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1 Pourbaix diagram

1.1 Free energy and reaction energy calculation details

Except ab initio molecular dynamics (AIMD) simulations, all of other calculations were
performed by VASPS! with a planewave cutoff energy of 750 eV. The calculated valence
electron configurations for Ni, O, H and Fe are 3d®4s?, 25%2p4, 1s' and 3d®4s?, respec-
tively. T' centred K-mesh with K point distance less than 27 /45 A1 was employed for
solid phases. For gas phases, only I' point was used. The Hubbard U correction is ap-
plied for PBE calculations. According to previous investigations,52S6 the U value of
nickel and iron are set to be 5.5 and 3.3, respectively. U term is aimed to described the
interaction of d electrons of transition metal oxides, which is structure sensitive. Hence,
the U parameter should vary from one compound to others. The same U for all com-
pound for the PBE+U calculations may be problematic. But if we use different U for

different compounds, it is also problematic because the formation energy is calculated
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by E(form) = Eia — Y, Eatom- Energies are not comparable if they are calculated
by different calculation settings. As illustrated in the Table S1, for some compounds
their energies significantly change, while others change very little. As for the metal phase
nickel, no U parameter is required, the formation energy calculated by different U may be
meaningless. Therefore, we use a more advanced calculation method - HSE06 to repeat
all calculations, which does not involve empirical parameters. The data shown in the

main paper are HSE06 results.

Table S1: Total energies of various compound calculated with different U parameters test
for nickel.

Intrinsic

Compounds | U=4.5 U=5.5 U=6.5 Diff(5.5-4.5) Diff(6.5-5.5)
NiO -10.432 -10.271 -10.134 0.162 0.136
Ni304 -36.296 -35.466 -34.698 0.830 0.768

Ni203 -98.715 -96.222 -94.130 2.493 2.092

NiO2 -15.038 -14.534 -14.053 0.504 0.481
NiOOH -20.258 -19.868 -19.590 0.390 0.278
Ni(OH)2 -25.325 -25.158 -25.015 0.167 0.143

Doped

Compounds | U=4.5-3.3 U=5.5-3.3 U=6.5-3.3 Diff(5.5-4.5) Diff(6.5-5.5)
NiO -251.507 -248.064 -245.179 3.443 2.885
Ni304 -289.527  -283.428  -277.862  6.098 5.566
Ni203 -299.273  -293.979  -288.921  5.293 5.058

NiO2 -358.340  -347.050  -336.073  11.289 10.978
NiOOH -486.654  -478.557  -471.870  8.097 6.687
Ni(OH)2 -608.804  -605.238  -602.215  3.566 3.023

Free energy of all compounds are calculated by:

Go(T) = E, + ZPE, — (S, — C,)T (1)

where, (G, is the free energy of compound z, E, is the DFT total energy calculated by
VASP, ZPE is the Zero Point Energy calculated by Phonopy 1.13 (only the bulk phases
in this part, the ZPE of gas molecules and reaction intermediates are calculated by
VASP),®!and S, and C, are the entropy and the heat capacity, which are also calculated
by Phonopy. Entropies and heat capacities of H,(gas), H,O(gas), O,(gas) are obtained

from National Institute of Standards and Technology, USA (NIST Standard Reference
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Database 13, https://janaf.nist.gov). Due to large errors in the GGA+U calculation of O,
bonding energy, > the reference O, energy are also calculated by Go = G,0+2.46 eV —
Gy, (U= 0V and pH=0). The enthalpy of O, difference between direct calculated by
DFT and HSEO6 and abstracted from H,O are 0.60 eV and 0.21 eV, respectively. Initial

ferro magnetic orders were set here.

1.2 Free energy and reaction energies

Formation energies of compounds are obtained by Gf(z) = G, =), f;, where y; is the free
energy of pure element ¢ at its lowest energy configuration. For example, o = 0.5 % Go,.

puni = Gni/nyi, where Gy, is the total free energy of Ni cell and ny; is the number of

Ni ions in the cell. The reaction free energy change is defined by AG = ) G —

product

Y reactant G- Free energies of ions are abstracted from experiments in ref. [S9.

Table S2: Experiment and DFT energies and enthalpies of H,, O,, H,O. All unit is eV.
Contribution of (C, — S) * T is sourced from https://janaf.nist.gov. ZPE is estimated
from frequency calculation of VASP.

Molecules | PBE E  HSE06 E (Cp — S) «T ZPE Gtherm GPBE GHSEOﬁ
H, -6.773 -7.654 -0.316 0.282 -0.034 -6.807  -7.688
0O, -9.872  -14.240 -0.546 0.101 -0.445 -10.318 -14.685
0,(H,0) | -9.272  -14.028 -0.546 0.101 -0.445 -9.717 -14.474
H,O -14.217  -17.476 -0.483 0.574 0.091 -14.126 -17.385

Table S3: Phonopy calculated thermal related parameters of Ni,O H, before doping.
Energy units are eV.

