Supporting Information

Optimized NiFe-Based Coordination Polymer Catalysts: Sulfur-Tuning and Operando

Monitoring of Water Oxidation

Yonggui Zhao,* Wenchao Wan,* Nanchen Dongfang, C. A. Triana, Lewis Douls, Rolf Erni, Chong Huang,

Marcella Iannuzzi, and Greta R. Patzke*

Y. G. Zhao, Dr. W. C. Wan, N. C. Dongfang, Dr. C. A. Triana, L. Douls, C. Huang, PD Dr. M. lannuzzi, and Prof.

G. R. Patzke

Department of Chemistry, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland

E-mail: greta.patzke@chem.uzh.ch

Dr. R. Erni

Electron Microscopy Center, Empa, Swiss Federal Laboratories for Materials Science and Technology,

Uberlandstrasse 129, CH-8600 Diibendorf, Switzerland
*Corresponding author

These authors contributed equally

Table of Contents

1. Experimental details and methods

S3

2. Modeling of the local coordination environments (Figure S1)

S8

3. Basic characterization of as-prepared samples

S9

3.1 Characterization of Oa-R-NiFe-CPs and S-R-NiFe-CPs (Figures S2-S14)

S9

3.2 Characterization of NiFe-O and S-NiFe-O (Figures S15-S17)

4. Ex situ XAS, EPR, and XPS characterization

4.1 Ni K-edge XAS data of O4-R-NiFe-CPs, S-R-NiFe-CPs, NiFe-O, and S-NiFe-O (Figure S18)........
4.2 Fe K-edge XAS data of Oga-R-NiFe-CPs, S-R-NiFe-CPs, NiFe-O, and S-NiFe-O (Figure S19)........

4.3 XAS characterization of S-R-NiFe-CPs (2, 5, 10, 20, and 50 mg) (Figures S20-S23)
4.4 EPR characterization of as-investigated catalysts (Figure S24)

4.5 XPS characterization of as-investigated catalysts (Figures S25-S26)

. Electrochemical OER performance (Figures S27-S34)

. Post-catalytic characterization (Figure S35)

5

6

7. OER activities of Oa-R-NiFe-CPs with different concentrations of K:SO4 (Figure S36)
8. Operando XAS characterization (Figures S37-S41)

9

. Operando EIS characterization (Figure S42)

10. pH-dependent OER experiments (Figure S43)

11. Adsorption slab models for DFT simulations (Figures S44-46)
Table S1. ICP-MS results in fresh 1.0 M KOH before and after OER measurements

Table S2. ICP-MS results: atomic Ni/Fe/S ratios for the as-synthesized catalysts
S1

S17
S19
S19
S20
S21
S25
S26
S28
S36
S37
S38
S42
S43
S44
S46
S46



Table S3. Fitting parameters of Ni K-edge EXAFS spectra for as-prepared catalysts and references...... S47

Table S4. Fitting parameters of Fe K-edge EXAFS spectra for as-prepared catalysts and references ..... S48
Table S5. Fitting parameters of operando Ni K-edge EXAFS spectra of S-R-NiFe-CPs for OER.............. S49
Table S6. Fitting parameters of operando Fe K-edge EXAFS spectra of S-R-NiFe-CPs for OER............. S50
Table S7. Comparison of OER performance of as-prepared catalysts with recent representative studies on
NiFe-based OER electrocatalysts S51
References S52
Supplementary Discussion I S10
Supplementary Discussion IT S34

S2



1. Experimental details and methods

Preparation of Fe-free purified KOH electrolyte. The Fe-free KOH electrolyte was prepared
via a high purity Ni-based hydroxide adsorption strategy.!!! In a typical procedure, 2 g of high
purity nickel(II) nitrate hexahydrate (= 99.999 %) was dissolved into 4 mL of DI water. Then,
20 mL of 1.0 M KOH was injected into the above Ni-containing solution to form high purity
Ni(OH),. The precipitate was collected via centrifugation and washed three times with a
mixture of 20 mL of DI water and 2 mL of 1.0 M KOH. Afterward, the precipitate was dispersed
into 50 mL of 1.0 M KOH for 10 min. Finally, the Fe-free KOH was obtained by centrifugation.
Based on the ICP-MS results (Table S1), the as-prepared purified KOH solution showed <1

ppb of Fe, which was in agreement with previous studies.!'!

Materials characterization. Powder X-ray diffraction (PXRD) patterns were recorded on a
STOE STADI P diffractometer (transmission mode, Ge monochromator) with Mo K, (A =
0.7093 A) radiation (50 kV and 40 mA). Field-emission scanning electron microscopy
(FESEM-Zeiss Supra 50 VP), and transmission electron microscopy (TEM-FEI Tecnai G2
Spirit) were used for investigating the morphological properties of the as-prepared samples.
The elemental compositions of the as-prepared samples were analyzed with FESEM-energy-
dispersive X-ray spectroscopy (EDX) and inductively coupled plasma mass spectrometry
(Agilent 8800 ICP-MS). High-resolution TEM (HR-TEM), high angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM), and scanning transmission
electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDX) element mappings
were recorded on a FEI Titan Themis equipped with a hexapole-type aberration corrector for
scanning transmission electron microscopy (CEOS DCOR) and a Super EDX system. X-ray
photoelectron spectroscopy (XPS) studies were performed on a PerkinElmer PHI 1600 ESCA
system with Mg K radiation (1253.6 eV). Room temperature electron paramagnetic resonance

(EPR) spectra were recorded on a Bruker MiniScope MS 5000 spectrometer.

Ex situ and operando X-ray absorption spectroscopy (XAS) measurements. Ex sifu and
operando X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) tests (Ni and Fe K-edge) were performed at the European Synchrotron
Radiation Facility (ESRF), Swiss-Norwegian Beamline BM31, Grenoble, France. All the XAS
data were collected via a transmission mode with a Si(111) double crystal monochromator,
which was cooled with liquid nitrogen. Ex situ tests were performed via a cellulose dispersion
strategy. In a typical example, the solid powder samples were diluted with certain amounts of

cellulose to reach an absorption step of ca. 1. The XANES spectra of reference Ni and Fe foils
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were measured first and used for energy calibrations. Operando measurements were carried out
at room temperature with an in-house developed electrochemical cell. A standard three-
electrode system equipped with a reference Hg/HgO electrode (1.0 M KOH), counter graphite
rod electrode, and carbon paper as the working electrode, respectively, was used. The catalyst
layer was prepared by drop-coating on carbon paper. The loading mass was 2.0~3.0 mg/cm?.
Due to the high catalytic activities of the investigated samples in 1.0 M KOH, our operando
measurements were thereby conducted in 0.1 M KOH to reduce the influence of gas bubble
formation on the collected XAS signals at high voltage. During the operando XAS experiments,
the chronoamperometry method was applied by a stepwise increase from 0.8 to 1.5 V vs. RHE.
In order to improve the quality of the XAS signal, all operando XAS signals recorded at the
constant potential were repeated 6 times (~3 min per spectrum) at the Ni K-edge. Due to the
low amounts of Fe ions in the investigated samples, the acquisition time at the Fe K-edge was
increased up to 15 min per spectrum. Then, the collected raw XAS signals (same conditions)
were merged through the ATHENA and used for further analysis. The EXAFS data were k°-
weighted by the wavevector k, and analyzed in the k-range from 0 to 12 A™!. The Fourier
transform (FT) spectra in the real-space were analyzed in the interval from 0 to 6 A. For the
fitting of XAS data, the fitting of reference samples was conducted first to obtain a S¢? value,
which was used as a constant value for other samples. All EXAFS spectra are presented without

phase correction.

