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Supplementary Methods

Characterization

SEM images were taken with a Phillips (FEI) XLF-30 FEG scanning electron microscope.

EDS-SEM spectra were taken from the spectrometer attached to a Phillips (FEI) XLF-30 FEG

scanning electron microscope. XPS measurements were performed on a PHIS000 VersaProbe

IT XPS system by Physical Electronics (PHI) with a detection limit of 1 atomic percent.

Monochromatic X-rays were generated by an Al Ko source (1,4867 eV). The diameter of the

analyzed area is 10 pm.

Raman spectra were recorded using a confocal Raman microscope (Renishaw). Spectra were

acquired with <0.32 mW of 532 nm laser excitation at the sample surface. The exposure time

is 3 s and the 50 spectra were accumulated. For each material, three samples were tested, and

for each sample several points were randomly chosen to take Raman spectrum on. For samples

after OER, Raman spectra were recorded after chronoamperometry scan at 7= 310 mV for
around 10 min. For reference samples, their Raman spectra were similar to those reported in
literature works 3).

ICP-MS measurements were conducted on a Finnigan™ element2 high performance high

resolution ICP-MS, which consists of a double focusing reverse geometry mass spectrometer.

The sensitivity was better than 1.2x10° cps/ppb of !'’In at a mass resolution of 4000, which

corresponds to 1.2x10° cps/ppb at low resolution mode of 500. Measurement repeatability
expressed in terms of RSD was better than 5%, depending on the element. The accuracy of the

method was tested using certified riverine water reference materials SLRS-3. Accuracy was

better than 5%. The detection limits obtained for trace metals in the Medium resolution mode

(R=4000) without the influence of signal interferences were in routine mode less than 0.2 ng L~

! for all elements. Calibration standards were prepared through successive dilutions in cleaned

Teflon bottles, of 1g L' ICP-MS stock solutions (Bernd Kraft). Suprapur® grade nitric acid

(65% Merck) was used for the dilution of samples and for the preparation of standards (2+1000).
Ultrapure water was produced using Milli-Q® Ultrapure Water System (Millipore, Bedford,

USA). The high resolution mode is also useful for samples having unexpected or unknown

interferences, because the quantification is obtained by integrating only the area of the analyte

peak, without the influence of an unexpected interference peak.

ICP-MS sample preparation: For the testing of Fe concentration in KOH, 1 M KOH solution
(Merck KGaA) was neutralized by adding ultrapure nitric acid (65%, Merck KGaA). To test

the concentration of Fe on the catalysts surface, NF-AC-NiOx-Fe (electrode area: 1.0-1.1 cm?)

was dipped in ultrapure nitric acid (mixture of 0.25 mL ultrapure nitric acid (65%, Merck KGaA)
and 5 mL H>0) for 1-2 min, washed with distilled water twice. Dipping in nitric acid for a
longer time led to same results. All the nitric acid and washing water were collected. Water was

then added to reach the total volume of 10 mL. To make sure all the surface Fe was dissolved
in nitric acid, the treated samples were checked by testing the OER activity in Fe free IM KOH.

The OER activity is similar to NF-AC in Fe-free 1M KOH, indicating the total dissolution of
surface Fe. The loading examined in this method is also close to the value calculated from the

Fe concentration change before and after 100 CVs activation of NF-AC in 1M KOH (60 mL).

This confirmed the total dissolution of Fe on NF-AC-NiOx-Fe surface. To be consistent with
literature data, the loadings were referred to iron oxide, assuming a Fe>O3 formula. A variation
in the formula will only introduce negligible uncertainty in the comparison.

Calculation of the specific current density, Js:
AC impedance measurements were taken over the frequency range of 100 Hz to 0.1 kHz.
Impedance measurements were taken on charged catalysts at 0.501, 0.481 and 0.461 V versus
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Ag/AgCl.* The double-layer capacitance values (Cq)) were obtained through fitting of the
impedance spectrum using an equivalent circuit (Voigt circuit, see below) with two
characteristic time constants®.

Rs RL R2
V\N—-NNTO-NNT
CPEL CPE2
—>> —>>

The electrochemically active surface area (ECSA) was calculated from the double-layer
capacitance according to the equation below:

ECSA = Ca/Cs
Where Cs is the specific capacitance. Cs is 81 uF cm™ for Ni(Fe)Ox .

The roughness factor (RF) was calculated by taking the estimated ECSA and dividing it by the
geometric area of the electrode (normally 1 cm?). The specific current density Js was calculated
according to equation below:

Js:J/RF

Where J is the geometric current density.

Calculation of Js of NiFeOy from data in the literatures *°:

The NiFeOx sample obtained by continuous deposition and described in a recent paper* was
chosen as a state-of-the-art sample. At the loading of 300 nmol of metal per cm™, the TOF is
ca. 0.18 s'. So the geometric current density is

J=TOF*4nF=0.18s'"x4x (300 x 10'9) mol.cm™ x 96485 C mol'=0.0208 A.cm™ = 20.8
mA.cm

At the loading of 300 nmol of metal per cm?, the capacitance Cq is ca. 20 mF.cm™.
The roughness (RF) is therefore

RF = Ca/Cs= 20 mF.cm™/0.081 mF.cm™= 247 (taking Cs as 0.081 mF.cm™, which is the value
we used to calculate the RF for our reference NiFeOx samples)

Js=J/RF =J/247 = 0.084 mA.cm™.

This value is similar to the one determined in the current work (0.13£0.02 mA.cm™) for the
reference NiFeOx sample on GC.

For another state-of-the-art sample of NiFeOx 6, the Js was reported at an overpotential of 350
mV: Jin=035v=23 £ 2 mA cm 2. Considering a Tafel slope of 35 mV/dec, the J;at 300 mV is
Jsn=030v=0.11 £ 0.07 mA cm 2, which is again similar to the value determined in the current
study (0.13£0.02 mA cm?).

Calculation of Turnover frequency (TOF)
The TOF value was calculated from the equations:
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JX A

TOF = —
4 XF Xm

where J is the current density at a given overpotential (e.g. 7=250, 270, and 300 mV), 4 is the
geometric surface area of the electrode, F is the Faraday constant ( a value of 96485 C mol™),
and m is the number of moles of Fe on the electrode. For our samples, the Fe loadings are
measured by ICP-MS.

