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1. Experimental Section

1.1 Materials

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O), Iron nitrate nonahydrate (Fe(NO3)3·9H2O), 

Ammonium fluoride (NH4F), Urea (CH4N2O), Ti3AlC2 (MAX), dicyanodiamide Nafion (5wt%) 

were purchased from Sigma-Aldrich. Ethanol was purchased from Sinopharm Chemical Reagent 

Beijing Co. LTD. All chemicals used were of analytical grade and used without further purification 

in this study. All solutions were prepared with ultrapure water with a resistance of 18.2 MΩ (Thermo 

Fisher Scientific Co. LTD, USA). 

1.2 Synthesis of the catalysts

1.2.1 Synthesis of Ti3C2Tx MXene 

Ti3C2Tx MXene was fabricated by etching of Ti3AlC2 (MAX) powder. In general, Ti3AlC2 

powder (2 g) was slowly added to a 40 % HF solution (30 mL) and stirred for 24 h at room 

temperature. The resulting product was centrifuged at 3000 rpm for 5 minutes and washed several 

times with deionized water. Finally, the as-formed product was dried in a vacuum oven at 60 ℃ for 

12 h to obtain the Ti3C2Tx MXene.

1.2.2 Synthesis of Cobalt-Iron Precursor/MXene

Cobalt-iron precursor /MXene was prepared by the oil bath method. First, 1.66 g Co(NO3)2 

6H2O, 2.81g Fe(NO3)3 9H2O, 0.42 g NH4F, and 1.71 g urea were added to a beaker. Then add 40 

ml of deionized water, stir for 10min under the condition of magnetic stirring, then add 0.1 g of 

MXene, and sonicate for 45 min to form a homogeneous solution. The mixture was then transferred 

to a three-necked flask, and a condensing reflux unit was set up and finally heated for 6 hours with 

stirring in an oil bath at 150 ℃. When the suspension cools naturally to room temperature, it is 

washed several times with ultrapure water by filtration. The product is collected and dried overnight 

in a vacuum drying oven at 60 ℃.

1.2.3 Synthesis of Co(OH)F/MXene

Co(OH)F/MXene was prepared by the oil bath method. First, 1.66 g Co(NO3)2 6H2O, 0.42 g 

NH4F, and 1.71 g urea were added to a beaker. Then add 40ml of deionized water, stir for 10 min 

under the condition of magnetic stirring, then add 0.1 g of MXene, and sonicate for 45 min to form 

a homogeneous solution. The mixture was then transferred to a three-necked flask, and a condensing 

reflux unit was set up and finally heated for 6 hours with stirring in an oil bath at 150 ℃. When the 

suspension cools naturally to room temperature, it is washed several times with ultrapure water by 

filtration. The product is collected and dried overnight in a vacuum drying oven at 60 ℃.

1.2.4 Synthesis of iron precursor/MXene

Iron precursor/MXene was prepared by the oil bath method. First, 2.81g Fe(NO3)3 9H2O, 0.42 

g NH4F, and 1.71 g urea were added to a beaker. Then add 40 ml of deionized water, stir for 10min 

under the condition of magnetic stirring, then add 0.1 g of MXene, and sonicate for 45 min to form 

a homogeneous solution. The mixture was then transferred to a three-necked flask, and a condensing 

reflux unit was set up and finally heated for 6 hours with stirring in an oil bath at 150 ℃. When the 
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suspension cools naturally to room temperature, it is washed several times with ultrapure water by 

filtration. The product is collected and dried overnight in a vacuum drying oven at 60 ℃.

1.2.5 Synthesis of CoF2/FeF2@MXene 

The obtained Cobalt-iron precursor/MXene was prepared in a tube furnace for low-temperature 

fluoridation etching treatment. The Cobalt-iron precursor/MXene and ammonium fluoride (NH4F) 

were placed at two separate positions of a porcelain boat with a mass ratio of 1:10 (w/w) in the 

furnace in a nitrogen gas atmosphere at 400 ℃ for 2 h. The resulting product was thoroughly washed 

with deionized water and ethanol and then dried in a vacuum oven at 60 ℃ for 12 h.

