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Materials and Methods

Synthesis of Co304.xFx

First, 45 mg Co(NOs)3-6H,0 and 2.25 mg NH4F were added in 100 uL H,0 and C;HsOH
mixed solution, and then treated with sonication. Then, a 1 x 2 cm? hydrophilic carbon
paper was placed on a hotplate under 90 °C. Next, the above mixture was sprayed on
it, followed by calcination on a hotplate at 90 °C in the air for 2 h. Finally, the electrode
precursor material was annealed in air at 400 °C for 2 h to obtain the Co304.xFx catalyst,
with the doping content of ~7 wt%.

The Co30;4 catalyst was synthesized following a similar protocol without adding NH4F.
Materials characterization

The SEM images and EDS were obtained on a JSM-7800F microscope. TEM, HRTEM,
HAADF-STEM images, and elemental mapping images were taken with ARM300
microscope with a spherical aberration corrector. XRD data were collected on a
SmartLab using Cu Ka radiation. XPS spectra were conducted on the Hermo Scientific
K-Alpha instrument. Quasi in-situ XPS spectra were collected at the SPECS NAP-XPS
instrument attached to the glove box through a vacuum channel. Raman spectroscopy
was recorded by Renishaw inVia confocal Raman microscope with excitation laser
wavelength of 532 nm. TOF-SIMS measurements were performed using ABI MALDI
TOF/TOF 5800 instrument. Elemental-specific XAS data were collected in the BL12B
and BL14W1 beamlines of the Hefei National Synchrotron Radiation Laboratory (NSRL)
and Shanghai Synchrotron Radiation Facility (SSRF) in China, respectively.
Electrochemical measurements

The electrochemical performance was tested on a CHI 760E workstation at ambient
temperature and pressure. In a typical three-electrode system, a carbon paper (1 cm?),
the Hg/Hg,S04 electrode and graphite rod were employed as the working, reference
and counter electrodes, respectively. LSV curves were performed in an O;-saturated
0.5 M H2S04 solution at a scan rate of 10 mV s™%, without /R drop compensation. The

potentials measured were converted to reversible hydrogen electrode (RHE) according



to the following equation: Erue = Eg/Hg2sos + 0.059 pH + 0.656, where the pH value is
0.3 for the 0.5 M H;,S04 solution.

The measurement of PEM water electrolysis was performed on the self-made cell with
membrane electrode assemblies (MEAs) at 50 °C, which mainly contains bipolar plate,
gas diffusion layer (GDL), Nafion®117 polymer membrane (DuPont), commercial Pt/C
(20 wt%) cathode catalyst and Co3OaxFxcatalyst. Specifically, around 1 mg cm™ of Pt/C
(20 wt%) catalyst was uniformly sprayed onto the polymer membrane as the cathode.
For the anode, the OER catalyst of Co304.«Fx was directly synthesized on carbon paper
(TGP-H-060) with a loading of ~ 3 mg cm™2. Carbon paper (AvCarb) and titanium felt
are used as the GDL for the cathode and anode, respectively. And the
chronopotentometric curve was not IR corrected.

Theoretical analysis.

All the DFT calculations were performed with the Vienna ab initio simulation package.!
The optimized geometries of the computational models are shown in Table S4. The
projector-augmented wave method was performed as the basis set with the cut-off
energy of 400 eV and Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional?
was applied to the optimization of all structures. The effects of the Hubbard U
corrections were considered, where U values (employed as U —J) of 3.0 were applied
for Co.® The smearing (0.2 eV) based on the method of Methfessel-Paxton* was
applied to the total energy calculations. The optimized lattice parametera=b =c =
8.106 A was used for Co304, which is consistent with the experimental measurements.
The Monkhorst—Pack k points of 4 x4 x4 were applied for the bulk optimization of
Co304 (24 Co atoms and 32 O atoms). The Co304 (311) surface was modeled by a slab
of 4 layers with a (1 x 1) unit. The Co304(110) surface was modeled by a slab of 4 bi-
layers with a (1 x 1) unit. The (311) and (110) surfaces were studied with Monkhorst—
Pack k points of (1 x2x 1) and (3 x 2 x 1), respectively. We calculated the different F-
doping sites and chose the most stable one (Table S4). The force convergence was set
to 0.05 eV AL, In addition, the computational hydrogen electrode approximation was
used to describe the chemical potential of OH™ (Table S5) and free energies were

corrected to the temperature of 298 K (Table S6). The implicit solvent effect was



considered.>®

We calculated the adsorption free energies of O*, OH* and OOH* on the eight active
sites (Figure S22 and Table S5) of Co304 and Co30a4«Fx. The adsorption free energies of
O* (Gag O*) and OOH* (Gag OOH*) were chosen as descriptors to establish the two-

dimensional maps (Figure S23).
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Fig. S1 EPR spectra of Cos04 and Co304«Fx.
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Fig. S2 Co L-edge XAS spectra of Co304 and Co30a4«Fx.
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Fig. S3 TOF-SIMS spectra of Coz0aFx.
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Fig. S4 TOF-SIMS spectra of Co30a.
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Fig. S5 Unnormalized TOF-SIMS depth profiles of O, Co~, and CoO™ for Co30s.
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Fig. S6 (a-c) SEM image (a), elemental mapping images (b), and EDX spectrum (c) of
CO304-xe.
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Fig. S7 (a, b) SEM image (a) and elemental mapping images (b) of the Co30a.