Figure S2b shows the potential-dependent TOFs for five electrodes with an iron oxide loading
of 1.0-14.1 pg cm™. Table S1 gives the TOFs of 11 individual electrodes. Except at the lowest
loading, i.e, 1.0 pg cm?, the TOFs of samples with different loadings in this range are similar.
The TOFs at 1.0 pg cm™ are significantly higher, in agreement with recent observations that
at an ultralow loading (< 1 pg cm) the TOFs of certain OER catalysts were abnormally high
compared to the same catalysts at loadings between 1.4 to 14.1 ug cm. A “substrate effect””’
or “nucleus sintering” ® was invoked to rationalize these observations. The intrinsic activity,
however, is best represented by TOFs at higher loadings ®.

XAS Data collection.

Ex-situ XANES data were collected on the LUCIA beamline of SOLEIL °, at an energy of
2.75 GeV and with a ring current of 100 mA (8-bunch mode). The incident beam energy was
monochromatized using a Si 111 double crystal monochromator. The electrochemical in-situ
XAS were recorded at SP8 (Japan) 12B2 Taiwan beamline of National Synchrotron Radiation
Research Center (NSRRC), the electron storage ring was operated at 8.0 GeV with a constant
current of ~100 mA. The in-situ XAS measurement was performed at the desired voltage to
keep the situation of reduction with a special cell designed for these experiments. The photon
energy was calibrated with the first inflection point of Fe K-edge and Ni K-edge in Fe and Ni
metal foils, respectively. XAS data were collected in either total electron yield mode or
fluorescence mode.

XAS data analysis and EXAFS fittings.

The data collected were normalized to the incoming incident photon flux and processed with
the Athena software from the IFEFFIT package. Eo values of 7112.0 eV and 8333.0 eV were
used to calibrate all data with respect to the first inflection point of the absorption K-edge of
either iron or nickel foil, respectively.

EXAFS curve fitting was performed with Artemis and IFEFFIT software using ab initio-
calculated phases and amplitudes from the program FEFF 8.2 ', These ab initio phases and
amplitudes were used in the EXAFS equation:

N,
e [TkR))e
J

207k 2R, /A,(R) ¢ 2 B+ b, ()

NOERDY
; kR

The neighboring atoms to the central atom(s) are divided into j shells, with all atoms with the
same atomic number and distance from the central atom grouped into a single shell. Within
each shell, the coordination number N; denotes the number of neighboring atoms in shell j at a
distance of R; from the central atom. Joy Sk, R;) is the ab initio amplitude function for shell j,

2,2 . . . .
and the Debye-Waller term 2% accounts for damping due to static and thermal disorder in
absorber-backscatterer distances. The mean free path term e 2% 4 reflects losses due to
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inelastic scattering, where (k) is the electron mean free path. The oscillations in the EXAFS
spectrum are reflected in the sinusoidal term sin(2kR; + ¢ij(K)), where ij(K) is the ab initio phase
function for shell j. S¢? is an amplitude reduction factor due to shake-up/shake-off processes at
the central atom(s). The EXAFS equation was used to fit the experimental data using CN, R,
and the EXAFS Debye-Waller factor (DW; ¢?) as variable parameters. For the energy (eV) to
wave vector (k, A1) axis conversion, the So? value was determined as 0.90. All fits were
performed in the R space. The R-value (%) is employed to judge whether a fitting is proper,
and is expressed by the following equation:

R = Z{kn)(obs(k) - kn)(cal(k)}z/z{kn)(Obs(k)}z

S7



Computational Details
All computations were performed using the GPAW code **17 in combination with the Atomic
Simulation Environment (ASE) (https://wiki.fysik.dtu.dk/ase/). The RPBE!® exchange
correlation functional together with a 0.17 A grid spacing and a 1x5x1 k-point set for y-FeOOH
or a 5x5x1 k-point set for y-NiOOH was used. H20 and H. were modeled using only the T-
point. The core electrons were approximated through Projector Augmented Wavefunctions
(PAW)®. A smearing of 0.1 eV was added to facilitate the convergence of the wavefunction.
Following previous work®, the spin was treated explicitly assuming a high-spin configuration
on Fe and a low spin configuration on Ni. Ferromagnetic coupling between the ions was used.
Assuming a ferromagnetic coupling reduces the complexity of the computation significantly
while only introducing a minor additional error bar. Assuming a Neel temperature of 1000 K
the uncertainty between the assumed and real magnetic coupling would correspond to an
additional error of approximately 0.1 eV. This procedure has been applied successfully to a
large number of materials.?>?%, The geometries were optimized using the BFGS algorithm and
convergence was assumed if the forces were below 0.05 eV/A. The final redox potentials and
adsorption potentials were computed using the theoretical Normal Hydrogen Electrode
described by Rossmeisl et al. 2222 assuming a constant set of corrections for Zero-point energies
and entropy effects.

v-NiOOH and y-FeOOH were modeled in independent unit cells. Both compounds
display a brucite type crystal structure. y-FeOOH model is obtained by cutting the lattice along
the (010) plane. A 4-monolayer slab with 2 monolayers being fixed to bulk positions in
combination with a 2x1 surface is used. A vacuum of 14 A along the x-axis and 9 A along the
z axis is added to avoid interactions between the slabs. y-Ni(OH), and y-NiOOH were modeled
using a single layer assuming oxidation and reduction of threefold M-OH and M=0O species. y-
NiOOH edge and corner sites as well as NiO were excluded based on their high redox potentials
reported in literature '> 3. No significant changes of the geometry were observed during
relaxation. Following the state—of-the-art procedure in computational electrochemistry 4
solvent and double layer effects were neglected. This procedure is known to semi-quantitatively
reproduce experimental trends > 131516,

The computational normal hydrogen electrode uses water in the gas phase as reference.
The influence of solvation can be estimated by assuming a suitable Born-Haber cycle. In this
Born-Haber cycle, the transfer of one water molecules from bulk solution into gas phase costs
approximately 0.4 eV.!” Assuming the above numbers one gains 0.3 eV for *OH (1 water
molecule needed) and 0.6 eV for *OOH (2 water molecules needed). Thus, no significant shifts
in the overpotential and binding energies is expected due to cancellation of errors. This is in
line with recent calculations by Calle-Vallejo et al. which show that solvation has no influence
on the scaling relations between OH an OOH.'®

All calculations have performed using a pure GGA functional without Hubbard U
correction. This choice can be justified considering the problematic electronic structures of
transition metal compounds. Any calculation considering these materials will essentially suffer
from errors resulting from static and dynamic correlation. The self-interaction error is especially
severe for highly localized systems such as transition metal complexes'® and can be corrected
by adding exact exchange to the functional or using a Hubbard U correction. In the case of
NiOOH and FeOOH, however, a certain degree of delocalisation is expected. Thus, a pure GGA
functional is not necessarily problematic. Indeed, previous calculations show good agreement
between overpotentials obtained experimentally and computed using a pure GGA functional.'?
Errors from static correlation on the other hand are a result from the inability of single
determinant methods (such as DFT) to correctly describe the wave function. The degree of
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multi-reference character unfortunately not only depends on the material but unfortunately also
varies with the adsorbate.!® Thus, a Hubbard U correction, which is typically determined for a
bulk propertiy such as the band gap, is likely unable to correctly describe the detailed balance
between the two errors.