Compounds | ZPE  S300 (€300 F300 DG((S-C)T) ZPE-DG Nyp/cell GT/fml
Ni 0.039 0.000 0.000 0.001 0.013 0.026 1 0.026
NiO 0.180 0.001 0.001 0.026 0.052 0.129 1 0.129
NiO, 0.507 0.001 0.001 0.416 -0.071 0.578 2 0.289
Ni;O, 0.868 0.003 0.003 0.487 0.001 0.866 2 0.433
Ni,yO4 1.259 0.004 0.004 0.746 -0.020 1.279 4 0.320
NiOOH 0.384 0.000 0.001 0.322 -0.023 0.407 1 0.407
Ni(OH), 0.763 0.001 0.001 0.673 -0.006 0.769 1 0.769
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Table S54: Phonopy calculated thermal related parameters of Ni,O H, after doping. En-
ergy units are eV.

Compounds | ZPE  S300 (€300 F300 DG((S-C)T) ZPE-DG Nyp/cell GT/fml
Ni 0.902 0.003 0.003 0504 -0.005 0.907 24 0.038
NiO 2.118  0.009 0.008 0.957 0.126 1.992 24 0.083
NiO, 1.836  0.009 0.007 0.610  0.360 1.477 24 0.062
NizO, 4302  0.007 0.008 3.467 -0.412 4.713 8 0.589
Ni, O 4816  0.005 0.006 4.252  -0.365 5.181 12 0.432
NiOOH 11422 0.010 0.013 10.189 -0.769 12.191 24 0.508
Ni(OH), 19.388 0.014 0.016 17.660 -0.638 20.025 24 0.834

1.3 Considered reactions

To plot the Pourbaix diagram, phase boundaries have to been determined through re-
actions. Each reaction defines one transition boundary of two phase. There are two
reactions (reaction 11 and reaction 22, shown in [Table S5), which can not be shown
Pourbaix as there is no H" or e~ involved in these reaction. However, these two reactions
demonstrate which is more stable between Ni(OH), and NiO, or, Ni,O; and NNOOH. We
found that energy of 2 unit of NiIOOH always has lower energy than that of an unit Ni,O,

and a H,O molecule. This indicates that Ni,O, is a meta-stable phase of NIOOH.
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Table S5: Considered reactions to plot Pourbaix diagram.

Reactions

Ni — Ni?t +2e”

Ni +2H,0 — Ni(OH)y + 2H" +2e~
Ni +4H,0 — Ni(OH),2" +4H" +2¢"
NiZ* 4 2H,0 — Ni(OH), +2H™

Ni?* 4+ H,0 — Ni(OH)* + H*

Ni?*t 4 2H,0 — NiOy +4HT +2¢
Ni** +2H,0 — NiOOH + 3H" 4 e~

3Ni(OH)y — NigO4 +2H,0 + 2HT +2e”
2Ni(OH); — NiyO3 + H,O +2HT +2¢~
NiOOH — NiO, + H" + e~

Ni(OH),%” + Ht — NiOOH +2H,0 + e~
Ni(OH),>" — NiOy + 2H,0 + 2e~

NizO4 +2H,0 — 3NiOy + 4H' +4e”
Ni;O4 +2H,0 — 3NiOOH + H" + e~
NizO4 +8HT +2e¢” — 3Ni?T +4H,0
Niz;O4 +8Hy0 +2e — 3Ni(OH),2” +4HT
2NiOOH — Ni,O5 + H,0

NiO +2H" — Ni*™ + H,0

NiO +2H" +2e” — Ni+ H,0

NiO + 3H,0 — Ni(OH),? +2H"

NiO + 2H,0 — Ni(OH);~ + H*t

3NiO + H,O — NigO, +2H" +2e
2NiO + HyO — NiyO3 +2HT +2e

NiO + HyO — NiO, + 2H™' + 2e”

NiO + H,O — NiOOH + H* + e~
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1.4 Pourbaix diagram comparison of PBE+U and HSE06
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Figure S1: A) Lines considered to plot the Pourbaix diagram of Nickel-water system
calculated by PBE+U. Each line is where the reaction heat of one chemical reaction
equals zero. It is the phase boundary of the reactant phase and the product phase. In
the regions near lines, the energy of the reactant phase and the product phase are very
close. One present as the stable phase, the other should may also exist as a meta stable
phase. Based on this logic, there are lots of metastable at the region of U .vs. SHE &
(1.5 V,1.9 V). B) Pourbaix diagram of Nickel-water system calculated by PBE+U and
HSEO06.

2 Calculation details of surface energy

2.1 Surface energies in vacuum and solutions

Two methods have been performed to calculate the surface energy. The first is building

two symmetric surfaces and then fully relaxed. The surface energy can be expressed by
Griz(sur face) = (B, (sur face) — nE(bulk))/2,

where E(bulk) is the total energy of a unit N¢OOH in its bulk, and E,,(sur face) is the
energy of the configuration with two symmetric fully relaxed surfaces. The method is
noted with subscript “rlx”.

The second method is that one calculates the energy of unrelaxed two surface at first,

then the energy of unrelaxed surface is estimated by

Grix(surface) = (Epi(sur face) — nE(bulk))/2.
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After that, we fix one surface and relax the other surface, and then calculate the total

energy. Finally, the surface energy can be obtained by

G fiz—riz(sur face) = En(sur face) — Gyip(sur face) — nE(bulk)

Surface energies considered the solvent effect are also calculated with two different

methods: VASP-SOLS and VASP-MGCM .51
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Figure S2: Surface energies of various NIOOH surfaces in vacuum A) and in water solution
B) with two different method.