Preparation of working electrode. First, the catalyst inks were prepared by dispersion of 5.0
mg of catalysts and 2 mg carbon black in 1 mL of ethanol and 50 puL of 5 wt% Nafion solution
under sonication for 30 mins. Then, a total of 6 uL of the catalyst inks were dropped on a glassy
carbon rotating disk electrode (GC-RDE, diameter of 3 mm) with a loading mass of ~0.4

mg/cm?. Afterward, the electrode was dried at room temperature overnight before use.

Electrocatalytic oxygen evolution reaction (OER). OER measurements were performed at
room temperature in 1.0 M KOH (pH~13.80) with a Metrohm Autolab PGSTAT302N
potentiostat. A standard three-electrode system using a reference Hg/HgO electrode (1.0 M
KOH), counter graphite rod electrode, and GC-RDE as the working electrode, respectively, was
used. Before the measurements, the GC-RDE was polarized with 50 cycles of cyclic
voltammetry (CV) at 50 mV/s without any rotations. Then, the CV curve of OER was recorded
at a low scan rate of 5 mV/s with a rotation of 1600 rpm. All potentials were converted to RHE
according to E(RHE)=E+E(Hg/HgO)+0.059%pH with a 90 % iR-compensation. All the tests
were repeated at least 3 times to ensure data reproducibility. Electrochemical impedance

spectroscopy (EIS) measurements were performed within a frequency range from 0.01 Hz to
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10 k Hz (5 mV amplitude). The electrochemical surface area (ECSA) was calculated according
to ECSA=geometric surface areaxCq/Co, where Cq is the double-layer capacitance (Ca) and
Co is 0.04 mF/cm?. The CV curves are recorded in a non-Faradaic region from 1.21 and 1.31 V
with a scan rate increase from 10 mV/s to 100 mV/s. Durability tests were performed with both

CV cycling and chronopotentiometric methods.

Faradaic efficiency was calculated based on the rotating ring-disk electrode theory

(RRDE):!!
Faradaic efficiency = iring /(1disk X N) (eq. S1)
where igisk and iring are disk and ring currents, respectively. N is the current collection coefficient

and is equal to 0.2. A galvanostatic method with a rotation speed of 1600 rpm was employed

for the measurements.

Density function theory (DFT) calculations.

All DFT simulations were calculated using the CP2K package with Grimme D3 corrected
PerdewBurke-Ernzerhof (PBE).[*¥) A 500 Ry was set up for plane-wave cut-off energy.
Goedecker-Teter-Hutter (GTH) pseudopotential and DZVP-MOLOPT-GTH basis were
employed to investigate the local molecular environment. The theoretical model was built by
the NiO> (012)-terminated surface. Fe atoms were inserted afterward by substituting 1/3 of Ni
atoms. A built 4x4x2 supercell with a total of 128 atoms was used for all simulations. The
simulated energy in Figure S2 is calculated based on a built 10x10x2 supercell with a total of
384 atoms. The Broyden-Fletcher-Goldfarb-Shanno algorithm was used to optimize the built
models, and the convergence criterion of the forces was 10~ bohr/hartree. During the
optimization process, the residual force was set up for 0.05 eV/A, moreover, the atomic
positions were fully relaxed until a maximum energy difference. A 15 A thickness of vacuum
layer was added into the built supercell to remove the interaction effects arising from the

surfaces.

In the alkaline conditions, a conventional adsorbate evolution mechanism (AEM) is described

as follows:[*-11]
*+OH —» OH*+e (eq. S2)
OH*+OH" —» O*+H.0te (eq. S3)
O*+OH —» OOH*+¢ (eq. S4)
OOH*+OH" —p OxtH,O+¢" (eq. S5)
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where * represents an active adsorption site, and OH*, O*, and OOH* are the corresponding

OER intermediates, respectively.

As such an AEM pathway, the Gibbs free energy (AG) changes of each step were calculated by

the following equations.

AG=Eop+E"-Em0+1/2Eu+(AZPE-TAS)-eU (eq. S6)
AGo= Eo# Eons +1/2EmH(AZPE-TAS )r-eU (eq. S7)
AGs= Eoons-EosEmzo+1/2BuH(AZPE-TAS )3-eU (eq. S8)
AG4=4.92 eV-E"+Eoon-Eoa-1/2E-(AZPE-TAS)4-eU (eq. S9)

Therefore, the theoretical overpotential Neeory 1S defined as:
Ntheory=mMax {AG1, AGz2, AG3, AG4}/e-1.23V (eq. S10)

Where Em+ denotes the binding energy for the adsorption intermediates. AZPE and AS are the
changes of zero-point energy and entropy corrections, respectively. U is the additional bias,
which is used for the computation of reaction-free energy in each step. Since all the reactions

occurred at room temperatures, the temperature effects were not involved in this study.

As evident by the pH-dependent experiments (Figure S43), our results indicate that the as-
investigated NiFe-based catalysts proceed via a non-concerted proton-electron transfer process.
If such a process occurs, the OER process is suggested to undergo a dual-site mechanism (DSM)

pathway.l'>"1>] Based on recent studies, we propose the following DSM pathway for our

catalysts.
Fe*+Ni*+OH — Fe*+Ni*-OH+e (eq. S11)
Fe*+Ni*-OH +OH" — Fe*-OH+Ni*-OH +¢’ (eq. S12)
Fe*-OH+Ni*-OH +OH" — Fe*-O+Ni*-OH +H,0 +¢’ (eq. S13)
Fe*-OH+Ni*-OH +OH"~ — Fe*-OH+Ni*-O +H,0 +e (eq. S14)
Fe*-O+Ni*-OH +OH" —» Fe*-O-O-Ni*+H,0 +e (eq. S15)
Fe*-OH+Ni*-O +OH" —» Fe*-0O-O-Ni*+H,0 +e (eq. S16)
Fe*-O-O-Ni* —» Fe*+Ni*+0,+¢ (eq. S17)

Therefore, the Gibbs free energy (AG) changes of each step in a DSM pathway were calculated

by the following equations.

AG1=EFfe*iNi*-oH-Efe*+Nix-En20+1/2EH2H(AZPE-TAS)1-eU (eq. S18)
AG>= Efe*.onNi*-0H - ErexNi*-on-En20 +1/2Em2+(AZPE-TAS)2-eU (eq. S19)

S6



AG3= Efe*.0+Ni*-0H - Erer.onNi*-ont1/2Eq2+(AZPE-TAS)3-eU (eq. S20)

AG3+= Erex-0it-0 - Eres-omniz-ont1/2EuH(AZPE-TAS)3s-eU (eq. S21)
AGa= Ere-0-0-ni* - Erer-0inir-ott +1/2Ei+(AZPE-TAS )s-eU (eq. S22)
AGa+= Efes-0-0-i* - Brer.omniz.0 +1/2BurH(AZPE-TAS )4+-eU (eq. S23)

AGs= 4.92 eV+Ees+ni -Erer-0-0-xi* +02-(AZPE-TAS)s-eU (eq. S24)

It should be noted that we simulated two different pathways in eq.13 and eq.14. This is mainly
because that the deprotonation process can occur at both Ni and Fe sites in this step. We

discussed this part in more detail in the main text.
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2. Modeling of the local coordination environment
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Figure S1. Schematic diagram of the synthetic process and the proposed reaction pathway during the sulfidation
process.
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3. Basic characterization of as-prepared samples

3.1 Characterization of O¢-R-NiFe-CPs and S-R-NiFe-CPs

Figure S2. Representative FESEM and TEM images of: (a, €) O¢-R-NiFe-CPs, (b, f) S-R-NiFe-CPs, (c, g) NiFe-
O, (d, h) S-NiFe-O; (i, j) HR-TEM images and the corresponding SAED patterns of O¢-R-NiFe-CPs and S-R-
NiFe-CPs; (k, 1) HR-TEM images of S-R-NiFe-CPs; (m) STEM-EDX elemental maps of S-R-NiFe-CPs (yellow
= Ni, green = Fe, blue = O, red = S).
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Supplementary Discussion I: Synthesis and characterization of Q4-R-NiFe-CPs and S-R-
NiFe-CPs

Field-emission scanning electron microscopy (FESEM, Figures S2a and S3a) and
transmission electron microscopy (TEM, Figures S2e and S3b) images demonstrate the ultra-
thin nanosheet morphology of the investigated samples. The selected area electron diffraction
(SAED, Figure S2i) pattern exhibits weakened intensities of diffraction rings, and the high-
resolution transmission electron microscopy (HR-TEM, Figure S3¢,d) images show disordered
domains. This suggests low crystallinity and the presence of abundant structural deficiencies in
the as-prepared Oq-R-NiFe-CPs, in agreement with the broad diffraction peaks observed in the
PXRD pattern (Figure S5). Furthermore, FESEM and scanning transmission electron
microscopy (STEM) combined with energy-dispersive X-ray spectroscopy (EDX) maps
illustrate the homogenous element distributions of Ni, Fe, and O, which indicates the formation
of homogenous Og4-R-NiFe-CPs nanosheets (Figures S3e and S4).