In agreement with current high level publications in the fiel , we limited our
computations to a “thermodynamic only” picture. This is due to the fact that activation barriers
in electrocatalysis can be expected to be strongly influenced by the detailed structure of the
double layer. This is especially true for reaction steps comprising the abstraction or transfer of
H'/e” couples. Additionally, both the mono-nuclear and bi-functional formation of the O-O bond
bears significant mechanistic similarities. In both cases a nucleophile (OH™ or H>O) attacks a
Fe=O0 unit. Indeed, the superiority of the bi-functional mechanism lies not in differences in the
details of the O-O bond formation step but in the ability to form a thermodynamically more
favorable final state via H-transfer to an acceptor species. Thus, assuming a negligible O-O
bond formation barriers for both mechanisms, the “thermodynamic only” is able to capture the
differences between both reaction paths. Moreover, it has been shown that the potential limiting
kinetic barriers for OER on a number of active metal oxides such as G-FeCoW and NiFeOx are
small compared to thermodynamics (less than 1 eV) ',

d 12,13, 15, 16

The eq. 5 in the main text is a simplification of two nearly simultaneous steps: first,
*=0 + OH + A — *-Oy" + ¢ + A-H"; then internal electron transfer: *-Oy” + A-H" — *-O, +
A-H. The simplification was necessary because the DFT functionals employed here cannot be
used to compute charged systems. Moreover, the computations of *-O; are problematic by
DFT due to the multi-reference problem. Thus, eq. 5 is used for this step. The overall
thermodynamic picture should be the same.

Construction of Volcano Plot

In the volcano plot, the redox potential of the oxidation form M-OH to M=O is used as a
descriptor. To construct a volcano plot, linear scaling relations between the water oxidation
intermediates M-OH, M=0O and M-OOH are required. Following previous work > 17, we
assume:

AG(M = 0) =2AG(M — OH) (Equation S1)
AG(M — OOH) = AG(M — OH) + 3.2¢V (Equation S2)
Water and hydrogen are taken as reference states, i.e.
G(H20) = G(Hz) = 0eV (Equation S3)
and the experimental values of 4.92 eV is used for oxygen.
G(O3) = 4.92¢V (Equation S4)
a) Mono-nuclear mechanism:

At the strong binding side (left slope in Figure S5a), the formation of the O-O bond is potential
determining:

M=0+H,0—-M-0O0H+H" +e (Equation S5)
Subtracting the overpotential of 1.23 eV from the reaction energy one obtains:
—m = —{[AG(M — OOH) — AG(M = O)] —1.23eV'} (Equation S6)
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Inserting equation S2, the theoretical overpotential becomes
—n = [AG(M = 0O) — AG(M — OH)] — 1.97eV (Equation S7)

At the weak binding side (right slope in Figure S5a), the overpotential is determined by the
oxidation of M-OH to M=O0.

M-OH - M=0+H"+e (Equation S8)
Accordingly, the overpotential is given by
—n2 = —[AG(M = O) - AG(M — OH)] +1.23¢V  (Equation S9)
b) Bi-functional Mechanism

The bi-functional mechanism only influences the energetics of the O-O bond formation step.
Accordingly, the weak binding side is given by equation S9. At the top of the volcano the
recovery of the hydrogen acceptor unit Ni3-O determines the overpotential.

Nis —OH — Niz — O+ H" e (Equation S10)
Since this step is independent of the descriptor the top becomes a flat line. With
AG(Niz — OH — Nizg — O) = 1.3eV (Equation S11)
the overpotential becomes:
—n3 = —0.07eV (Equation S12)
The strong binding side is replaced by the bi-functional formation of the O-O bond:
M =0 + Nis — O+ H,O —+ M+ 03+ Niz — OH + H" + ¢~ (Equation S13)
the corresponding theoretical overpotential can then be obtained through

1 = —{[G(02) + G(Nis — OH)] ~ AG(M = 0) + G(Nis — 0)] - 1.23)
(EquationS14)

According to equation S1, the energetics of the reaction step M-OH to M=O is equivalent to
AG(M-OH). Inserting also AG(O,) from equation S4 and AG(Ni3z-OH—Ni3-O) from equation
S11 gives:

—ny =2[AG(M = 0) — AG(M — OH)] —2.39  (Equation S15)

Zero-point Energy and Entropy Corrections

Reaction ZPE + TAS [eV]
M+ H;O — M-OH + 0.5 H» 0.4

M + H,0 — M=0 + H; 0.05

M+ 2 H,O0 — M-OOH + 1.5 Hz 0.41

ZPE and TAS corrections according to reference '°.
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Summary of Binding Energies

System AG(M-OH) [eV] AG(M=0) [eV] AG(M-OOH) [eV]
v-FeOOH (010) 1.10 2.34 4.02
Redox Potentials of Hydrogen Acceptors
Hydrogen Acceptor AG [eV]
Ni**3-OH — Ni**3=0 (*) 1.2
Ni**3-OH — Ni**3=0 (**) 1.3