The surface energies of (001), (100), (120), (C010), (7010) and (021) surfaces, cor-
responding to (0001), (1010), C' — (0110), T'— (0110) and (0111) surfaces in ref. [S12,
have been calculated by two different surface models. The calculated surface energies are
shown Figure S2. VASP-SOL, developed by Prof. Hennig’s group, aims to implement the
solvent effect into surface calculation.®¥ Our group has also developed an alternative one,
VASP-MGCM, which shows better consistence with Gaussian 09.5 The (001) surface is
the most stable surface no matter in vacuum or in solution.

(001) surfaces with various H,O coverages, and intercalated models with same amount
H,0 molecules are simulated. The built unit cell with surface area of 30.2 A? covered
with or intercalated with 1, 2, 3, 4 H,O molecules have been simulated. A short time
of AIMD simulations for all models were performed in order to obtain the most possible
water intercalation and adsorption configurations. Snapshots with low energy then were

abstracted. It was found that the water configuration are similar in these low energy
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Figure S3: A) Adsorption and intercalation model: 4 H,O molecules on (001) surface; 4
H,0 molecules intercalated in layers; 8 H,O molecules intercalated in layers and 4 H,O
molecules on 001 surface. B) surface energies and C) binding energies of adsorption and



snapshots. The snapshot with lowest energy in the similar configurations were relaxed,
and then their static energies were calculated. It is found that H,O is very easy to adsorb
on the surface, with adsorption energy of ~ -0.27 eV, as shown in Figure S3C). The
intercalation energy of H,O diverse. It is an energy cost process if only a few of H,O
intercalated in layers per 30.2 A2. However, intercalation becomes energy favorable if 4
H,O are intercalated into layers. With the help of H,O, so-called the negative surface
energy is realized at high density adsorption and intercalation, which suggests that the
surface will spontaneously form and become layer-layer structure, the same to the porous
structure happens in 6-Al,0;.5 We further intercalated more water and formed two
water layers, which more hydrogen bonds form. This will result in lower energy to -0.55
eV, which close to the surface adsorption energy. These results indicate the intercalation
of water molecules are energy feasible, which is comparable to water adsorption. There-
fore, water molecules can go into layers, then increase electrodes volume, agrees with the

observed volume expansion under OER working conditions.54

3 Formation energies of Fe doping possible configu-
rations

The formation energies are calculated by:

Eform = Ligdspt — (Eintrinsic + Ecluster)

and

Eform = Lyntelt — (Eintrinsz'c + Ecluster)'

Please mind that, for the most model, the connection of cluster and surface produces
H,O molecules, for example, the adsorption model the Fe ion replace the surface H and
leave a OH . The replaced H and leaved OH™ form a H,O and adsorbs on the surface.

The calculation processes is elucidated in [Figure S4.
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Eclu ster

Figure S4: Calculation of formation energies. The connection of a Fe ion and a NIOOH
surface will produce a H,O.

Before constructing explicit doping configurations, we discuss the possibility of form-
ing Fe dimers. Energy of Fe ions and their dimer are calculated, which found out that
the separated Fe ion has lower energy than corresponding dimer, indicated by [Table S6l

Hence, there should be no Fe ion clusters in solution.

Table S6: Energy and Formation energies of Fe ions and their dimers. Energy units are
eV.

Species Formula  E(eV) E 2H,0(eV) Sum E(eV) Two separated Fe ions

H,0 H,0 ~14.235

Fe?t H,,OgFe  -85.264
Fe?* HyOgFe  -81.205
Fe’t-dimer H,;0,,Fe, -140.389 -28.470 -168.859 -170.528
Fe’t-dimer H,,0, Fe, -132.223 -28.470 -160.693 -162.410

If Fe ions prefer in its monomer form, then there are several possible doping configu-

rations:

e No interaction, NiIOOH keeps its lattice, Fe is still in its free ion form.
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Ion exchange. The Fe ion replace a Ni ion in the lattice. This is the most discussed

model in theory and experiment.

Adsorption. Fe ions adsorbed on the NiIOOH surface.

Intercalation. Fe ions intercalated in two NiOOH layers.

Mix of ion exchange and Ni ion adsorption. Fe ion exchanges with lattice Ni and

Ni ion adsorb on the doped surface.