1.2.6 Synthesis of CoF2/MXene 

The obtained Co(OH)F/MXene was prepared in a tube furnace for low-temperature 

fluoridation etching treatment. The Co(OH)F/MXene and ammonium fluoride (NH4F) were placed 

at two separate positions of a porcelain boat with a mass ratio of 1:10 (w/w) in the furnace in a 

nitrogen gas atmosphere at 350 ℃ for 2 h. The resulting product was thoroughly washed with 

deionized water and ethanol and then dried in a vacuum oven at 60 ℃ for 12 h.

1.2.7 Synthesis of FeF2/MXene 

The obtained iron precursor/MXene was prepared in a tube furnace for low-temperature 

fluoridation etching treatment. The iron precursor/MXene and ammonium fluoride (NH4F) were 

placed at two separate positions of a porcelain boat with a mass ratio of 1:10 (w/w) in the furnace 

in a nitrogen gas atmosphere at 450 ℃ for 2 h. The resulting product was thoroughly washed with 

deionized water and ethanol and then dried in a vacuum oven at 60 ℃ for 12 h.

It is important to clarify that NH4F was introduced during the precursor preparation step 

primarily as a morphology-directing and structure-regulating agent, rather than as the main source 

of fluorine in the final product. The fluorine in the crystalline CoF2/FeF2 active phase originates 

predominantly from the low-temperature fluoridation etching process since without this step, the 

fluoride can not be obtained. 

In the precursor synthesis, the F-ions coordinate with metal ions and modulate crystallization 

kinetics, facilitating the formation of a well-structured metal hydroxyfluoride precursor with defined 

nanosheet morphology. If NH4F were omitted, the absence of such regulation would lead to rapid 

and disordered precipitation, resulting in the formation of bulky oxide/hydroxide aggregates with 

significantly reduced specific surface area and limited exposure of active sites. Therefore, while 

NH4F in the precursor step is indispensable for constructing the optimal intermediate morphology, 

the fluorine atoms constituting the final active fluoride phase are incorporated mainly during the 

subsequent fluoridation etching step.

Noted that the temperature selection was based on the distinct fluorination behaviors of the 

cobalt and iron precursors. The cobalt-based precursor undergoes fluorination readily at relatively 

low temperatures, while excessively high temperatures may lead to over-crystallization or partial 

decomposition of CoF2. In contrast, the iron precursor requires a higher temperature to complete the 

fluorination reaction and form FeF2, due to the higher bond formation energy of Fe-F, which 
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demands stronger thermal driving force. For the bimetallic cobalt-iron precursor, an intermediate 

temperature of 400 °C was chosen to facilitate the simultaneous formation of CoF2 and FeF2, 

promoting the construction of a heterojunction structure while avoiding excessive crystallization or 

decomposition of either component1-3.

2. Physical characterizations

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

ray diffractometer using a Cu Kα (λ = 1.5405 Å) radiation source operating at 40 kV and 30 mA at 

a scanning rate of 5° min-1. The morphology and microstructure of the product were analyzed by 

scanning electron microscope (SEM, S4800II) and transmission electron microscopy (TEM, 

Philips, Tecnai 12 F30 S-TWIN). High-resolution TEM (HRTEM) was conducted on a TECNAI 

G2 operating at 200 kV. X-ray photoelectron spectroscopy (XPS) measurements were carried out 

on an ESCALAB250Xi spectrometer with an Al Kα radiation source.

3. Electrochemical measurements

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

a Bio-Logic SAS analyzer (France). Our catalyst electrode served as the working electrode with a 

graphite rod as the counter electrode; a mercury/mercury oxide electrode (Hg/HgO) as the reference 

electrode was employed through a double salt bridge and lugging capillary, and it was calibrated 

before and after the experiments to ensure the accuracy. A glassy carbon electrode (GCE, 3.0 mm 

diameter) was used to support the catalysts. The working electrode was prepared as follows: 5 mg 

of catalyst was dispersed entirely into the mixture of 50 μL Nafion and 950 μL ethanol, and 

ultrasonicated for 30 min to form a uniform catalyst suspension. Then, 10 μL of the catalyst 

suspension was loaded dropwise onto the GCE. The prepared working electrode was placed in 1 M 

KOH and treated with N2 for electrochemical testing. All the potentials used were converted into 

RHE: (E(RHE) = E(Hg/HgO) +0.0591*pH+0.098 V). The catalytic performance of the samples for OER 

was evaluated by linear scan voltammetry (LSV), and the scanning rate was 5 mV s-1. 