(*) in Ni** embedding (**) in Ni** embedding
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Figure S1. SEM images of the surfaces of (a) NF and (b) NF-AC.
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Figure S2. (a) Polarization curves and (b) corresponding TOFs of five representative NF-AC-
NiOx-Fe electrodes; TOFs were calculated according to the total amount of Fe ions measured
by ICP-MS. Backward scan; Scan rate: 1 mV s'; IR corrected. Except at the lowest loading,
i.e, 1.0 ng cm2, the TOFs of samples with different loadings in this range are similar. The TOFs
at 1.0 ug cm are significantly higher, in agreement with recent observations that at an ultralow
loading (< 1 pg cm2) the TOFs of certain OER catalysts were abnormally high compared to the
same catalysts at loadings between 1.4 to 14.1 pg cm™. A “substrate effect”’ or “nucleus
sintering” ® was invoked to rationalize these observations. The intrinsic activity, however, is
best represented by TOFs at higher loadings ®.
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Figure S3. Tafel plots of NF, NF-NiOx-Fe and NF-AC-NiOx-Fe. The Tafel plots for NF-NiOx-
Fe and NF-AC-NiOx-Fe are based on the 13 LSV after 100 CVs’ activation. The Tafel plot of
NF is based on the 1% LSV before 100 CV’s activation. The loading of Fe in NF-AC-NiOx-Fe
is 14.1 pg cm, and in NF-NiOx-Fe is 4.3 ng cm. The deviation of experimental data from the
Tafel line above n = 300 mV indicates the influence of mass transport.
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Figure S4. Polarization curves of NF-AC activated in unpurified KOH and purified KOH (Fe-
free). Backward scan; Scan rate: 1 mV s™'; IR corrected. The inset shows the corresponding

Tafel plots.
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Figure S5. Characterization of NF-AC-FD. (a, b) SEM images; (c) TEM images. The inset in
(a) shows the SEM image of NF-AC. (d) HAADF and corresponding elemental mapping

images of the surface layer. Color codes: red for Fe; green for Ni; blue for O; purple for the
mixture effect of Fe and O.
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Figure S6. The TOFs at different loadings of iron (expressed as Fe2O3) for NF-AC-NiOx-Fe
(black triangles), Au-NiOx-Fe (blue spheres) and GC-NiOx-Fe (magenta rectangles).
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Figure S7. Polarization curves and corresponding TOFs of three representative samples. (a,
b) NF-AC-NiOx-Fe; (c, d) Au-NiOx-Fe; (e, f) GC-NiOx-Fe. TOFs were calculated according
to the total amount of Fe ions measured by ICP-MS. Backward scan; Scan rate: 1 mV s™!; IR

corrected.
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Figure S8. TOFs at different loadings of NiOy. (a) Au-NiOx-Fe; (b) GC-NiOx-Fe.

519



50 T T T T T
| =—1.5 ug cm® GC-NiO -Fe
40 - 1.7 ug cm” GC-NiFeO, 1
(\'l/-\ 30_ i
£
(@]
< 204 1
g 20
=
(R R REEEEEESY (P PPPPPPPPPPPPRY
0 T T T T T T -
0.20 0.25 0.30 0.35
n (V)

Figure S9. Comparison of polarization curves between GC-NiOx-Fe and GC-NiFeOx at a

similar loading.
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Figure S10. High resolution Fe 2p XPS spectra of NF-AC and NF-AC-NiOx-Fe. The Fe 2p
spectral background has contribution from Ni LMM Auger peaks 2% 2!, After deduction of the
background from Ni LMM Auger peaks, three residual peaks (711.5, 719.0 and 725.9 eV) in
NF-AC-NiOx-Fe can be ascribed to iron oxides deposited on the nickel foam. Due to similarities
in the binding energies and spectral shapes of the higher oxides of iron, it is not possible to
assign the iron species to Fe;O3 or FeOOH using XPS 223
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Figure S11. Raman spectra. (a) NF-AC-NiOx-Fe (before OER and after OER) and y-NiOOH
on NF. (b) NF-AC-NiOx-Fe, annealed NF-AC-NiOx-Fe, and reference samples of NiFe LDH,
v-FeOOH, y-Fe»03, and a-Fe20s3. Because y-NiOOH has a lifetime of 1 h at an open circuit, the
Raman data, collected immediately before and after the catalytic test, reveal that the NiOx
component of the catalyst exists as y-NiIOOH at OER potentials. As for the iron oxide species,
no characteristic peaks of crystalline hematite (a-Fe>0s3), maghemite (y-Fe>03), lepidocrocite
(y-FeOOH), or NiFe layered double hydroxide (LDH; structurally related to Fe-doped y-
NiOOH) were observed in the Raman spectrum of the as-prepared catalyst, before or after OER.
This is likely due to the low concentration of the iron oxide species.
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Figure S12. EXAFS Fe K-edge k-space spectra of NF-AC-NiOx-Fe and relevant references.
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Figure S13. EXAFS Fe K-edge r-space spectra of y-FeOOH, NiFe LDH and NF-AC-NiOx-Fe
samples extracted from EXAFS refinement, experimental data (blue circle) and the
corresponding fit (red). Fitting parameters are gathered in Table S10.
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Figure S14. EXAFS Fourier transform Fe K-edge spectra of NF-AC-NiOx-Fe (blue circle) and

the corresponding fit (red) without Fe-Ni (outside) path. These fittings indicate that a good
fitting cannot be realized without Fe-Ni(ouside) path.
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Figure S15. Structure models of the dry catalyst. (a) Fe located at the surface, (b) Fe located
on the step I, (c) Fe located on the step II. (left) ball-stick structures and (right) polyhedral

structures.
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Figure S16. Fe and Ni K-edge EXAFS spectra (R-space) measured under operando conditions
for the Au-NiOx-Fe sample (experimental data; color circle) and the corresponding fittings (red).
Fitting structural parameters are gathered in Table 2 and Table S11.
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Figure S17. Operando XANES spectra of Ni K-edge for Au-NiOx-Fe sample and the
corresponding references, showing that the oxidation states of as-prepared sample in dry
condition and in electrolyte (without bias) are close to +2. Once the potential is further increased
to launch the OER, the oxidation states approach +3 and even higher. Ni(2+) refers to NiO, and
Ni(3+) refers to LiNiOs».
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Figure S18. Structural transformation during OER. (a) Fe located on the surface, (b) Fe
located on the step I, (c) Fe located on the step II.
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Figure S19. FeO¢ octahedrons tilt on the NIOOH under OER condition
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Figure S20. Fe-O-Fe path with 23 degree (B) tilt in y-FeOOH
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Figure S21. Fe and Ni K-edge EXAFS spectra (R-space) measured under operando conditions
for the NiFe LDH sample. A large background (7= 0.42 V) present below 1 A is due to the

interference caused by generating gas bubbles.