All this configurations were shown in [Figure S5 By calculating their formation ener-
gies (Table S7), we found out that the adsorption models (include the mix models) are
the most energetically favorable. The strong adsorption of the Fe*" indicates that this
configuration should be very stable. The bonding energy of Fe*™ is about half of Fe".
Surprisingly, the most assumed and discussed ion exchange has almost the highest for-
mation energy. The possibility of Fe cluster forming were also discussed by estimating
the formation energy of Fe-Fe dimer adsorption. Fe*" dimer adsorption formation energy
is about -2.86 eV, which is lower than the energy (-2.15 eV) of two Fe ion adsorbed
separately. But this energy difference may be compensated by entropy as separated Fe
ions have more adsorption possibilities. Additionally, the Fe?' has lower energy. Thus,
mono-Fe ions cluster adsorbed on the surface should be the most possible case in reaction
conditions. The mixed of ion exchange and adsorption of Ni seems have lowest energy, but
its formation should start with ion exchange, which is not energy favorable, or start with
Fe?" adsorption and then exchange Fe*™ and Ni**, which involves lots of bond breaking,
high energy barrier is expected. The stability of these configurations are also proved by

later AIMD simulations.
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Figure S5: Possible Fe’' doping configurations: A) no interaction; B)-C) ion exchange;
D) adsorption; E) intercalation; F)-I) Ton exchange and Ni ion adsorption with different
Fe doping sites; J) Fe-Fe dimer adsorption.

Table S7: Formation energies of possible Fe doping configurations. Their structures are
shown in with corresponding labels. Energy units are eV. Please mind that
the OS states of ions are the initial OS, it may increase by transferring a proton from
coordinated H,O to the surface O and becoming OH .

Doping structures Label | Fe* Fe*"
Free iron ion A 0.000 0.000
Ion exchange B 1.701 -0.127
Ion exchange C 1.590 -0.238
Adsorption-Octahedral* D -1.236 -2.543
Adsorption-Tetrahedral NONE | -1.201 -2.490
Intercalation® E -0.088 -1.142
Mix-F F -1.320 -2.874
Mix-G G -1.213 -2.741
Mix-H H -0.961 -2.572
Mix-1I I -1.056 -2.650
FeOgH, dimer J -1.422(-2.86)¢  -2.088(-3.53)¢

@ The adsorption model of Fe?* and Fe3*t are the relaxed 2UP and 3UP model, respectively. ?
The Intercalation model of Fe?* and Fe?* are the relaxed 2IN6 and 3IN6 model, respectively.
¢ The energy of hydrogen bond of generated H,O is ignored. Considering 4H,0 may form 8
hydrogen bonds, lead to about 4*0.36=1.44 eV lower in energy of -2.86 ¢V, which is 0.4 eV
lower than isolated Fe3™ adsorption. ¢ The Fe—O,—Fe connection of requires two electrons for
each oxygen ion, four in total. But bonding with the surface also needs one election. Two
hydrogen was added to the two connecting oxygen ions in order to keep Fe ion in 2+. The
value in bracket is corrected by considering the hydrogen bonding energy.
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4 AIMD simulations

4.1 Calculation details

The AIMD simulations were performed by CP2K 5.05% with the Quickstep method and
the PBE+U functionals. The energy cutoff was 280 Ry, snapshots were saved every 10
steps. At the beginning, a time step about 0.3 fs (some times convergence problems occur,
we then changed it to 0.299 fs) was used. After a certain period time, the time step was
increased to be 1 fs. Short time step at the beginning was used to avoid the dramatical
change and convergence problems due to large forces in the initial structures. The layer-
layer distance (Dyy) is calculated by the difference between the average z coordinates of

Ni ions in upper and bottom layers.

4.2 AIMD model construction

The AIMD model is built on a three layer NiIOOH (001) surface with surface area of
8.84 x 10.30 A. It is a 3 x 2 supercell of (001) surface of NIOOH. The NiOOH surface
structure was cleaved from the MC2 bulk structure in Ref. [S12. A monolayerH,O in 3 x 3

array can fully cover the surface.

Table S8: Number of HyO(OH ) molecules in AIMD models. The result in the manuscript
is from models with more H,O under the condition that the all Fe-O(lattice) bonds are
not broken.

Models SET 1 SET 2
Niao(free)  Nyso(total) | Nyoo(free) Ny, (total)
2IN6, 3ING6, 2IN7 and 3IN7 3(4)* 7(8) 6 10
2UP and 3UP 8 13 14 19
2IN10 and 3IN10 8 13 14 19
BRIDGE 6 8 15 19
TILT 9 12 15 19

The number of water molecules my play a role in other parameters. To avoid such
problem two actions have been taken: a) iron ions in all models are fully coordinated,
which ensures that the first solvation sphere condition is the same; b) two sets of models
with different numbers of water molecules and sizes of gaps were built to assess the role

of extra water. In principle, the number of embedded H,O can vary according to the
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layer-layer distance. So, we tried two sets of models, one set of models try to keep
the Fe-O(lattice) bond connected, the other set of models should have more H,O that
make sure Fe ions are fully coordinated and the Fe(OH, ), clusters are surrounded with
H,0. Due to different surfaces and intercalation spaces, it is impossible to use the same
number of water molecules for all models. However, the procedure to build our models is
generally the same: they contain either a monolayer H,O adsorption model or two-layer
H,O adsorption model. The particular numbers were listed in [Table S§|

For the intercalation models with oxidation state (OS) initially in Fe*" and Fe®* (2IN6
and 3IN6 models), we removed 6 H,O from a monolayer H,O intercalated model to place
a Fe(OH),(H,0),. 2 . The initial interlayer distance of 2IN6 and 3IN6 are around 6 A.
We built the 2IN7 and 3IN7 models, which have the same number of water molecule with
2ING and 3IN6 but the initial interlayer distance is 7 A. We also built 2IN10 and 3IN10
models by removing H,O in the two-layer H,O intercalated model. Due to more H,O,
the initial layer-layer distance is 10 A. Compared to the first set of models, the second set
of models have the same layer-layer distance but one more layer of H,O compacted in the
gap. It is found that this extra layer H,O will enlarge the gap and broke the Fe-O(lattice)
bonds. Therefore, we could conclude that more H,O were embedded, a bigger gap will

open.