Fig. S8 HAADF-STEM image of (111, a), (220, b), (400, c) and (311, d) crystal planes for

CO304-xe.
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Fig. S9 (a) EELS spectra of Co L-edges of Co304 and Co30axFx. (b) The EELS spectra of

Co L-edges from surface to bulk for Co304.xFx.
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Fig. $10 (a, b) The Raman spectra (a) and LSV curves without /R correction (b) of Co304

and Co30a4xFx with different F content.
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Fig. S11 LSV polarization curve of commercial IrO, without IR correction.
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Fig. S12 LSV polarization curves of Co30a.xFx on carbon paper or Pt/Ti mesh support

without /R correction.
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Fig. S13 LSV polarization curves of Co304xFx before and after 2000 cycles potential

cycling during OER without /R correction.
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Fig. S14 (a) The quasi in-situ Co 2p XPS spectra recorded of the resultant Co304 during
the multi-potential steps. (b) Fraction of Co species recorded of the resultant Co3z0a4

from quasi in-situ Co 2p XPS spectra (a).
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Fig. S15 The quasi in-situ F 1s XPS spectra recorded of the resultant Co3z0a«Fx during

the multi-potential steps.
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Fig. S16 (a, b) Ex-situ XAS (a) and FT-EXAFS (b) spectra of change of the Co K-edge for

Co304 recorded during the multi-potential steps.
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Fig. S17 Co oxidation state as a function of absorption edge energy for Coz04 during

the multi-potential steps.
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Fig. S18 k3-weighted R-space Co K-edge experimental and fitting spectra of Co304

during the multi-potential steps.
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Fig. S21 Ex-situ O 1s XPS spectra of Co304x«Fx.



Fig. S22 The considered active sites for OER on pristine Co304 and C0304Fyx. (a) 311-
Oh and 311-Td denote the octahedral and tetrahedral Co sites on pristine Co304 (311)
surface, respectively. (b) 311F-Oh and 311F-Td denote the octahedral and tetrahedral
Co sites on Cos3044Fx (311) surface, respectively. (c) 110-Oh and 110-Td denote the
octahedral and tetrahedral Co sites on pristine Co304 (110) surface, respectively. (d)
110F-Oh and 110F-Td denote the octahedral and tetrahedral Co sites on Co304«Fx (110)
surface, respectively. Blue, red and cyan balls represent the Co, O and F atoms,

respectively.
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Fig. S23 The scaling relationship between the adsorption energies of O*, OH* and

OOH* on diverse active sites of pristine Co304 and Co3z0aFx.



Table S1. EXAFS fitting parameters of Co3z04xFx during the multi-potential steps

Sample bond type CN* R (A) 0?(103A%)™ R factor

Co-foil Co-Co 12 2.49+0.01 6.2+0.7 0.007
Co-O 47104 1.92+0.01 3.2+¢0.7

initial Co-Co 4.810.3 2.87+0.01 5.6x1.5 0.003
Co-Co 6.2+0.6 3.371£0.01 6.412.0
Co-O 4.810.4 1.92+0.01 3.1+0.6

13V Co-Co 5.1+04 2.87+0.01 5.5¢1.5 0.003
Co-Co 6.5+£0.7 3.3840.01 6.4%+1.3
Co-O 49104 1.92+0.01 3.1+0.4

14V Co-Co 5.11+0.2 2.8710.01 5.6x£1.5 0.002
Co-Co 6.5+£0.3 3.38+0.01 6.6+1.0
Co-O 4.840.2 1.92+0.01 3.1+0.3

15V Co-Co 5.0+£0.2 2.87+0.01 5.6£1.7 0.004
Co-Co 6.210.3 3.3740.01 6.4+0.8
Co-O 4.810.2 1.92+0.01 3.1+0.3

16V Co-Co 5.010.2 2.87+0.01 5.6x£1.5 0.003
Co-Co 6.4+0.3 3.38+0.01 6.5t1.6
Co-O 5.0+0.2 1.92+0.01 3.1+0.3

1.7V Co-Co 6.3+£0.2 2.86+0.01 5.7t1.7 0.003
Co-Co 6.510.3 3.3840.01 6.51£2.2

2
* CN: coordination number; So was fixed to be 0.76 from Co-foil.