S32



b Bi-functional Mechanism

a Mono-nuclear Mechanism

of T L B B L I S A A L L I
] o2 ]
—-1.4 =/ —-1.4
i ~ i
02F 1 02f ¥ N ]
—H1.6= oY N —-1.62
] > 7! 4 >
1 2 0 M, 1 =
118 = o Ny, —-182
] ] . N
1 & o6 Yo 1 &
—-2 % / N -2 %
1 -0.8] N 1
—-22 i N —-2.2
] -1F Mo ]
. N R N B B I = B P I S R B B N4
0.8 1 1.2 14 16 1.8 2 2.2 0.8 1 1.2 14 1.6 1.8 2 2.2
AG(M=0)-AG(M-OH) [eV] AG(M=0)-AG(M-OH) [eV]

Figure S22. Volcano Plots. (a) Mono-nuclear mechanism. (b) Bi-functional mechanism.
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Figure S23. LSV curves conducted in O-saturated and O»-free solutions.
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Figure S24. LSV curves in O pre-saturated 1M KOH with and without iR compensation.
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Table S1. Current densities and TOFs of all NF-AC-NiOx-Fe electrodes (loading range: 0.96-
14.07 ug cm) at overpotentials of 250, 270, and 300 mV, respectively.

-2\ a -1y b
Loadin J (mA cm™) TOF (s)
NF- . n@1
AC- 0mA
NiO em? 250 mV 270 mV 300 mV
* (ugem 250mV 270 mV 300 mV
-Fe 2 (mV) o
) i ii iii i i iili i ii iii
270 3.1 4.2 7.3 9.8 43 35 0.7810.1 1.84+0.2 8.40+0.8
1# 0.96 / / /
2 7 6
270 3.4 3.2 / 10. 9.5 / 37 35 / 0.47+0.0 1.40+0.0 5.14+0.1
2# 1.46
1 2 4 4
264 1.7 2.2 / 7.0 8.5 / 41. 44, / 0.19+0.0 0.760.0 4.21+0.1
3# 2.11
3 4 4 7 5
a4 287 264 4.5 4.2 / 15. 14. / 71. 64. / 0.31+0.0 1.05+£0.0 4.87+0.2
: 0 1 0 0 2 3 5
255 7.1 7.2 7.4 24. 22. 23 104 103 97. 0.26+0.0 0.83+0.0 3.60+0.0
S# 5.84
1 8 7 1 1 7
6 5.89 257 5.6 5.2 6.2 20. 20. 21. 88. 86. 93 0.20£0.0 0.73+0.0 3.15+0.0
: 5 1 6 3 5 2 2 7
74 793 256 6.3 6.1 6.1 20. 20. 20. 88. 87. 90. 0.16+0.0 0.53+0.0 2.32+0.0
: 2 0 9 0 0 9 1 1 3
s 3.80 251 8.1 8.2 8.3 26. 27. 27. 108 113 112 0.19+0.0 0.6410.0 2.6210.0
! 7 8 6 1 1 4
254 9.8 8.4 10 31. 27. 31. 124 107 122 0.19+0.0 0.61+0.0 2.40+0.1
o# 10.16
6 4 0 2 3 1
250 8.5 7.4 7.6 28. 24. 26. 127 112 121 0.16£0.0 .5410. 2.4310.
10# 10.22 0.54:0.0 3:0.0
3 4 9 1 2 9
245 12. 11. 13. 41. 42. 43. 183 187 192 0.1810.0 .630. 2.7610.
11# 14.07 0.63:0.0 6:0.0

0 8 3 4 6 5 1 1 4

¢ Each sample is measured 2-3 times and the current densities for each measurement are listed (i, ii, and iii). ®
TOFs are based on the average current density for each sample. The error represents the standard error of results
from 2-3 times' measurements. Except at the lowest loading, i.e, 1.0 ug cm, the TOFs of samples with different
loadings in this range are similar. The TOFs at 1.0 ug cm- are significantly higher, in agreement with recent
observations that at an ultralow loading (< 1 pg cm2) the TOFs of certain OER catalysts were abnormally high
compared to the same catalysts at loadings between 1.4 to 14.1 ug cm2. A “substrate effect”” or “nucleus
sintering” ® was invoked to rationalize these observations. The intrinsic activity, however, is best represented by
TOFs at higher loadings 8
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Table S2. Current densities and TOFs of all Au-NiOx-Fe electrodes (loading range: 0.98-
2.13 ug cm?) at overpotentials of 250, 270, and 300 mV, respectively.

J(mA cm?)“ TOF (s)?
,::-Niox- Loading n@l‘(’m"\‘/‘)‘ ‘M T somv | 270mv 300mv
(ngem?) 250 mV 270 mV 300 mV

i i T T i
1# 0.98 285 1.2 095 43 36 20 16 0.23+0.03 0.841+0.07 3.8210.42
2# 1.04 282 14 15 5.7 6.3 284 335 0.29+0.01 1.19+0.06 6.14+0.51
3# 1.29 290 0.83 1.14 3.2 3.8 15 18 0.16+0.02 0.56+0.05 2.66+0.24
a4 1.55 283 14 1.5 505 59 24 29.5 0.19+0.01 0.73+x0.06 3.57%0.37
5# 1.69 283 1.2 1.7 485 55 231 28 0.18+0.03 0.63+0.04 3.13%0.30
6# 2.09 280 1.7 1.2 6 42 254 185 0.14+0.02 0.51+0.09 2.1810.34
7H# 2.13 275 2.1 1.6 8.2 59 37 31 0.18+0.02 0.69+0.11 3.31+0.29

@ Each sample is measured 2 times and the current densities for each measurement are listed (i and ii). » TOFs are

based on the average current density for each sample. The error represents the standard error of results.
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Table S3. Current densities and TOFs of all GC-NiOy-Fe electrodes (loading range: 0.67-
1.51 ug cm?) at overpotentials of 250, 270, and 300 mV, respectively.

J(mA cm?)“ TOF (s)?

GC- Loading
NiO,- '7@_21? ":,‘)\ 250 mv 270 mv 300 mv
Fe (pgem?)  cmoim 250mV = 270mV 300 mV

i ii i ii i ii
1# 0.67 309 0362 0372 1162 132 64 6.6 0.12+0.01 0.39£0.02 2.02+0.03
24 0.80 304 0.458 0372 164 1402 894 8 0.114#0.01 0.40£0.03  2.20+0.12
3# 1.51 287 0.9066 094 3.6 3.78 212 22  0.13+0.01 0.51%0.01 2.96+0.05
4t 2.11 277 1.91 155 723 566 30.1 25.0 016+0.02 0.60+0.10 2.75+0.33

@ Each sample is measured 2 times and the current densities for each measurement are listed (i and ii). » TOFs are

based on the average current density for each sample. The error represents the standard error of results.
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Table S4. Current densities and TOFs of all NF-NiFeOy and GC-NiFeOxy electrodes (loading

range: 1.75-17.30 ug cm) at overpotentials of 250, 270, and 300 mV, respectively.