The PXRD patterns (Figure S5) of S-R-NiFe-CPs (2 and 5 mg) feature similar diffraction peaks
without any impurities compared with Oq-R-NiFe-CPs. This indicates that partial incorporation
of S atoms does not influence the pristine crystal structures of O4-R-NiFe-CPs. FESEM and
TEM images (Figures S2b,f and S6d-f) (5 mg) reveal the ultra-thin nanosheet morphology of
S-R-NiFe-CPs. SAED and HR-TEM images (Figure S2j) of S-R-NiFe-CPs further illustrate
its low crystallinity. Meanwhile, HR-TEM images (Figure S2k,l) indicate that (012) is the main
exposed crystal plane in S-R-NiFe-CPs with a lattice spacing of 0.252 nm (Ni(OH)>-0.75H,0,
PDF No. 38-0715), in line with the HR-TEM results of O¢4-R-NiFe-CPs (Figure S3¢,d). STEM-
EDX element maps further demonstrate the ultra-thin morphological properties of S-R-NiFe-
CPs with a homogenous element distribution of Ni, Fe, O, and S (Figure S2m). The PXRD
patterns (Figure S5) of the as-obtained S-R-NiFe-CPs (10, 20, and 50 mg) are similar to those
of O4-R-NiFe-CPs but exhibit additional peaks at 20 ~ 14.3°, 17.2°, and 24.3°. These newly
appearing peaks are ascribed to the formation of NizS4 (PDF No. 76-1813), indicating that
incorporation of excessive S amounts affects the phase purity of Oq-R-NiFe-CPs. Moreover,
FESEM and TEM characterizations were further carried out to investigate the morphological
evolution in S-R-NiFe-CPs (2 to 50 mg) (Figures S6-S8). Specifically, as confirmed by
FESEM and TEM images (Figures S6-S8) in the presence of 50 mg of TAA, the as-prepared
S-R-NiFe-CPs exhibit a distinct nanoparticle morphology compared with the samples obtained
with low amounts of TAA (2 and 5 mg), Furthermore, the SAED patterns (Figure S8c,d) of S-
R-NiFe-CPs (50 mg) not only exhibit somewhat weaker intensity of the diffraction rings but
also display additional bright dots. This corroborates that the as-synthesized S-R-NiFe-CPs (50
mg) contain a secondary phase beyond the initial Og-R-NiFe-CPs. Detailed HR-TEM images
of S-R-NiFe-CPs (50 mg) were therefore further recorded. As illustrated in Figure S8e,f, HR-
TEM images of S-R-NiFe-CPs (50 mg) exhibit two characteristic domains with a lattice spacing
0f'0.283 and 0.253 nm, respectively, corresponding to the exposed crystal planes (311) of Ni3S4
and (012) of O4-R-NiFe-CPs. These results are consistent with our previous PXRD analyses of
S-R-NiFe-CPs (Figure S5).
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50 nm

Figure S3. (a, b) FESEM and TEM images of as-prepared Og-R-NiFe-CPs. (c, d) HR-TEM images of as-prepared
Og¢-R-NiFe-CPs. (¢) HAADF-STEM images and STEM-EDX element mappings of Og-R-NiFe-CPs.
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Figure S6. FESEM and TEM images of as-prepared S-R-NiFe-CPs with different amounts of TAA: (a-c) 2 mg;
(d-f) 5 mg; (g-1) 10 mg; (j-1) 20 mg; (m-o0) 50 mg.
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Figure S7. FESEM-EDX spectra and element mappings of as-prepared S-R-NiFe-CPs with different amounts of
TAA: (a) 2 mg; (b) 5 mg; (c) 10 mg; (d) 20 mg; (e) 50 mg.
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Figure S8. (a, b) TEM images of as-prepared S-R-NiFe-CPs (50 mg). (¢, d) HR-TEM images and corresponding
SAED pattern. (¢) HR-TEM images. (f) HAADF-STEM image and STEM-EDX element mappings.
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Figure S9. PXRD patterns of as-prepared S-R-NiFe-CPs (5 mg) at different reaction temperatures.
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Figure S10. FESEM images of as-prepared S-R-NiFe-CPs (5 mg) at different reaction temperatures: (a, ¢) 100 °C;

(b, d) 140 °C.

a [400°c Atom (%) b [i4-c Element] Atom (%)
c 458 T 5
o 326 [} 321
Wi iEE] Ni 149
Fe 7 Fe a1
5 FA) o s i3
n 2
€ 5
o Q
o o il
i Pt
s 8
Fe Ni Pt Fe Ni
4 6 8 10 0 2 4 6 B 10
Energy (keV) Energy (keV)

Figure S11. FESEM-EDX spectra and element mappings of as-prepared S-R-NiFe-CPs (5 mg) at different
reaction temperatures: (a, ¢) 100 °C; (b, d) 140 °C.
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Figure S12. PXRD patterns of as-prepared S-R-NiFe-CPs (5 mg) after different reaction times.
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Figure S13. FESEM images of as-prepared S-R-NiFe-CPs (5 mg) after different reaction times: (a, ¢) 2 h; (b, d)
6 h.
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Figure S14. FESEM-EDX spectra and element mappings of as-prepared S-R-NiFe-CPs (5 mg) after different
reaction times: (a, ¢) 2 h; (b, d) 6 h.

3.2 Characterization of NiFe-O and S-NiFe-O
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Figure S15. PXRD patterns of as-prepared NiFe-O and S-NiFe-O.
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Figure S16. FESEM and TEM images of as-prepared NiFe-O (a-c) and S-NiFe-O (d-f).
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Figure S17. (a-c) HR-TEM images of as-prepared S-NiFe-O (the inset in Figure S17b shows the corresponding
SAED pattern). (d) HAADF-STEM image and corresponding STEM-EDX element mappings.

PXRD patterns (Figure S15) demonstrate that the as-prepared NiFe-O and S-NiFe-O exhibit a
well-defined rock salt structure without the presence of impurities. FESEM and TEM images
(Figure S16) reveal similar nanosheet morphologies for the prepared NiFe-O and S-NiFe-O
samples. The SAED pattern of S-NiFe-O (Figure S17b) was further recorded and exhibits three
well-defined diffraction rings. These peaks can be assigned to the main exposed crystal planes
(111), (211), and (301) of NiO (PDF No. 47-1049), respectively. HR-TEM images in Figure
S17c display the characteristic lattice fringes of ~0.144 nm and 0.205 nm, corresponding to the
exposed (220) and (200) planes, respectively. STEM-EDX element mappings further
demonstrate that Ni, Fe, O, and S elements are homogeneously distributed in the selected S-
NiFe-O nanosheet.
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4. Ex situ XAS, EPR, and XPS characterizations

4.1 Ni K-edge EXAFS spectra of O4-R-NiFe-CPs, S-R-NiFe-CPs, NiFe-O, and S-NiFe-O
vs. references

——— NiFe-LDH (Ni)
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g L] ] ] ] ]
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x
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Figure S18. (a) Ni K-edge EXAFS spectra of as-synthesized samples vs. references.
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4.2 Fe K-edge XAS data of O4-R-NiFe-CPs, S-R-NiFe-CPs, NiFe-O, and S-NiFe-O
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Figure S19. (a) Fe K-edge XANES spectra of as-synthesized samples vs. references. (b) Fe K-edge EXAFS spectra
of as-synthesized samples vs. references. (c) Fitting of the Fe K-edge FT-EXAFS spectra of as-synthesized samples
vs. references.