The electrochemical impedance spectroscopy (EIS) frequency range was 1000 kHz ~ 0.01Hz. 

The chronoamperometry (CA) was measured at a constant potential of 1.48 V vs RHE for 30 h. All 

tests were carried out at room temperature (around 25 °C), and all LSV curves were corrected 

without iR compensation.

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

(Cdl) by the cyclic voltammetry (CV) method by varying the scan rate (20, 40, 60, 80, and 100 mV 

s-1) in the non-Faradaic region from 0.89 to 0.99 V vs RHE. By plotting Δj = 1/2 (janodic − jcathodic) at 

the middle potential (0.94 V) against the scanning rates, the linear slope is Cdl. janodic and jcathodic are 

anodic and cathodic current densities at the anode (>0) and cathode (<0), respectively. The 

electrochemically active surface area (ECSA) was achieved by normalizing the Cdl to a standard-
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specific capacitance. ECSA was calculated according to the following equations S1, 40 μF cm-2 was 

adopted as the specific capacitance (Cs) value, as regards previous reports 4, 5, and S is the surface 

area of the electrode (here is 0.07 cm-2):

Equation S1: 
𝐸𝐶𝑆𝐴=

𝐶𝑑𝑙 ∗ 𝑆

𝐶𝑠

The turnover frequency (TOF) values were calculated from the equation S2:

Equation S2: 
𝑇𝑂𝐹=

𝑗 ∗ 𝑆
4 ∗ 𝐹 ∗ 𝑚

Where j is the current density at a specific potential, F is the Faraday constant (96485 C mol-1) 

and m is the number of moles of active materials.

4. Density functional theory (DFT) calculation

DFT calculations were performed using the CASTEP module of the Materials Studio software 

(Accelrys Inc.). The generalized gradient approximation method (GGA) with the Perdew-Burke-

Ernzerhof (PBE) functional was used to describe the exchange and correlation interactions 6, 7. The 

interactions between valence electrons and ionic cores were described by Ultrasoft pseudo-potential 

and dispersion adjustment using DFT-D correction. The electronic wave functions were expanded 

on a plane wave basis with a cut-off energy of 380 eV, and the self-consistent field (SCF) tolerance 

is 1.0×10-6 eV/atom. The optimization is completed when the energy, maximum force, maximum 

stress, and maximum displacement are less than 5.0×10-6 eV/atom, 0.01 eV/Å, 0.02 GPa, and 

5.0×10-4 Å, respectively. A vacuum slab with a thickness greater than 15 Å was used in the z-

direction. The Gibbs free energy of the reaction and the Gibbs free energy of the adsorption 

intermediate can be obtained from equation S3 8:

Equation S3: ΔG = ΔE + ΔZPE – TΔS

where ΔE is the energy of the reaction, ZPE is the zero-point energy change, and ΔS is the 

entropy change.
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Fig. S7. (a) SEM images. (b)TEM images. (c) HRTEM images. (d) EDX spectra of 
CoF2/FeF2@MXene after electrochemical testing.
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Fig. S9. The model of CoF2/FeF2@Mxene

Fig. S10. A model for the adsorption of reaction intermediates on (a-d) CoF2/FeF2@Mxene, (e-h) 
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FeF2/MXene and (i-l) FeF2/Mxene surfaces.
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Table S1 The detailed binding energy of Co elements for CoF2/FeF2@MXene and CoF2/MXene.