J(mA cm?)“¢ TOF (s7)*
Loading n@10
NiFeOy mA cm?? 250 mV 270 mV 300 mV
(ng cm?) (mv) 250 mV 270 mv 300 mv
i ii i ii i ii
1# 1.97 338 0.224 0.235 0.65 0.697 3.04 2.73 0.023+0.003 0.062+0.011  0.409+0.072
2# 5.19 321 0.324 0.321 1.08 1.256 4.59 5.08 0.020+0.001 0.086+0.012  0.348+0.034
NF
3# 5.54 321 0.325 0.352 0.866 1.00 3.94 4.20 0.020£0.002  0.050%0.009  0.26410.017
a4 12.92 323 0.501 0.897 1.02 1.6 3.76 4.65 0.028+0.011  0.042+0.016  0.302+0.024
S5# 1.75 360 0.048 0.057 0.128 0.16 0.736 0.894 0.027+0.002 0.075:0.008  0.424+0.041
6# 7.16 316 0.23 0.32 0.8 1.08 4514 5.38 0.027+0.004 0.093+0.014  0.48910.043
GC
7# 11.97 308 0.558 0.67 1.94 2.22 7.8 8.12 0.036+0.003 0.122+0.008  0.465%0.009
8# 17.30 304 0.766 0.98 2,516 2.838 8.88 9.22 0.036+0.004 0.111+0.008  0.372+0.007

@ Each sample is measured 2 times and the current densities for each measurement are listed (i and ii). » TOFs are
based on the average current density for each sample. The error represents the standard error of results.
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Table S5. Comparison of TOFs of different OER catalysts in thin film configurations (loading

<20 ug cm) in alkaline solutions.

TOF (s)°
Catalysts Reference
250 mV 270 mV 300 mV
NF-AC-NiO,-Fe 0.24+0.10 0.78+0.27 3.35+1.06 This work
Au-NiOx-Fe 0.20+0.05 0.73+0.23 3.51+1.30 This work
GC-NiOx-Fe 0.13+0.02 0.48+0.10 2.48+0.44 This work
NF-NiFeOx 0.023+0.004 0.06+0.02 0.33+0.06 This work
GC-NiFeOy 0.032+0.005 0.10%0.02 0.44+0.05 This work
NiFeOx 0.02+0.004¢ 0.072+0.02¢ 0.5240.16 24
FeNiO, 0.004+0.003 0.01340.011 0.11+0.09 8
CoFeO, 0.011+0.001 0.047+0.003 0.31+0.02 8
Nio.75C00.250x / / 0.089+0.013 2
FeOx / / 0.0015+0.0009 2
NiO,* / / 0.17+0.04 2
CoOx / / 0.0032+0.0014 2
MnOx / / 0.0004+0.0002 2
IrO; ~0.001¢ ~0.002¢ 0.0089+0.005 2

“ For multiple samples, the averaged values with standard deviations are given for TOF. For NF-AC-
NiOy-Fe, Au-NiOx-Fe, GC-NiOx-Fe, NF-NiFeOy, and GC-NiFeOy, each sample is measured 2-3 times
and the raw data are shown in Table S1-S4. For all iron-containing samples, iron is assumed as the active
species. For samples without iron, all the other metal elements are assumed as the active species. The
current densities are high and partially limited by mass-transport at 1 > 300 mV, as reflected in the Tafel
plots (Figure S3). Thus, the apparent TOFs of NF-AC-NiOx-Fe at 1 > 300 mV underestimate its intrinsic
activity, and the TOFs at n = 250 and 270 mV are better representatives of the activity of this catalyst. ¢
TOFs at these potentials were extrapolated using the reported Tafel slopes (~35 mV dec™! for NiFeOx
and ~40 mV dec™! for IrO,). ¢ NiOy was likely to contain some Fe incorporated from electrolyte during

the OER test.
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Table S6. Comparison of TOFs of NiFeOx and NiFe LDH based OER catalysts in alkaline
solutions from different groups.

TOF (s1)“

Catalysts Reference

250 mV 270 mV 300 mV
NF-AC-NiOy-Fe 0.24+0.10 0.7810.27 3.35+1.06 This work
Au-NiOx-Fe 0.20+0.05 0.73+0.23 3.51+1.30 This work
GC-NiOx-Fe 0.13+0.02 0.484+0.10 2.48+0.44 This work
NF-NiFeOx 0.023+0.004 0.06+0.02 0.33+0.06 This work
GC-NiFeOx 0.032+0.005 0.10+0.02 0.44+0.05 This work
NiFeOx 0.02+0.004° 0.072+0.02  0.52+0.16 24265hannon W. Boettcher
NiFeOy / / ~0.50 2Alexis T. Bell
NiFeOy / / ~0.45 5Thomas F. Jaramillo
Nio.ssFe.550, / / ~0.28 ;1I;I:slsg§rr Dau and Peter
Fe(PO3)2/Ni2P / / ~0.12 B7hifeng Ren
FeNiOy / / ~0.11 B0ur group
Molecular NiFeO, / / ~0.05 30Xin Wang
NiFeOy / / <0.08 31Chuan Zhao
S;izls:ﬁ:ets / / ~0.15 320ur group
NiFe LDH / / ~0.12 33peter Strasser
NiFe@Graphene / / ~0.1 3Xinhe Bao
NiFe LDH / / ~0.08 ;;I-[l]:;\lrer:/ B. Gray & Astrid M.
NiFe LDH / / ~0.06 3Tierui Zhang
NiFe LDH / / ~0.04 15,37Xue Duan
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Table S7. Specific current density (J5) (normalized to the electrochemical surface area) at
overpotentials of 250, 270, and 300 mV, respectively.