The investigations of Fe K-edge XAS data demonstrate that the as-prepared S-R-NiFe-CPs
featured similar XANES and EXAFS spectra compared to O4-R-NiFe-CPs (Figure S19a,b).
Moreover, the fitting results of the FT-EXAFS spectra of O¢-R-NiFe-CPs and S-R-NiFe-CPs
reveal that the incorporation of S atoms does not alter the local coordination environment of Fe
centers (Table S4). The Fe K-edge XAS data also provided analogous evidence for the similar
local electronic structure and coordination environment of Fe centers in NiFe-O and S-NiFe-
O. All of the above investigations imply that the S atoms mainly refill the oxygen deficiencies
around the Ni sites.
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4.3 XAS characterization of S-R-NiFe-CPs synthesized with different amounts of TAA
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Figure S20. (a) Ni K-edge XANES spectra of O¢-R-NiFe-CPs and S-R-NiFe-CPs obtained with different amounts
of TAA. (b, ¢) Ni K-edge FT-EXAFS spectra and WT contour profiles of S-R-NiFe-CPs obtained with different

amounts of TAA.
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Figure S21. Ni K-edge EXAFS spectra of O¢-R-NiFe-CPs and S-R-NiFe-CPs obtained with different amounts of
TAA vs. reference NiFe-LDH.
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Figure S22. (a) Fe K-edge XANES spectra of Og-R-NiFe-CPs and S-R-NiFe-CPs obtained with different amounts
of TAA. (b, c¢) Fe K-edge FT-EXAFS spectra and WT contour profiles of S-R-NiFe-CPs obtained with different
amounts of TAA.
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Figure S23. Fe K-edge EXAFS spectra of O¢-R-NiFe-CPs and S-R-NiFe-CPs obtained with different amounts of
TAA vs. reference NiFe-LDH.

Investigation of the Ni K-edge FT-EXAFS spectra (Figures S20-S21) of S-R-NiFe-CPs (2 ~
50 mg) demonstrates an obvious change in the local coordination environment of Ni centers. In
detail, as shown in Figure S20c, as the amount of S atoms increases, the intensity maximum at
around k=7.2 A! (backscattering of Ni-Ni/Fe pairs) in the wavelet transform (WT) of the
EXAFS spectra of S-R-NiFe-CPs (2 ~ 50 mg) shows a decreasing trend towards weaker signals.
According to the results of fitting the FT-EXAFS spectra (Figure S20b and Table S3), both
the CNni.o and CNni-nire values remain almost unchanged when the amounts of S atoms are
lower than 10 mg. For the samples with 20 and 50 mg, both the CNni.o and CNni-nire values
decrease obviously compared with those of O¢-R-NiFe-CPs. While the calculated CNni.s values
show an increasing trend implying that the local coordination environments of Ni centers are
strongly altered by sulfur atom incorporation, the variations in the coordination environment of
Fe centers are negligible (Figures S22-S23).
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4.4 EPR characterization of as-investigated catalysts
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Figure S24. Room temperature EPR spectra of as-prepared samples.

We recorded EPR spectra to elucidate the influence of sulfidation on the oxygen deficiencies
in the as-prepared samples. As shown in Figure S24a, the EPR spectrum of Og¢-R-NiFe-CPs
shows an isotropic peak with the strongest intensity, suggesting the presence of abundant
unpaired elections. In this study, these unpaired electrons are predominantly arising from the
formation of oxygen deficiencies (Tables S3-S4). As the amounts of TAA were increased from
2 mg to 50 mg, the intensity of the isotropic peak of S-R-NiFe-CPs exhibits a continuously
decreasing trend, reflecting the lower amounts of unpaired electrons. This provides further
support that the introduced S atoms first refill the oxygen deficiencies, in line with the above
XAS results (Figures S19-S23). For comparison, the EPR spectra of NiFe-O and S-NiFe-O
were also recorded. According to the obtained results in Figure S24b, both NiFe-O and S-NiFe-
O were not sensitive towards EPR measurements, which further confirmed that the alterations
of EPR signals in Figure S24b originate from sulfur atom incorporation into the oxygen-
deficient sites.
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4.5 XPS characterization of as-investigated catalysts
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Figure S25. High-resolution XP spectra of O4-R-NiFe-CPs (pristine) and S-R-NiFe-CPs (2, 5, 10, 20, and 50
mg): (a) Ni 2p; (b) Fe 2p; (c) O 1s; (d) S 2p.
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Figure S26. High-resolution XP spectra of NiFe-O and S-NiFe-O: (a) Ni 2p; (b) Fe 2p; (c) O 1s; (d) S 2p.

The surface electronic structures of the synthesized samples were examined by the
deconvoluted high-resolution Ni 2p, Fe2p, Ols, and S 2p (Figures S25-S26) XP spectra.
Noteworthy, the binding energy positions of Ni 2p and O 1s (Figure S25a,c¢) in S-R-NiFe-CPs
exhibit a slight positive shift compared with that of O4¢-R-NiFe-CPs. However, concerning the
binding energy positions in the Fe 2p regions, all the investigated samples remained identical.
Furthermore, the S 2p XP spectra of the investigated samples were also investigated and showed
an increasing tendency of peak intensity for S 2p1/2 and S2p3/2, indicating the increased numbers
of M-S bonds. For comparison, the XP spectra of NiFe-O and S-NiFe-O were also recorded
(Figure S26). The XPS results of NiFe-O and S-NiFe-O demonstrated similar evidence for the
positive energy shift observed from Ni 2p and O 1s compared with that of O4-R-NiFe-CPs and
S-R-NiFe-CPs. Combining these XPS results together with the above EPR results at hand
(Figures S24-S26), we conclude that only the surface electronic structures of Ni and O centers
in O4-R-NiFe-CPs were altered after incorporation of sulfur atoms. These results further suggest
that the sulfidation reaction mechanism follows the proposed reaction pathways of S1 and S4
in Figure S1. In detail, for low amounts of TAA, the incorporated S atoms mainly refilled the
oxygen deficiencies during the sulfidation process. When a high amount of TAA was applied,
part of the S atoms can still follow the proposed reaction pathway of S1 to refill the oxygen
deficiencies (Figure S1). However, the excess sulfur atoms likely replace partial oxygen atoms
around the Ni site to construct the proposed structure S4 as described in Figure S1.
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5. Electrochemical OER performance
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Figure S27. CV curves of O4-R-NiFe-CPs (a), S-R-NiFe-CPs (b), NiFe-O (c), and S-NiFe-O (d) in 1.0 M KOH.
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Figure S28. (a) Double-layer capacitance (Cq) of as-prepared catalysts. (b, ¢) CV curves of as-prepared catalysts
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Figure S29. Electrocatalytic performance of S-R-NiFe-CPs obtained with different amounts of TAA in 1.0 M
KOH for OER. (a) CV curves. (b) Comparison of overpotentials at 10 mA/cm? and current densities at an
overpotential of 300 mV. (c) Tafel plots. (d) Nyquist plots (at an overpotential of 250 mV).
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Figure S30. Electrocatalytic performance of S-R-NiFe-CPs at different reaction temperatures in 1.0 M KOH for
OER. (a) CV curves. (b) Comparison of overpotentials at 10 mA/cm? and current densities at an overpotential of
300 mV. (c) Tafel plots. (d) Nyquist plots (at an overpotential of 250 mV).
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Figure S31. Electrocatalytic performance of S-R-NiFe-CPs after different reaction times in 1.0 M KOH for OER.
(a) CV curves. (b) Comparison of overpotential at 10 mA/cm? and current densities at an overpotential of 300 mV.
(c) Tafel plots. (d) Nyquist plots (at an overpotential of 250 mV).
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Figure S32. Electrocatalytic performance of NiFe-O and S-NiFe-O generated at different reaction temperatures in
1.0 M KOH for OER. (a) CV curves. (b) Comparison of overpotential at 10 mA/cm? and current densities (at an
overpotential of 300 mV). (c¢) Tafel plots. (d) Nyquist plots (at an overpotential of 300 mV).
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Figure S33. (a) Normalized CV curves (current normalized by ECSA) of O¢-R-NiFe-CPs, S-R-NiFe-CPs, NiFe-
and mass activities at 1.53 V vs. RHE.
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Figure S34. (a) Multi-potential-step chronoamperometric test of S-R-NiFe-CPs with overpotentials from 175 to