2
** g : Debye-Waller factors




Table S2. EXAFS fitting parameters of Co3z04 during the multi-potential steps

Sample bond type CN* R (A) 0% (10342)* R factor

Co-foil Co-Co 12 2.49+0.01 6.2+0.7 0.007
Co-O 5.2+0.3 1.92+0.01 3.0£0.4

initial Co-Co 5.5+0.3 2.87+0.01 5.4+0.3 0.006
Co-Co 7.7+0.5 3.37+0.01 6.6£0.4
Co-O 5.1+0.2 1.92+0.01 2.9+0.3

1.3V Co-Co 5.410.2 2.8710.01 5.310.3 0.004
Co-Co 7.9104 3.37+0.01 6.510.4
Co-0O 5.210.2 1.92+0.01 2.9+0.3

16V Co-Co 5.510.2 2.8710.01 5.410.3 0.005
Co-Co 8.1:0.4 3.3840.01 6.510.4
Co-O 5.3+0.2 1.92+0.01 2.9+0.3

1.7V Co-Co 5.7+0.2 2.8610.01 5.310.3 0.004
Co-Co 8.310.4 3.3710.01 6.510.3

2
* CN: coordination number; S0 was fixed to be 0.76 from Co-foil.

2
** g : Debye-Waller factors




Table S3. Performance comparison of Co304.xFx with the reported non-noble metal

based OER catalysts

1o Stability
Catalyst Electrolyte Refs.
(mV) performance
€0304.4Fx 349 120 h @100 mA cm™2 0.5 M H,S04 This work

Co3-xBaxO4 278 100 h @10 mA cm™ 0.5 M H,S04 7
Co30:@C/GPO 398 40 h @10 mAcm™ 1 M H,S04 8
Ba[Co-POM]/CP 361 24 h @1 mA cm™ 1 M H5S04 9
Co,TiO4 513 10h @1.79 V vs. RHE 0.5 M H2S04 10
Co0304-Ce0; 423 100 h @10 mA cm™ 0.5 M H,S04 11
CoFePbOy 700 12h @12 mAcm™ 0.1 M H2S0q4 12
LMCF 353 360 h @10 mA cm™ 0.1 M HCIO4 13
Co2MnO; on FTO 395 320 h @100 mA cm™ 0.0 M H,S04 14
Co2MnO4 on Pt/Ti mesh 298 1500 h @200 mA cm™2 0.5 M H,S04 14
y-MnO; ~440 1000 h @200 mA cm™2 1 M H,S04 15
Mn75010Br3 295+5 500 h @10 mA cm™ 0.5 M H2S04 16
Nio.sMngsSb; 7,0y 67219 168 h @10 mA cm 1 M H,S04 17
Mng sNbo20,:10F 680 25h @1.9 V vs. RHE 0.5 M H2S04 18
NiFeP 540 30 h @10 mA cm™ 0.05 M H,S04 19
F-doped Cu1.5Mn;504 320 24h @16 mA cm™ pH 0.3 H2SO4 20
1T-MoS; 420 2h @10 mA cm™ pH 0.3 H2SO4 21
NiFe@MoS. 201 100 h @150 mA cm™ 0.5 M H2S04 22




Table S4. Total energies for F doping at different site on Co304 (311) surface. Oz, Osc
and Oscdenote the 2-fold, 3-fold and 4-fold coordinated oxygen atom. Blue, red, cyan

and white balls denote the Co, O, F and H atoms, respectively.

Geometry O2c O3 Oac

Total Energy -1065.107331 -1065.190176 -1063.808170




Table S5. Reaction free energy calculations

Elementary steps Free energy (AG)
(RO) H20O(l) + * > OH* + (H* + &) Gon*
(R1) OH* > O* + (H* + &) Go*- Gon*
(R2) O* + H,0(l) > OOH* + (H* + e7) Goor*- Go*
(R3) OOH* = O(g) + (H* + e) 4.92 - Goon*
(R4) 20* > 0,(g) + 2* 4.92 - 2Go*

The adsorption free energies of the three adsorbates (O*, OH* and OOH*) were
calculated with reference to the gas-phase energies of H,O and H,. The reaction free
energy at 0V versus RHE can be calculated according to the Table S5.

What’s more, elementary steps (RO-R3) are electrochemical steps and thus the
reaction free energy of these steps is highly influenced by the electrode potential. The
free energy of the potential-dependent reaction can be calculated by the

computational hydrogen electrode approximation:

AGU =GU0 +8(U—U0)



Table S6. The corrections of zero-point energy and entropy of adsorbed species. All

energies are in eV. (T = 298.15 K)

Species
o* OH* OOH*
Active sites

110-Oh 0.07 0.40 0.40
110-Td 0.02 0.26 0.4
110F-Oh 0.07 0.40 0.40
110F-Td 0.02 0.26 0.4
311-Oh 0.05 0.32 0.40
311-Td 0.03 0.28 0.36
311F-Oh 0.04 0.32 0.40

311F-Td 0.03 0.28 0.36




Table S7. The optimized geometries of O*, OH* and OOH* on diverse active sites.

Blue, red, green and pink balls denote the Co, O, F and H atoms.
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