Js (mA cm?)“

Samples reference
250 mV 270 mV 300 mV

NF-AC-NiOx-Fe 0.013+0.005 0.041+0.018 0.18+0.08 This work
NF-AC-FD-NiOx-Fe 0.019+0.002 0.051+0.008 / This work
NF -NiFeOx 0.004+0.002 0.012+0.002 0.05%+0.01 This work
GC-NiOx-Fe 0.026+0.007 0.10+0.03 0.54+0.09 This work
GC-NiFeOx 0.008+0.003 0.03+0.01 0.13+0.04 This work
NiFeOx® 0.003 © 0.011¢ 0.084 4

NiFeOx? 0.004+0.003¢ 0.015+0.010°¢ 0.11+0.07°¢ 6

@ Js are based on the average J; for all samples of the same kind. The error represents the standard deviation of
results. ® The calculation of J; from the literature is shown in Supplementary Methods. ° J; at these potentials are

extrapolated using the reported Tafel slopes (~35 mV dec™)
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Table S8. Comparison of n@10 mA cm™ of different OER catalysts in thin film configurations
(loading < 20 pg cm) alkaline solutions.

Loading ® n@10 mA cm?
Catalysts Reference
(ng cm?) (mv)
NF-AC-NiOx-Fe “ 1.4-14.1 245-270 This work
Au-NiOx-Fe * 0.98-2.13 275-290 This work
GC-NiOx-Fe 0.67-2.11 277-309 This work
NF-NiFeOx* 2.0-12.9 321-338 This work
GC-NiFeOy* 1.75-17.30 304-360 This work
NiFeOy“ 1.2-12 ~311°¢ 2
FeNiOx“ 1.3-3.0 370-378 8
CoFeO* 1.9-55 333-349 8
Nio.75C00.250x 1.04+0.09 445+2 =
FeOy 1.63+0.08 45617 =
NiOy“ 1.13+0.10 32943 2
CoOx 1.32+0.14 423+13 =
MnOy 1.13+0.08 563+25 =
IrO; 4.12+0.14 42745 =

“ For multiple samples, the value ranges are given for loading and 7@10mA cm. For NF-AC-NiOy-Fe,
Au-NiOx-Fe, GC-NiOx-Fe, NF-NiFeOy, and GC-NiFeO,, the raw data are shown in Table S1-S4. ® The
loading is based on the quantity of the active metal species, in the form of metal oxides. © Overpotential
is for the catalyst at the loading of around 8.3 ug cm™. ¢ NiOx is likely to contain some Fe that were
incorporated from electrolyte in the OER test.
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Table S9. Comparison of the geometric activity of porous electrodes coated by a high-loading
of catalysts in IM KOH.

; Loading (mg @10 mA cm? @100 mA cm”
Catalysts Electrodes em?) (mV) 2 (mV) Reference
IF\IGF'AC'FD'N‘O"' NF 0.068 215 248 This work
Fe(PO3)2/NisP NF 8.0° 177°¢ 221 28
G-FeCoW NF(Au coated) 0.4 191+3 / 14
NixP-Ni NF / 200 268 38
EG/Coo.855e/NiFe 4.0 39
LDH Graphene Foam 203 260
NisoFesoMnio Alloy Foam 76. 0 208 270 40
NiFeOx CFP 1.6 230 271 4
NiFe hydroxides ~ NF / 245 280 42
NiSe NF 2.8 251 314 43
NiFe LDH NF 1.0 240-256 ~306 e
IrO, CFP 3.3 264 / ahd

“NF: nickel foam; CFP: carbon fiber paper.  Loading of Fe(PO3),. ¢ Overpotential at this current density
was extrapolated using the reported Tafel slopes (~52 mV dec™).
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Table S10. Structural parameters of y—FeOOH, NiFe LDH and NF-AC-NiOx-Fe samples
extracted from EXAFS refinement.

path R (A) CN AE (eV) ¢? (A% R-value (%)
! y-FeOOH ' |
" Fe-0 1.99(4) 6.4(3) -5.9(3) 0.0088(5) 2.035 '
Fe-Fe 3.08(6) 5.4(5) -4.3(7) 0.0082(4)
' NiFe LDH ' '
" Fe-0 2.00(1) 5.8(1) -5.0(6) 0.0071(1) '1.429 '
Fe-Fe 3.07(1) 3.4(3) -1.1(9) 0.0085(3)
Fe-Nion 3.11(2) 2.6(4) -7.9(8) 0.0055(4)
! NF-AC-NiOx-Fe ' |
" Fe-0 1.98(1) 4.8(2) 0.1(8) 0.0090(2) 7.801 '
Fe-Fe(Ni) 3.10(2) 5.02) 1.8(6) 0.0115(1)
Fe-Nioutside 3.98(4) 3.8(4) 0.6(7) 0.0051(6)
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Table S11. Structural parameters of Au-NiOx-Fe sample extracted from Ni K-edge EXAFS
measured under ex situ and operando conditions.

condition path R (A) CN AE (eV) ¢ (A% R-value (%)
I I ) 1 1 1 1
Ni-O 2.04(4) 6.0(3) -5.1(5) 0.0076(4) 2.517
Dry sample
Ni-Ni 3.09(5) 6.1(1) -1.0(6) 0.0076(3)
1 1 1 1 1 1 1
Ni-O 2.04(4) 6.0(3) -5.4(5) 0.0081(9) 2.023
No bias
Ni-Ni 3.10(6) 6.1(6) 1.5(7) 0.0071(9)
1 1 1 1 1 1 1
Ni-O 2.04(3) 6.0(1) -5.6(5) 0.0072(9) 2.386
n=0.22
Ni-Ni 3.10(5) 6.0(2) -5.7(7) 0.0068(9)
I 1 I 1 1 1 1
Ni-O 1.86(4) 5.5(1) -7.2(5) 0.0080(1) 3.170
n=0.27
Ni-Ni 2.82(6) 5.1(4) -2.3(9) 0.0076(1)
I 1 I 1 1 1 1
Ni-O 1.88(4) 5.6(2) -4.9(3) 0.0080(1) 3.209
n=0.32
Ni-Ni 2.84(4) 5.0(3) -3.9(6) 0.0064(1)
I 1 I 1 1 1 1
Ni-O 1.89(2) 5.6(2) -3.6(4) 0.0059(3) 6.667
1n=0.37
Ni-Ni 2.85(3) 5.0(3) 1.8(6) 0.0058(2)
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Table S12. CNs of Fe-Fe(Ni) path (path A) and Fe-Niouside path (path B) for the structure

models of Figure S15.

