectrum of Ni-doped FeF2 before and after the OER test all showed three same 

main peaks. The band at 1399 cm−1 was from the carboxyl group. The O–H stretching vibration 

peaks (≈3440 cm−1) and scissoring vibration peaks (1700–1500 cm−1) were from water. A new band 

at about 872 cm−1 can be assigned to M–OH mode which appeared after OER test.8-10
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Table S1. Elemental composition of FeF2 and Ni-doped FeF2 based on XPS.

Atomic composition (%)
Catalysts

Fe Ni F O C

FeF2 9.01 / 21.9 14.57 54.52

Ni doped FeF2 13.27 4.1 32.43 13.5 36.7

      

Due to the carbon contamination and the effect of conductive carbon tape used as substrate, the 

content of carbon was not accurate revealed by XPS. A misconception was done if the content of C 

is lower for the Ni doped FeF2 than that of FeF2. Actually, from the compositing analysis, the atomic 

ratio of Fe/F was around 0.41, indicating the stable composition of FeF2.
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Table S2. The binding energy of Fe 2p components for all samples.

Catalysts Assignment Binding energy/ eV Relative intensity/ %

711.2
Fe(2+)

724.8
79.4

713.6
FeF2

Fe(3+)
727.1

20.6

710.8
Fe(2+)

724.4
78.5

713.2
Ni doped FeF2

Fe(3+)
726.7

21.5
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Table S3. Comparison of OER performance of Ni doped FeF2 with some Fe-based catalysts.

Catalysts electrolytes

Overpetential 

(mV)/mA cm-2

for OER

references

Ni-doped FeF2 1M KOH 275/η10 This work

FeOOH@Ni(OH)2 1M KOH 310/η10
11

NiFe@NC 0.1M KOH 360/η10
12

Ni0.5Fe0.5-HP 1M KOH 280/η10
13

Co–Fe–P–Se/NC 1M KOH 270/η10
14

Fe3C@NCNT/NPC 1M KOH 340/η10
15

FeCo3 MOF-550 0.1 M KOH 390/η10
16

N-doped FeP 1M KOH 440/η100
17

FeCo-P/C 1M KOH 362/η10
18

Fe–Co3O4/CNTs 1M KOH 300/η10
19

FeSx/CF 1M KOH 340/η10
20

FeNx/carbon 0.1 M KOH 360/η10
21

Fe-doped NiOx 1M KOH 310/η10
22

NiCoFe-LDH/CFC 1M KOH 280/η10
23

FeNi-P/GA 1M KOH 280/η10
24

NiO/NiFe2O4 1 M KOH 302/η10
25

NiFe-LDH 1 M KOH 290/η10
26

CoIIFe-ONC 1 M KOH 290/η50
27

Ni/Fe3O4@ONC 1 M KOH 296 /η10
28

α-Fe2O3@g-C3N4-NCs 0.5 M KOH 425/η10
29

Ni2Fe-O 1M KOH 370/η10
30

Fe-Ni@NC-CNTs 1M KOH 274/η10
31
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NiFe-NC 1M KOH 271/η10
32

Ni-Fe-P 1M KOH 271/η10
33

Ni0.75Fe0.25 BDC 0.1 M KOH 310/η10
34

Ni-Fe-O-S 1M KOH 272/η10
35

NiFex/NiFe2O4@NC 1M KOH 262/η10
36
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Table S4. EIS fitting parameters form equivalent circuits for all samples at 1.51V in 1M KOH. 

Catalysts Rs/Ω CPE/S s-n CPE-n Rct/Ω

Fe MOF 8.33 1.547E-5 0.89 412

Ni doped Fe MOF 9.58 3.335E-5 0.94 215

FeF2 9.03 4.763E-5 0.93 75

Ni doped FeF2 8.45 1.081E-4 0.94 28
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Table S5. The binding energy of Fe 2p components for Ni-doped FeF2 before and after the OER 

test.

    

Ni doped FeF2 Assignment Binding energy/ eV Relative intensity/ %

711.3
Fe(2+)

724.9
56.4

713.7
Post OER

Fe(3+)
727.2

43.6

710.8
Fe(2+)

724.4
78.5

713.2
Ni doped FeF2

Fe(3+)
726.7

21.5
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