Figure S6: Adsorption models for AIMD simulations: A) the 2UP model. The initial
oxidation state (OS) of the Fe ion is 24+. The Fe ion coordinates with 4 H,O and OH .
B) the 3UP model, the initial OS of the Fe ion is 3+. The Fe ion coordinates with 3 H,O
and 2 OH . C) the 2UP-Tetra model. The initial oxidation state (OS) of the Fe ion is
2+. The Fe ion coordinates with 2 H,O and OH . D) the 3UP-Tetra model, the initial
OS of the Fe ion is 34+. The Fe ion coordinates with 1 H,O and 2 OH".
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Figure S7: Intercalation models with one Fe ion for AIMD simulations: A) 2IN6, a Fe*"
is clipped in layers with initial layer-layer distance about 6 A. Fe ion connects both upper
and bottom layer, and 4 H,O. B) 3IN6, a Fe* is embedded in layers with initial layer-
layer distance about 6 A. Fe ion connects both upper and bottom layer, and 3 H,0 and
one OH™. C) 2IN7, a Fe?* is intercalated in layers with initial layer-layer distance about
7 A. D) 3IN7, a Fe*" is sandwiched in layers with initial layer-layer distance about 7 A
E) 2IN7, a Fe*" is placed in layers with initial layer-layer distance about 10 A F) 3IN7,
a Fe*t is placed in layers with initial layer-layer distance about 10 A.

Figure S8: Intercalation models with two Fe ions for AIMD simulations: A) 2FE2, two
Fe®' are intercalated in layers. Each Fe ion coordinates with one surface and 4 H,O. An
oxygen ion connects these two Fe*™. B) 2FE3, two Fe®" are intercalated in layers. Each
Fe ion coordinates with one surface, 3 H,O and OH . An oxygen ion connects these two
Fe?*. C) FE2FE3, one Fe’t and one Fe’" are intercalated in layers. Fe®' coordinates
with one surface and 4 H,O. Fe®" coordinates with one surface, 3 H,O and one OH .
These two Fe ions are connected by an oxygen ion. D) TILT, the intercalation model with
two iron ions bonded by two oxygen ions of the surface. E) BRIDGE, intercalation model
with two iron ions connected through two oxygen ions, and each iron ion is coordinated
to two surface oxygen ions.
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4.3 Coordination number calculation

The coordination number(CN) of iron ions is determined by the Fe-H,O or Fe-OH dimer

relative energies. It is calculated by:

Emax - E(xz)

CN = _— 2
i Ema:p - Emzn ( )

where E,,q, is the energy Fe-H,O dimer with distance of cutoff (3 A). Dimers with dis-
tances higher than this cutoff distance are not considered as coordination. F,,;, is the
minimum energy among all Fe-H,O dimers. The distance of the Fe-H,O dimer with min-
imum energy is set as the lower limit. Dimers with distances shorter than this lower limit
contribute an unit to CN. The energy is calculated by E(x) = 0.21755092  (2.1/x)'% —
0.21487934 x (2.1/2)% — 0.32068992 x (2.1/x)3 — 17.54733434, which is fitted from DFT
results. As shown in the Stockmayer potential, which adds a dipole term on
the Lennard-Jones(LJ) potential, shows better fitting. Hence, the Stockmayer potential

was used in this work.

N ¢ o DFT
-] —— Lennard-Jones
; —— Stockmayer
> |
=N P —>
N~ 1
g ! P
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Figure S9: DFT calculated Fe-OH energies and fitting of Lennard-Jones and Stockmayer
potentials.
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4.4 Fe oxidation state calculation

Figure S10: Snapshot of 2UP model at 27 fs. A H ion locates between the O coordinated
with iron ion and the O of the lattice surface. It is difficult to determine which O atom
does this H belong to.

We tried to use traditional method to calculate the OS of Fe, but none of them gives
correct values. The Bader charge is unable to describe the OS of an ion if polarization and

electrostatic orbital overlap contribute to the charge distribution.818 As we have shown

in [Table S12{Table S14| although the reaction happens, the Bader charges of these active

site change very little. Hence, Bader charge is invalid here.

Traditionally, the OS of Fe is calculated by counting the coordinated OH™ groups.
One OH  group contributes 1+ to the OS of Fe ion. But there is a problem to determine
whether the coordinated O is a OH ™ group or H,O. demonstrated a snapshot
of 2UP model at 27 fs. A H atom is near to the O of bottom NiOOH surface and the O
coordinated with iron ion. It is not obvious which O atom deos the H exactly belong to.
This indicates that the electron of H is shared by the O of bottom NiOOH surface and
the O coordinated with iron ions. Hence, the traditionally method to determine the OS

of Fe by counting the number of coordinated OH™ group is not reasonable.
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Figure S11: Snapshots of 2UP models. some H of H,O coordinated with Fe were trans-
ferred to the NiOOH surface.