290 mV.

S33



Supplementary Discussion II: Electrocatalytic OER performance

The OER activities of the as-synthesized catalysts were evaluated with a standard three-
electrode system in 1.0 M KOH vs. commercial RuO; as a reference. As shown in Figures S27-
S28, the CV curves of the investigated catalysts were first corrected with a 90% iR
compensation. Then, the currents were normalized to the electrochemical surface area (ECSA)
to reflect the intrinsic catalytic activity. To optimize the OER activity, the influence of the
different synthetic parameters (e.g. TAA amounts, reaction temperature, and reaction times) on
the OER activity was explored. The results (Figures S29-S31) indicate that the as-prepared S-
R-NiFe-CPs synthesized with 5 mg of TAA at 120 °C for 4 h exhibit the best OER activity. For
the control experiments with NiFe-O and S-NiFe-O (Figure S32), the best OER activity was
observed for S-NiFe-O samples prepared with 5 mg of TAA at 160 °C for 4 h. Figure 2¢ and
Figure S28b show the CV curves of the investigated catalysts before and after normalization
to ECSA. To attain a specific current density of 1 mA/cmecsa” and a geometric current density
of 10 mA/cmgeo?, the as-prepared S-R-NiFe-CPs exhibit the lowest overpotentials of 254 mV
and 234 mV, respectively. This outperforms the OER activity of O¢-R-NiFe-CPs (283 mV and
254 mV), S-NiFe-O (327 mV and 269 mV), and NiFe-O (320 mV and 421 mV at 0.5
mA/cmecsa?). Figure 33b further compares the overpotentials at the geometric current density
of 20 mA/cmgeo > and the mass activities at an overpotential of 300 mV. As expected, S-R-NiFe-
CPs display the lowest overpotential of 245 mV and the highest mass activity of 314 A/g, being
better than Og-R-NiFe-CPs (271 mV and 97 A/g), S-NiFe-O (280 mV and 129 A/g), NiFe-O
(345 mV and 9 A/g), and commercial RuO; (385 mV and 5 A/g).

Tafel slope values of the investigated catalysts were further calculated based on the iR
corrected CV curves. As illustrated in Figure 33¢, the Tafel slope values follow the order S-R-
NiFe-CPs (30.28 mV/dec) < S-NiFe-O (31.90 mV/dec) < O4-R-NiFe-CPs (46.13 mV/dec) <
NiFe-O (50.09 mV/dec) < commercial RuO; (78.55 mV/dec). It should be noted that both S-R-
NiFe-CPs and S-NiFe-O show a smaller Tafel slope value compared with Oq-R-NiFe-CPs and
NiFe-O. This strongly suggests that engineering of partial S substitution can optimize the
intrinsic OER kinetics of the investigated catalysts, thereby resulting in an improved OER
activity. Furthermore, electrochemical impedance spectroscopy (EIS) tests (Figure S28¢) were
performed at an overpotential of 250 mV, which demonstrates the favorable charge transfer
properties of S-R-NiFe-CPs. This further highlights the benefits of employing sulfur atom
modification towards high OER performance. To confirm that the recorded currents primarily
originate from the OER, the Faradaic efficiency was determined using the rotating-ring disk
electrode (RRDE) technique. Our measurement results (Figure 33d) indicate nearly 100% of
Faradaic efficiency for the best-performing S-R-NiFe-CPs, thus verifying its four-electron
transfer characteristics during the OER process (4OH™ — Oz + 2H>O + 4¢").

The electrochemical stability was assessed through both CV cycling and
chronopotentiometry methods. As shown in Figure 33e, the as-prepared S-R-NiFe-CPs can
maintain its initial catalytic activity over 25 h with only slight potential variations (~6 mV
increase). It should be emphasized that this slight activity decline is primarily due to the
detachment of the catalyst layers from the electrode. This is a common issue for the GC
electrode under high rotation speed for long-time measurements (>12 h).['%!71The CV curve of
S-R-NiFe-CPs can be well retained after 10000 CVs (inset in Figure 33e). Furthermore, we
conducted the multi-potential step chronoamperometry test to examine the electrochemical
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stability of S-R-NiFe-CPs at different current densities. Our results (Figure S34) corroborated
that the as-prepared S-R-NiFe-CPs well maintained the high catalytic activity during the test,
further revealing their good electrochemical stability towards application conditions for high-
performance OER catalysts. The excellent OER activity and superior electrochemical stability
of S-R-NiFe-CPs outperform most recently studied NiFe-based OER electrocatalysts (Figure
33f).
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6. Post-catalytic characterization
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Figure S35. High-resolution S 2p XP spectra of S-R-NiFe-CPs before and after OER.

We performed XPS characterizations to investigate the structural stability of S-R-NiFe-CPs
after the OER process. As shown in Figure S35, the post-catalytic sample displays an identical
high-resolution S 2p XP spectrum compared with that of the pristine sample. This demonstrates
that the local electronic structures of S-R-NiFe-CPs can be maintained well during the OER
process. To get further insights into the dynamics of the local coordination environment during
the OER process, operando monitoring experiments are essential.
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7. OER activities of O4-R-NiFe-CPs with different concentrations of K>SO«
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Figure S36. Electrocatalytic performance of Og¢-R-NiFe-CPs performed in 1.0 M KOH with different
concentrations of K»SO4 for OER. (a) CV curves. (b) Nyquist plots (at an overpotential of 250 mV).

Recent related works indicated that surface residual chalcogens played a non-negligible role in
the catalytic activities of OER electrocatalysts.['82%) Given the appearance of the obvious
surface SOx signals in the XPS results of S-R-NiFe-CPs (Figure S35), we further conducted
the OER measurements with as-prepared Og4-R-NiFe-CPs in 1.0 M KOH with different
concentrations of SO4>" anions. As shown in Figure S36a, as the concentrations of SO4% anions
were increased from 1 mM to 100 mM, Og4-R-NiFe-CPs show nearly identical CV curves. This
reflects no enhancements on the OER activity of O4-R-NiFe-CPs with the addition of SO4*
anions to the electrolyte. The Nyquist plots (Figure S36b) exhibit slight changes with the
observations of different diameters of semicircles, which reflects the variations of the charge
transfer resistances. To the best of our knowledge, these variations can most likely be ascribed
to the alterations in the diffusion effects in the presence of SO4* anions in the electrolyte.!!7!8]
With these results at hand, we conclude that surface residual SOy groups are not the key factor
for the enhanced OER activity of S-R-NiFe-CPs. We assume that the surface-adsorbed
oxyanions contribute to the OER activity only in some specific systems, such as catalysts with
a single type of metal centers.!'®?°! In the case of OER catalysts with multiple metal centers,
such as NiFe-based OER catalysts, the contribution of the surface-adsorbed oxyanions to the
OER is less important compared to the true active species of high-valent Ni'V-O-Fe!Y-moieties.
To confirm such a hypothesis, future works involving surface-sensitive techniques (such as in
situ XPS and soft XAS) are required to conduct a depth-profiling investigation of the surface
behavior of catalysts during the OER.
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8. Operando XAS characterizations
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Figure S37. Operando Ni K-edge EXAFS spectra of S-R-NiFe

0.1 M KOH for OER.
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Figure S38. Operando Fe K-edge EXAFS spectra of S-R-NiFe-CPs recorded at different potentials (vs. RHE) in
0.1 M KOH for OER.