Surface Step I Step 11
CNpaha  CNpams CNpaha  CNpams CNpaha  CNpams
Before OER 4-5 3 6-7 3 7-8 5
Under OER (No tilt) 4-5 3 4-5 3 4-5 3
Under OER (Tilt) 2-3 ~2 2-3 ~2 2-3 ~2
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DFT Structures

v-FeOOH (010) — Fe bare
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v-FeOOH (010) — Fe-OH
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v-FeOOH (010) — Fe=0O
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y-FeOOH (010) — Fe-OOH
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Xyz coordinates

cjoloNoNoNoNoNoNoNoNoRoNoNoNooNoNoNG)

IITTIITITITIT

4.97425609
3.39800609
8.12675609
6.55050609
11.27925609
9.70300609
14.37494270
12.88601822
17.13540627
15.67720214
6.55691744
4.98066744
9.70941744
8.13316744
12.87579835
11.31671405
15.68809582
14.13492143
17.01743116
6.55465441
4.97840441
9.70715441
8.13090441
12.82772607
11.24548236
15.98545165
14.40137119
8.14057801
6.56432801
11.29307801
9.71682801
14.55048860
13.11588939
13.64253510
15.23597810
17.20530071

1.34326757
4.07341017
1.34326757
4.07341017
1.34326757
4.07341017
1.31239559
4.08959427
1.25212825
3.93856184
2.24998673
4.98012933
2.24998673
4.98012933
2.31089178
5.03858553
2.15375160
4.94307047
3.83153828
0.42987947
3.16002207
0.42987947
3.16002207

0.45055589
3.18605996
0.49671911
3.22905970

1.33728876
4.06743136
1.33728876
4.06743136
1.45033766
4.21733248
4.69781545
1.83582836
2.82580563

4.04114476
4.04114476
4.04114476
4.04114476
4.04114476
4.04114476
3.95782111
3.95478847
4.02535647
3.98408227
6.10245646
6.10245646
6.10245646
6.10245646
6.01778529
5.97651478
6.22055239
6.21630742
4.29546924
5.2209624
5.2209624
5.2209624
5.2209624
5.2736390
5.2866508
5.0122754
5.1504895
3.06672919
3.06672919
3.06672919
3.06672919
3.01185629
3.01858501
7.02253764
7.02477490
4.15689959

S54



v-Ni(OH), (0001) — reduced

Cell:

6.535012 0.0 0.0

-3.267506 5.6594901 0.0

0.0

0.0 12.0

xyz-coordinates

O

TOTZOZT

Ni

1

TOTOZTOIO

Ni

T O

1.90311068
1.86929724
0.27517317
0.28113025
0.29466067
0.26935913
0.23554433
-1.35857973
-1.35262429
-1.33909241
5.17061670
5.13680387
3.54267462
3.54863603
3.56216605
3.53686615
3.50305099
1.90892188
1.91488068
1.92841295

1.41387317
1.41709539
0.47174663
2.35770323
2.32533586
4.24361866
4.24683978
3.30148646
5.18744783
5.15508162
1.41387146
1.41709566
0.47174416
2.35770490
2.32533563
4.24361635
4.24684001
3.30148425
5.18745005
5.15508138

5.00563898
4.03660623
5.99909845
6.99385990
7.96317989
5.00563819
4.03660658
5.99909642
6.99386051
7.96317950
5.00563836
4.03660661
5.99910022
6.99386049
7.96317953
5.00563620
4.03660632
5.99909835
6.99386258
7.96317976
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v-Ni(OH), (0001) — oxidised

Cell:

6.535012 0.0 0.0

-3.267506 5.6594901 0.0

0.0

0.0 12.0

xyz-coordinates

O
Ni

o mTO

Ni

1

TOTOZTOITO

Ni

T O

1.90718120
0.33748037
0.26348653
0.28606505
0.25860079
0.24039563
-1.36355305
-1.35787566
-1.34931908
5.16590280
5.15659766
3.47666637
3.55851614
3.55697017
3.54206516
3.54183501
1.90588953
1.90368936
1.91840602

1.41024989
0.50393985
2.36150202
2.34548947
4.23283676
4.23769611
3.29546123
5.17103119
5.16992087
1.41902658
1.43180123
0.50131379
2.35766582
2.34679260
4.22879661
4.23319442
3.22201426
5.18413400
5.17262113

5.11026479
5.97035697
7.00954288
7.97964602
5.01888013
4.04831928
5.99983967
7.01106629
7.98178655
5.02110175
4.05041585
5.97375789
7.01412879
7.98470186
5.02092673
4.05010419
5.97196221
6.88979005
7.86117393
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v-NiOOH (0001) — reduced
Cell:
6.065992 0.0 0.0

-3.032996 5.2533066 0.0
0.0 0.0 12.0

xyz-coordinates

O 1.71076370 1.37210496
H 1.67051527 1.39634735
Ni  0.24651552  0.40393467
O 0.25310378  2.21142319
O 0.23973986  3.90597127
H 0.22674532  3.88691776
Ni  -1.32507587  3.12385221
O -1.37471864  4.78586672
O  4.84473557 1.37876029
H 4.85685689 1.40390616
Ni  3.27964809  0.46507507
O 3.27819645  2.33558727
O 3.27787642  3.96663891
H 3.27070267  3.96752005
Ni  1.81627940  3.12255385
O 1.86797982  4.78434828
H 0.27216915  2.19515695

5.12338706
4.15397780
6.09946491
7.17283136
5.11644904
4.14504379
6.11129305
7.02319678
5.11451478
4.14333712
6.23967882
7.03030733
4.79139616
3.81960624
6.10517930
7.02027213
8.14516930

S57



v-NiOOH (0001) — oxidised
Cell:
6.065992 0.0 0.0

-3.032996 5.2533066 0.0
0.0 0.0 12.0

xyz-coordinates

O 1.76196071 1.31466392
H 1.78588649 1.31192120
Ni  0.23609752  0.43894696
O 0.23380086  2.18777053
O 0.24546274  3.94131647
H  0.26938845 3.93857447
Ni -1.28040025 3.06559847
O -1.28269708  4.81442312
O  4.79495781 1.31466454
H 4.81888270 1.31192136
Ni  3.26909197  0.43894607
O  3.26679856  2.18777145
O  3.27845925 3.94131743
H 3.30238472  3.93857460
Ni  1.75259393 3.06559775
O 1.75030098  4.81442378

5.49761057
4.52501691
6.59242780
7.47429891
5.49761025
4.52501684
6.59242849
7.47430009
5.49761031
4.52501681
6.59242718
7.47430032
5.49760996
4.52501674
6.59242803
7.47430146
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