On the other hand, in some cases, some H of H,O coordinated with Fe were transferred

to the NiOOH surface, the coordinated H,O becomes OH, which will contribute +1

more to the iron ion [Figure S11. [Figure S12| demonstrates the calculated OS of Fe ion in

the 2UP model. The bottom bar is the OS calculated by traditional method. The main
species Fe calculated by transitional method are very high OS, such Fe®™ and Fe®*, which
are not possible under mild chemical conditions. Therefore, we think the transferred H
on the surface also provide some electrons to the Fe cluster and lower the OS of iron ion.
Here, we define: OS(Fe) = Y womr+0.5. 0.5 is the contribution from the lattice O where
Fe is adsorbed on. wopy is the OH™ weight of coordinated OH, groups. Traditionally,
wop is a unit if the coordinated O is part of a OH ™ group, and it is zero if the coordinated
O belongs to a H,O. As we cannot tell whether the H belongs to the coordinated O or the
lattice surface O, we cannot determine it is a OH  group or a H,O. Here, based on the

O-H distance(D), we calculated the weight of a H that contributes to the corresponding
0.

3)

E(Duwt) — E(D) (
D, D <D

E(Dcut) . E(szn) ) man < = cut

wyg =

where, Ei = E(Dpin) is the energy of the Stockmayer potential profile at a distance
near the minimum, and E.,; = F(Duy) is the Stockmayer potential of H locating at

the cutoff distance. In this case, neither LJ nor Stockmayer can give good fitting (Fig-
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ure S13A). We only take the part that we are interested to fit (Figure S13B), where the

fitting is reasonable.

Then, the OH ™ contribution can be calculated by wony = 2> wgy. For example:

e If a H is closely bonded with O (D < D,u;,), this H contribute one H to the O
(wy = 1). If there is another H also closely connected, it also contributes one to
this O (wy = 1). Then, for this O: woy = 211 = 0, which means it is H,O, not

contribution to the OS of Fe;

e [f only one H is closely coordinated with this O, then wpog =2—-1=1, it isa OH"

group. This OH™ group will contribute 41 to the OS of Fe;

o [fthere are two H coordinated with this O, their weights are 0.8 and 0.6, respectively.

Its wog = 2 — 0.8 — 0.6 = 0.6, which means this O will contribute +0.6 to the OS

of Fe.
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Figure S12: Snapshot of 2UP model at 27 fs. A H ion locates between the O coordinated
with iron ion and the O of the lattice surface. It is difficult to determine which O atom

this H belongs to.

Other three bars in are OSs calculated by our method with different cutoff

distances and minimum distances. Our methods give much more reasonable OS compared
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to the traditional method. By testing parameters, we chose Dyyuy=1.97 A and D,p,=
1.1 A |, because this set value looks more reasonable and also these two distances have
physical meaning: 1.97 A is hydrogen bond length in water and 1.1 A is where the error

between DFT data and fitting line is shapely reduced (Figure S13B).
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Figure S13: DFT calculated energies and fitting of Lennard-Jones and Stockmayer po-
tentials.

4.5 Comparison of experiment parameter and parameter in our

AIMD simulations

Table S9: Structural parameter in AIMD simulations and comparison to Ref. [S17

Atom-atom distance Angle Coordination number
Models Fe-Ni,,+ Fe-Fe Ni-Ni Fe-O Fe-O-Ni Fe-Ni,,; Fe-O
Experiment | 3.21-3.98 2.86-3.10 2.87-3.04 1.91-1.981- | 67(90-23) | 4-8,3-5  4.3-5.3
Normal H,O
2IN6 3.47-3.61 2.91-3.05 1.84-2.01 60-50 6 6
3IN6 3.47-4.06 2.86-3.10 1.84-2.40 49-70 6 6
BRIDGE 2.95-4.22 2.67 2.80-3.10 1.81-2.20 28-66 3-5 5
TILT 3.22-3.60 2.60 2.84-3.03 1.88-2.15 34-76 3 4-5
Excessive H,O
2IN6 3.55-4.18 2.80-3.10 1.88-2.07 50-60 6 6
3IN6 3.62-3.84 2.77-3.05 1.88-2.24 45-60 6 6
2UP 3.60-3.74 2.80-3.10 1.84-2.01 50-60 3 6
3UP 3.40-3.75 2.88-3.02 1.85-1.96 50-57 3 6
BRIDGE 3.33-3.75 3.15 2.84-3.01 1.83-2.20 53-72 5-6 6
TILT 3.49-3.65 3.44 2.83-3.10 1.86-2.10 49-65 3 3-5

S21



4.6 Layer-layer distances

Layer-Layer distance(A)