Given the low atomic ratio of Fe/Ni in S-R-NiFe-CPs, in order to improve the quality of XAS
signals, the required acquisition time for the Fe K-edge XAS signals was 5 times longer than
for the Ni K-edge. Moreover, the EXAFS spectra as shown in Figures S37 and S38 are the
average EXAFS spectra, which were obtained by merging 6 repeated spectra recorded at Ni
and Fe K-edges, respectively. When the applied potential was higher than 1.45 V and 1.425 V
vs. RHE (Figure S39), the formation of O bubbles drastically influenced the data quality of
Ni and Fe K-edge XAS signals, respectively. Therefore, we only present the XAS data recorded
below the aforementioned potentials.
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Operando Ni K-edge EXAFS and FT-EXAFS spectra of O4-R-NiFe-CPs recorded at different potentials.
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Figure S41. (a) Operando Fe K-edge EXAFS spectra of O4-R-NiFe-CPs recorded at potentials from 1.0 V to 1.45
V (vs. RHE) in 0.1 M KOH towards OER vs. references. (b) Fe K-edge positions vs. applied potentials. (c, d)
Operando Fe K-edge EXAFS and FT-EXAFS spectra of O4-R-NiFe-CPs recorded at different potentials.

Starting with operando XANES spectra, our experimental results reveal similar changes in the
valence state of Fe ions (Figure S41a,b) in O4-R-NiFe-CPs compared with those observed in
S-R-NiFe-CPs (Figure 3c¢,d), verifying the formation of high-valence Fe*" species during the
OER process. However, the changes in the valence states of Ni ions in O4-R-NiFe-CPs are
distinct from those of in S-R-NiFe-CPs. Although the valence state of Ni ions still shows a
slight increase during the OER test (Figure S40a,b), the formation of high-valent Ni*"4*
species is much more difficult in Og-R-NiFe-CPs under the same conditions compared with the
same process for S-R-NiF-CPs (Figure 3a,b). Operando EXAFS and FT-EXAFS spectra of
Og¢-R-NiFe-CPs were further recorded to monitor the changes in the local coordination
environments during the OER process. Our results (Figures S40c,d and S41¢,d) show that the
formation of Ni"™"V- O-Fe™V moieties is much more difficult in O4-R-NiFe-CPs during the

OER.

S41



9. Operando EIS characterization
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Figure S42. (a) Operando Nyquist plots of O4-R-NiFe-CPs recorded at potentials from 1.0 V to 1.5 V (vs. RHE).
(b) Operando Bode plots of O4-R-NiFe-CPs recorded at potentials from 1.0 V to 1.5 V (vs. RHE). (¢) Operando
Nyquist plots of S-R-NiFe-CPs recorded at potentials from 1.0 V to 1.5 V (vs. RHE). (d) Operando Bode plots of
S-R-NiFe-CPs recorded at potentials from 1.0 V to 1.5 V (vs. RHE).

As shown in Figure S42a,c, the Nyquist plots of both O4-R-NiFe-CPs and S-R-NiFe-CPs
feature distinct curves at different potentials, indicating that they exhibit different
electrochemical behaviours. Figure S42b,d presents the corresponding Bode plots of two
catalysts, in which the as-investigated catalysts show an extra phase peak in the middle
frequency region of 100 Hz to 1000 Hz. Previous studies have demonstrated that the appearance
of phase peak in the middle frequency region accounts for the appearance of double-layer
capacitance, which results from the surface charge transfer processes during catalysis.*!! In our
study, the observed phase peaks (100 Hz to 1000 Hz) are primarily ascribed to the oxidation of
Ni%" to Ni**#*. A close inspection of the Bode plots (Figure S42b,d) reveals that the oxidation
of Ni ions in S-R-NiFe-CPs occurs at 1.38 V vs. RHE, which sets in around 0.02 V earlier than
for Og-R-NiFe-CPs.
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10. pH-dependent OER experiments
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Figure S43. (a) LSV curves of O¢-R-NiFe-CPs at different pH values. (b) Pourbaix diagram of Og4-R-NiFe-CPs.
(c) LSV curves of S-R-NiFe-CPs at different pH values. (d) Pourbaix diagram of S-R-NiFe-CPs.
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11. Adsorption slab models for DFT simulations
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Figure S44. (a, b) Optimized adsorption slab models of O¢-R-NiFe-CPs with Ni and Fe as the active sites for OER,
respectively. (c, d) Calculated free energy diagrams of OER intermediates adsorbed on Ni and Fe sites of O¢-R-

NiFe-CPs (AEM).
Figure S44 presents DFT calculations for O4-R-NiFe-CPs based on the conventional AEM
mechanism. The calculations suggest that the OH™ adsorption on the Ni site is energetically
preferential compared to the Fe sites. This is due to the regulated local electronic structure with
the presence of oxygen deficiencies around Ni sites. However, for releasing O, the calculated
results exhibit a more favorable value at Fe sites than at Ni sites (Figure S44¢,d). The simulated
free energy diagrams of OER steps reveal that the energy barriers for the rate-limiting step
(RLS) at Ni and Fe sites are 2.51 eV and 2.27 eV, respectively.
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Figure S45. Optimized adsorption slab models of O¢-R-NiFe-CPs towards OER via DSM.
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Figure S46. Optimized adsorption slab models of S-R-NiFe-CPs towards OER via DSM.
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Table S1. ICP-MS results in fresh 1.0 M KOH before and after OER measurements. (Note: For the ICP-MS data
collections, the catalysts were loaded on carbon paper with a loading mass of 2.0~3.0 mg/cm?)

Samples Ni (ng/mL) Fe (ng/mL) S (ng/mL)
Fresh KOH 15.72 0.88 15.87
After immersion into 10.77 0.53 14.73
electrolyte
After OER 10.37 0.80 15.94

Table S2. Atomic Ni/Fe/S ratios in O4-R-NiFe-CPs, S-R-NiFe-CPs, NiFe-O, and S-NiFe-O based on ICP-MS
results.

Samples Atomic Ni/Fe ratio Atomic Ni/Fe/S ratio
Og-R-NiFe-CPs 3.51:1 -
S-R-NiFe-CPs (2 mg) 3.64:1 3.64:1:0.24
S-R-NiFe-CPs (5 mg) 3.58:1 3.58:1:0.79
S-R-NiFe-CPs (10 mg) 3.61:1 3.61:1:1.28
S-R-NiFe-CPs (20 mg) 3.65:1 3.65:1:2.25
S-R-NiFe-CPs (50 mg) 3.59:1 3.59:1:3.25
NiFe-O 3.37:1 -
S-NiFe-O 3.41:1 3.41:1:0.53
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Table S3. Fitting parameters of the Ni K-edge EXAFS spectra for the as-prepared catalysts and references (CN:
coordination numbers; R: interatomic distance; 6% Debye-Waller factors; Se?: amplitude reduction factor; AE:
energy changes).