Co 2p3/2 Co 2p1/2

Catalysts
Peak

Binding 

energy/eV
Peak

Binding 

energy/eV

Relative 

content/%

Co-O 781.5 Co-O 797.8 19.7%
CoF2/FeF2@MXene

Co-F 783.3 Co-F 799.6 80.3%

Co-O 781.5 Co-O 797.8 11.0%
CoF2/MXene

Co-F 783.3 Co-F 799.6 89.0%

Table S2. The detailed binding energy of Fe elements for CoF2/FeF2@MXene and FeF2/MXene.

Fe 2p3/2 Fe 2p1/2

Catalysts
Peak

Binding 

energy/eV
Peak

Binding 

energy/eV

Relative 

content/%

      Fe-F 712.6 Fe-F 726.2 74.0%
CoF2/FeF2@MXene

 Fe-O 710.7 Fe-O 724.3 26.0%

Fe-F 712.3 Fe-F 725.9 71.7%
FeF2/MXene

 Fe-O 710.6 Fe-O 724.2 28.3%
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Table S3. The comparison of some representative OER electrocatalysts in alkaline electrolyte.

Materials Elecrode substrate
Overpotential (mV) 

@ 10 mA cm-2
Rf

CoF2/FeF2@MXene GCE 230 This work

MXene@CoS/FeS2 GCE 278 9

NiSe–NiO/Ta4C3Tx MXene GCE 255 10

NiO-Ni3Se4/MXene GCE 260 11

Ni/NiO150 GCE 280 12

Ag/CoMo-LDH GCE 290 13

FeNi LDH/FeNi2S4 GCE 259 14

CoFe2O4/β-Ni(OH)2 GCE 278 15

CoOx/FeOx/CNTs GCE 308 16

Co/CoS2 GCE 349 17

MXene@TiO2/FeP nickel foam 240 18

NU-1000/CuCo2S4 nickel foam 335 19

Fe2O3/ZnCo2O4 nickel foam 261 20

Co(CO3)0.5OH/Cu nickel foam 253 21

CoNiLDH/FeOOH nickel foam 250 22

Co2Ni-MOF@MX-1 carbon paper 265 23

FeS/Co3S4 carbon cloth 252 24

NiSe2/FeSe2 carbon cloth 256 25

CoFe-CoxN@NC carbon cloth 270          26

    Ni(OH)2/g-C3N4 platinum plate 240          27
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Table S4. EIS fitting parameters from equivalent circuits for CoF2/FeF2@MXene, CoF2/MXene 

and FeF2/MXene samples in 1 M KOH. 

Samples   Rs/Ω Rct/Ω R0/Ω
CHI/S s-n

CoF2/FeF2@MXene  8.1 12.8 3.9 5.921e-05

CoF2/MXene 7.1           50.2 1.2 2.901e-05

FeF2/MXene 7.5 85.3 5.0 2.561e-05
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Table S5. Cdl, ECSA and Rf for all samples.

Catalysts Cdl (mF cm-2) ECSA (cm2) Rf

CoF2/FeF2@MXene 2.0 3.5 50.0

CoF2/MXene 0.84 1.47 21.0

FeF2/MXene 0.75 1.31 18.75
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Table S6. The detailed binding energy of Co elements for CoF2/FeF2@MXene before and after the 

durability test.

Co 2p3/2 Co 2p1/2

Catalysts
Peak

Binding 

energy/eV
Peak

Binding 

energy/eV

Relative 

content/%

CoF2/FeF2@MXene 

(Before OER)

CoF2/FeF2@MXene 

(After OER)

    C-O

     Co-F

Co-O

    781.5

    783.6

780.5

    C-O

     Co-F

Co-O

   797.8

  799.9

796.8

      19.7%

       80.3%

100%
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Table S7. The detailed binding energy of Fe elements for CoF2/FeF2@MXene before and after the 

durability test.

Fe 2p3/2 Fe 2p1/2

Catalysts
Peak

Binding 

energy/eV
Peak

Binding 

energy/eV

Relative 

content/%

CoF2/FeF2@MXene 

(Before OER)

CoF2/FeF2@MXene 

(After OER)

Fe-O

Fe-F

Fe-O

710.7

712.6

710.9

Fe-O

Fe-F

Fe-O

724.3

726.2

724.5

26.0%

74.0%

100.0%
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