T T T T T T T T T T T
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Figure S14: Layer-layer distances in 2IN6, 2IN7, 3IN6 and 3IN7 models. It shows Dy
of intercalation models with initial Dy; of 6 A and 7 A. After about 7 ps, the 2IN7
model narrows down and become similar to the 2IN6 model. But the 3IN7 model does
not change due to the weak interaction of Fe*" clusters, which agrees with its lower
formation energy compared to Fe*™ clusters.
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Figure S15: Layer-layer distance in 2IN10, 3IN10, BRIDGE and TILT models. The Dy,
of 2IN10 and 3IN10 increase with time. At this case, these two model are equivalent to
two surface models. The BRIDGE and TILT model show very stable Dy after 10 ps.
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Figure S16: Layer-layer distance in 2IN6G, 2IN7, 3IN6 and 3IN7 models with more water
molecules. It displays the Dy of intercalation models of 2IN6, 2IN7, 3IN6 and 3IN7
with more water molecules intercalated. Due to too much water molecules, the distance
between all gaps increase.
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Figure S17: Layer-layer distance in 2IN10 and 3IN7 with more water molecules. It
displays the Dy, of intercalation models of 2IN10 and 3IN10 with more water molecules
intercalated. With more water molecule, these models become more stable than the
model with fewer waters.
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Figure S18: Layer-layer distance in intercalation models with more water molecules. It
displays the Dy of intercalation models of 2FE2 and 2FE3 with more water molecules
intercalated. Their distances slowly increase. Although they look like stable, but we
observed disconnection between Fe ions and NiOOH layers. The BRIDGE model get
expanded, its Fe breaks one bond connect to the surface and then become TILT. While,
if more water molecules are placed into the TILT model, the Fe ion will also break one
bond connected to the oxygen that connects to the other Fe ion. At this case, the TILT
model becomes 2FE2 or 2FE3. This also can be seen in their CN profile.

4.7 Oxidation states and coordination numbers

Bottom Fe leaves surface
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Figure S19: OS and CN of Fe ions in 2FE2 and 2FE3 models. Both of them are initial
octahedrally coordinated, they both lose H,O at the very beginning and the CNs become
5 or even 4. H,O leaving can be clearly seen from the CN chart, but the OSs of these
Fe ions are irreverent to H,O leaving. Fe ions in these two models go away from the
subsurface.
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Figure S20: OS and CN of Fe ions in 2IN6, 3IN6, 2IN10 and 3IN10 with excessive H,O
molecules.
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Figure S21: OS and CN of Fe ions in BRIDGE and TILT models with excessive water
molecules. The Fe breaks one Fe-O bond with the surface at 1.7 ps in the BRIDGE
model. After each Fe ion break one Fe-O with the surface, the BRIDGE model become
the TILT model. If we add more water molecules in the TILT model, it will break the
Fe-O bond between two Fe ions at 12 ps, and then become same with models of 2FE2
and 2FE3.
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Figure S22: OS of Fe ions in 2FE2 and 2FE3 with excessive water molecules. The linking
chain of O-Fe-O-Fe-O will break to make more space for excessive H,O molecules.
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Figure S23: CN and OS of Fe ions in a) 2UP-Tetra and b) 3UP-Tetra models.

5 Possible configurations at reaction conditions

Although there are stable adsorption and intercalation models, in which different oxida-
tion state Fe ions have been considered. At reaction conditions, the oxidation state of
Fe ion should have a major form, for example, without any applied potential the most
stable free Fe ion in water is Fe*™, but it will be Fe*" if the applied potential was higher
than 0.56 V.51 The transition potential for the free Fe*™ going to Fe®' is calculated to be
0.39 and 0.60 V for PBE+U and HSEO06 calculations, respectively. The HSEO6 result is
almost the same to the experimental value of 0.56 V according to the CRC handbook.>8
However, the PBE result is about 30% or 0.2 V lower than experiment.

Based on the reaction of Sub—Fe*"4-H,0-OH < Sub—Fe?*t3-H,02-OH +H" +e,

we can determine when Fe®™ will transfer to Fe*™. But actually a H of Fe cluster will
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Table S10: Calculated free energy difference between Fe*™ and Fe?'.

Models Tons Eg (eV) ZPE (eV) ST (eV) G (eV) AG (eV)
gy TS 31 m
Frec ons (BSB09) ou e | 0Tl go osd dvgom O
Adorbed ions(PBEC) o | O o osed esses %

transfer to the substrate: Sub—Fe*"4 - H,0 - OH = H—Sub—Fe*"3 . H,02- OH . The
initial Fe?" become Fe**. For the same reason, Fe*" goes to Fe*™. The transition potential
for the 2UP model (Fe*t) goes to the 3UP model (Fe*t) is calculated to be 1.15 V based
on PBE calculations. Considering the under estimation of PBE calculation for the free
ions, we expect the transition potential in experiment should be about 1.50 V. Therefore,
we conclude that both adsorbed Fe?' and Fe'' should be populated. Generally, at OER
reaction conditions, the free iron ions are mainly in Fe*, but the adsorbed species are

mainly Fe* and Fe'™. This conclusion is consistent with our AIMD simulations.
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Table S11: Free energy changes of reaction steps in all OER mechanisms