Samples Path CN R ¢’ Se? AE
Ni-O 6.00 2.06(0) 0.0069(6)
NiFe-LDH o 0.85 -1.70(1)
Ni-Ni/Fe  6.00 3.12(7) 0.0093(2)
Ni-O 5.15(2) 2.04(3) 0.0056(4)
04-R-NiFe-CPs 0.85 -2.21(1)
Ni-Ni/Fe  6.00 3.07(7) 0.0081(3)
Ni-O 5.11(7) 2.04(4) 0.0057(4)
S-R-NiFe-CPs
2 mg) Ni-S 0.10(3) 2.12(4) 0.0030(9) 0.85 -2.21(4)
mg
Ni-Ni/Fe  6.00(0) 3.08(9) 0.0092(1)
Ni-O 5.11(0) 2.05(1) 0.0051(5)
S-R-NiFe-CPs
(5 mg) Ni-S 0.32(3) 2.12(8) 0.0033(0) 0.85 -1.84(5)
mg
Ni-Ni/Fe  6.00(0) 3.09(1) 0.0092(3)
Ni-O 5.10(2) 2.05(4) 0.0056(5)
S-R-NiFe-CPs
Ni-S 0.40(4) 2.12(8) 0.0060(7) 0.85 -1.97(8)
(10 mg)
Ni-Ni/Fe  5.80(6) 3.09(2) 0.0094(3)
Ni-O 5.02(9) 2.05(3) 0.0052(9)
S-R-NiFe-CPs
Ni-S 0.55(9) 2.12(8) 0.0060(8) 0.85 -2.40(5)
(20 mg)
Ni-Ni/Fe  5.62(8) 3.09(2) 0.0095(1)
Ni-O 4.83(3) 2.06(2) 0.0036(3)
S-R-NiFe-CPs ]
Ni-S 0.62(8) 2.12(8) 0.0067(8) 0.85 -1.38(2)
(50 mg)
Ni-Ni/Fe  3.29(2) 3.10(3) 0.0095(2)
Ni-O 6.00 2.07(0) 0.0036(3)
NiO o 0.85 -4.41(7)
Ni-Ni 12.00 2.94(7) 0.0038(2)
Ni-O 6.00(0) 2.07(0) 0.0068(1)
NiFe-O o 0.85 -3.75(6)
Ni-Ni/Fe  10.48(3) 2.96(3) 0.0076(3)
Ni-O 5.73(2) 2.07(8) 0.0051(5)
S-NiFe-O Ni-S 0.25(2) 2.10(7) 0.0089(1) 0.85 -3.37(0)
Ni-Ni/Fe  10.52(8) 2.96(2) 0.0076(4)
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Table S4. Fitting parameters of the Fe K-edge EXAFS spectra for the as-prepared catalysts and references (CN:
coordination numbers; R: interatomic distances; 6 Debye-Waller factors; Se?: amplitude reduction factor; AE:
energy changes).

Samples Path CN R ¢’ Se? AE
Ni-O 6.00 1.99(7) 0.0085(3)
NiFe-LDH o 0.75 0.35(2)
Ni-Ni/Fe  6.00 3.11(4) 0.0114(06)
Fe-O 6.00 2.01(1) 0.0081(6)
O4-R-NiFe-CPs ) 0.75 1.67(6)
Fe-Ni 6.00 3.11(5) 0.0119(6)
S-R-NiFe-CPs Fe-O 6.00 2.01(4) 0.0087(8)
) 0.75 1.47(5)
@ mg) Fe-Ni 6.00 3.11(7) 0.0126(9)
S-R-NiFe-CPs __ Fe-O 6.00 2.01(8) 0.0063(8)
0.75 -0.80(3)
(5 mg) Fe-Ni 6.00 3.11(4) 0.0096(7)
S-R-NiFe-CPs __ Fe-O 6.00 2.02(1) 0.0081(2)
0.75 1.41(7)
(10 mg) Fe-Ni 6.00 3.11(1) 0.0123(2)
S-R-NiFe-CPs __ Fe-O 6.00 2.01(4) 0.0078(5)
0.75 0.76(0)
(20 mg) Fe-Ni 6.00 3.103) 0.0116(0)
S-R-NiFe-CPs __ Fe-O 6.00 2.01(4) 0.0069(1)
0.75 0.80(3)
(50 mg) Fe-Ni 6.00 3.113) 0.0110(3)
Fe-O 6.00 1.97(4) 0.0107(2)
NiFe-O 0.75 -1.32(4)
Fe-Ni 6.00 2.98(6) 0.0112(5)
Fe-0 6.00 1.98(4) 0.0104(1)
S-NiFe-O ) 0.75 -0.70(7)
Fe-Ni 6.00 2.99(1) 0.0111(7)
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Table S5. Fitting parameters of operando Ni K-edge EXAFS spectra for S-R-NiFe-CPs towards OER in 0.1 M
KOH (CN: coordination numbers; R: interatomic distances; 6>: Debye-Waller factors; So?: amplitude reduction
factor; AE: energy changes).

Samples Path CN R o’ So? AE
Ni-O 5.75(7) 2.0503) 0.0052(5)
In electrolyte Ni-S 0.35(0) 2.12(8) 0.0033(9)  0.85 2.27(0)
Ni-Ni/Fe 6.00(0) 3.09(5) 0.0067(0)
Ni-O 5.75(0) 2.05(0) 0.0047(3)
0.8 V vs. RHE Ni-S 0.33(7) 2.12(8) 0.0034(9)  0.85 2.33(8)
Ni-Ni/Fe 6.00(0) 3.093) 0.0065(7)
Ni-O 571(2) 2.05(1) 0.0046(5)
1.0 V vs. RHE Ni-S 0.33(3) 2.12(8) 0.0030(0)  0.85 2.22(9)
Ni-Ni/Fe 6.00(0) 3.09(4) 0.0065(1)
Ni-O 5.72(3) 2.05(1) 0.0045(1)
1.1V vs. RHE Ni-S 0.35(9) 2.13(0) 0.0032(7)  0.85 2.35(8)
Ni-Ni/Fe 6.00(0) 3.09(2) 0.0064(8)
Ni-O 5.692) 2.05(2) 0.0046(3)
1.2 V vs. RHE Ni-S 0.33(3) 2.13(0) 0.0034(0)  0.85 2.25(3)
Ni-Ni/Fe 6.00(0) 3.09(3) 0.0064(3)
Ni-O 5.70(7) 2.05(1) 0.0045(6)
1.3 V vs. RHE Ni-S 0.33(3) 2.13(0) 0.0030(0)  0.85 2.30(4)
Ni-Ni/Fe 6.00(0) 3.09(3) 0.0063(8)
Ni-Onioon 1.38(7) 1.90(9) 0.0025(8)
Ni-Oniony 4.01(4) 2.07(2) 0.0047(2)
1.35 V vs. RHE Ni-S 0.32(2) 2.17(4) 0.0090(0)  0.85 -1.36(3)
Ni- Ni/Fenioon 1.32(1) 2.84(8) 0.0031(5)
Ni-Ni/Fe nioty2 471(5) 3.09(7) 0.0065(8)
Ni-Onioon 2.00(3) 1.92(2) 0.0032(1)
Ni-Oni(om2 3.26(4) 2.08(6) 0.0041(3)
1.375 V vs. RHE Ni-S 0.31(9) 2.18(0) 0.0092(0)  0.85 -0.51(4)
Ni- Ni/Fenioon 1.79(1) 2.84(9) 0.0036(1)
Ni-Ni/Fe nion)y2 4.17(4) 3.10(1) 0.0067(8)
Ni-Onioon 2.55(7) 1.93(5) 0.0044(0)
Ni-Oniony 2.90(4) 2.10(0) 0.0040(1)
1.4 V vs. RHE Ni-S 0.32(7) 2.17(8) 0.0091(6)  0.85 -0.28(7)
Ni- Ni/Fenioon 2.34(4) 2.86(9) 0.0052(8)
Ni-Ni/Fe nioty2 3.89(7) 3.10(4) 0.0055(6)
Ni-Onioon 3.68(4) 1.929) 0.0053(7)
Ni-Oniony 2.09(5) 2.10(4) 0.0019(2)
1.425 V vs. RHE Ni-S 0.33(3) 2.18(4) 0.0091(9)  0.85 3.08(3)
Ni- Ni/Fenioon 2.68(1) 2.84(7) 0.0062(5)
Ni-Ni/Fe nioty2 3.22(2) 3.10(2) 0.0053(7)
Ni-Onioon 4252) 1.94(7) 0.0094(4)
Ni-S 0.37(0) 2.32(5) 0.0001(9)
145V vs. RHE Ni- Ni/Fenioon 3.49(1) 2.83(7) 0.0060(7) O -2:48(7)
Ni-Ni/Fe nioty2 2.56(0) 3.08(4) 0.0048(8)
Ni-Onioon 5.40(6) 1.90(5) 0.0086(7)
. NiS 0.38(8) 2.31(9) 0.0032(5)
Removed potential . \i/Fenioon 4.33(8) 2.83(5) 0.00s4(7) 0% -3:4002)
Ni-Ni/Fenion)2 1.66(2) 3.07(8) 0.0040(8)
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Table S5. Fitting parameters of operando Fe K-edge EXAFS spectra for S-R-NiFe-CPs towards OER in 0.1 M
KOH (CN: coordination numbers; R: interatomic distances; 6>: Debye-Waller factors; So?: amplitude reduction
factor; AE: energy changes).

Samples Path CN R o’ So? AE
Fe-O 6.00 2.02(0) 0.0062(0)

In electrolyte ) 0.75 -0.82(5)
Fe-Ni 6.00 3.11(7) 0.0093(5)

e- . . .

Fe-O 6.00 2.02(0) 0.0060(9)

0.8 Vvs. RHE ) 0.75 -1.01(6)
Fe-Ni 6.00 3.11(7) 0.0087(7)
Fe-O 6.00 2.02(0) 0.0058(8)

1.0 V vs. RHE ) 0.75 -0.95(0)
Fe-Ni 6.00 3.11(7) 0.0088(3)
Fe-O 6.00 2.02(0) 0.0056(0)

1.1 V vs. RHE 0.75 -0.89(9)
Fe-Ni 6.00 3.11(7) 0.0087(6)
Fe-O 6.00 2.02(1) 0.0054(3)

1.2V vs. RHE 0.75 -0.75(0)
Fe-Ni 6.00 3.11(9) 0.0088(9)
Fe-O 6.00 2.02(1) 0.0051(3)

1.3V vs. RHE 0.75 -0.77(9)
Fe-Ni 6.00 3.11(8) 0.0086(6)
Fe-O 6.00 2.01(5) 0.0063(7)

1.35 V vs. RHE Fe-Ni'l 0.83(0) 2.83(7) 0.0027(2) 0.75 -0.82(6)
Fe-Nil! 5.25(6) 3.08(9) 0.0091(1)
Fe-O 5.75(0) 2.00(6) 0.0065(8)

1.375Vvs. RHE  Fe-Ni™ 1.40(8) 2.86(5) 0.0036(8) 0.75 -0.65(4)
Fe-Ni" 4.55(3) 3.11(5) 0.0082(6)
Fe-O 5.43(3) 2.00(6) 0.0063(1)

1.4 V vs. RHE Fe-Ni™! 1.53(2) 2.87(9) 0.0043(6) 0.75 -0.48(7)
Fe-Ni" 4.34(3) 3.11(8) 0.0077(5)
Fe-O 5.33(2) 1.95(5) 0.0061(2)

1.425Vvs. RHE  Fe-Ni! 1.70(9) 2.84(1) 0.0061(8) 0.75 -3.0909)
Fe-Nil! 3.5909) 3.08(5) 0.0098(8)

R 4 Fe-O 5.22(7) 1.98(8) 0.0067(3)

emove

Fe-Ni™! 3.23(9) 2.84(5) 0.0045(7) 0.75 -0.36(3)

potential
Fe-Ni" 2.03(6) 3.07(5) 0.0051(6)
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Table S6. Comparison of OER performance of the as-prepared catalysts with recent representative studies on
NiFe-based OER eclectrocatalysts.

Electrode materials Overpotential (mV) | Tafel slope Stability Substrate Ref.
at 10 mA/cm? (mV/dec) (h)
FeCoOx-Vo-S 217 21 8h GC-RDE [21]
Ni(Fe)OOH-FeSy 220 55 16 h Ni foam [22]
EA-FCCN 221 38.7 20 h Graphite paper [23]
ATCH-Fe-S 225 64.1 16 h Ni foam [24]
S-(Ni,Fe)OOH 229 48.9 100 h Ni foam [25]
M-PCBN 232 32 60 h Graphite paper [26]
(Ni,Fe)OOH with SO4*~ 234 (50 mA/cm?) 27.7 100 h Ni foam [27]
NiCo- 234 63 80 h Carbon cloth [28]
(oxy)hydroxysulfides
CoFe LDHs-Ar 237 37.85 - GC-RDE [29]
Ru SAs/C-FeCoNi 238 48 48 h GC-RDE [30]
CosgoFe20(OH)(OCH3) 240 53.45 10h GC-RDE [31]
R-NCO 240 50 50h Ni foam [32]
CoOOH/Co9Ss 240 86.4 160 Carbon cloth [33]
0-CoTe,@HPC/CNTs 241 46 24 h GC-RDE [34]
Fe,Ni-CoS, 242 35 500 h GC-RDE [35]
NiFe LDHs-V¥, 245 70 - GC-RDE [36]
Fe-CoMo UH 245 37 90 h Ni foam [37]
Ni-Fe-Se nanocages 249 36 150 h GC-RDE [38]
CoV-UAH 250 44 170 h Au foam [39]
Fe-Co-O NSs 260 53 16 h GC-RDE [40]
NiO/Co304 262 58 - Ni foam [41]
S-NiFe>O4/NF 267 36.7 24 h Ni foam [42]
CoszFe LDHs-SFs 268 40.12 - GC-RDE [43]
S-CoOx 270 109 - GC-RDE [44]
S-NiFe-LDH-9-A 270 (50 mA/cm?) 40 33 h MoNi foam [45]
Ni/Ni(OH), 270 70 10 Ni foam [46]
Feo4Coo6Ser 270 36 24 h GC-RDE [47]
Fe-NiO/NiS; 270 40 10 h Graphite paper [48]
NFO/NF 272 43 12h Ni foam [49]
Ni(Fe)OOH 275 459 20 Ni foam [50]
P-Co304 280 51.6 I1h Ti mesh [51]
NiFe-LDH nanoprisms 280 49.4 6h GC-RDE [52]
NiFe-PB-Vcn 283 54 40 h GC-RDE [53]
CoSe, UNMvac 284 46.3 20 h GC-RDE [54]
LDH-10 286 82 6h GC-RDE [55]
FeOOH(Se)/IF 287 54 15h Fe foam [56]
LC-CoOOH NAs/CFC 294 70.73 24 h Graphite paper [57]
CoSez-Dre—Veo 294 53.5 14h GC-RDE [58]
CoP-B1 297 58.1 I1h GC-RDE [59]
NiCo-LDHG 337 52 4h GC-RDE [60]
CooSs@Fe304 350 (500 mA/cm?) 54 120 h Ni foam [61]
ODAC-CoO 364 68.6 12h Graphite paper [62]
NiFe-O 323 50.09 - GC-RDE This work
S-NiFe-O 269 31.90 - GC-RDE This work
O4-R-NiFe-CPs 246 49.10 - GC-RDE This work
S-R-NiFe-CPs 234 30.28 26 h GC-RDE This work
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