Models Stepl Step2 Step3 Stepd Overpotential
Clean 0.526 1.339 1.883 1.172 0.653
2UP 0.767 1.455 1.240 1.457 0.227
2ING6 0.708 1.803 1.563 0.847 0.573
3UP 0.823 1423 1.796 0.878 0.566
2ING6-Fe 1423 1.849 1.661 -0.014 0.619
2UP-Fe-top 1.346 1.835 1.464 0.276 0.605
2UP-Fe-side 1.619 1.340 1.768 0.193 0.538
3UP-side 1.792 1.732 0.924 0472 0.562
2UP-Fe-side-O2 | 1.619 1.340 0.948 1.013 0.389
TILT-Fe 0.696 2.007 0.871 1.346 0.777
BRIDGE* 1.819 0475 1.129 1.496 0.589
Dimer-Fe2+-mid | 1.042 1.742 1.429 0.706 0.512
Dimer-Fe2+-end | 1.209 1.663 1.526 0.522 0.433
2UP-Tetra 0.846 0.900 1.721 1.453 0.491
3UP-Tetra 0.349 1.326 1.767 1.478 0.537

6 OER simulations

6.1 Energy profiles
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Figure S24: Energy profile of OERs with V45 (Ni) as active site.
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Figure S25: Energy profile of OERs with Fe as active site.
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Figure S26: Energy profile of OERs with dimer Fe as active site.
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Figure S27: Energy profile of OERs in the octahedral and tetrahedral adsorption models.

Figure 524 demonstrates the energy profile of intermediates of OERs, in which Ni is
active site. By adsorbing a Fe ion, the over potential reduces no matter the reaction
site and the oxidation site of Fe ions. The over potential of a clean surface without Fe
adsorption can be reduced from 0.65 V to 0.23 V by an adatom of Fe** ions, which is has
the lowest overpotential in all OER mechanisms. [Figure 525 shows the energy profile of
OERs that Fe ions act as active site. The over potential for the 2IN6, 2UP-top, 2UP-side
and 3UP-side are 0.62, 0.61, 0.54 and 0.56 V, respectively. The mechanism proposed in
the Xile’s paper indeed lowers the energy barrier by avoiding the formation of O-O band
to 0.39 V. |Figure 526/ demonstrates OER mechanisms that two Fe ions were incorporated
on/in surface and interface. The TILT model shows an overpotential of 0.77 V that is
higher than the intrinsic clean surface. The high over potential is attributed to the high
oxidation state of Fe ions in the model. For the OER occurs at the end of dimer Fe
also shows a small over potential of 0.43 V. The rate determining step is removing a
proton from OH ™ coordinated to Fe ions. The reaction at the middle of two Fe ions is
0.51 eV, which is slightly higher than OER happens at the end position. Structures of

intermediates and their magnetic order test are provided in the attached slides.
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6.2 Bader charges, magnetic moments and OS of some ions in

intermediates in OERs

We here give the Bader charge, magnetic moments (MM) and OS of some ions near the
active site. [Table S12 illustrated that information of OERs that occurs on the vacancy
of an oxygen ion. The Bader charge of all metal ions varies within 0.2 |e~|, however the
MM and OS of Fe can be significantly altered. If we ceiling all the OS and MM into
integer, the relationship between OS and MM is consistent with the crystal field theory
for octahedral coordination. For example, the OS of M, MO, MOH and MOOH are +3,
+4, +4 and +4, and then their MM are 5, 2, 4 and 4 pug. But there are problems for
some intermediates, such as intermediates of 2IN6 model, the calculated OSs are about 1,
while the MMs are about 5 pg. This is because when we calculated the OS, the substrate
O raises +0.5 to each connected Fe ion (O is -2, four Fe ions are connected in total, then
each raises +0.5). But actually each Fe-O(substrate) takes an electron, additionally, the
relationship of OS and MM changes in different coordination environment. Therefore,
the MM also can not be used to calculate the Fe OS in all cases.

Table S12: Bader charges and magnetic moments of ions, energy and total magnetic
moment of intermediates in OERs with V4 (Ni) as active site.

Mechanism Intermediates 0 FBe aderN(i]1h argl\(;iz Ni3 h;eagne);(;lmorﬁ?; n 1\'?1)3 OSge
M X X 120 120 124 X 1.73 1.70 1.25

Clean MO -0.79 X 131 130 1.30 X 1.09 123 1.24
MOH -1.06 X 126 130 130 X 1.75 1.31 1.31
MOOH -0.51 X 125 1.29 1.29 X 174 131 1.30
M X 176 124 1.21 125 | 420 1.11 125 1.69 2.99

9UP-Ni MO -0.78 1.59 131 1.30 1.30 | -1.89 0.34 1.10 1.10 3.21
MOH -1.10 1.76 1.30 1.29 1.31 | 3.57 1.13 1.28 1.22 341
MOOH -0.53 1.74 1.28 1.29 1.29|-3.51 1.20 1.17 1.18 3.79
M X 17 124 123 125| 3.63 1.15 1.31 1.13 3.22

3UP-Ni MO -0.80 1.75 130 1.28 1.31|-416 0.38 088 1.11 2.36
MOH -1.09 174 131 1.29 131 | 297 1.19 1.23 1.13 4.77
MOOH -0.52 1.72 1.28 1.25 1.29|-253 1.22 172 1.17 4.00
M X 175 124 124 1.21|-422 1.20 1.07 1.68 1.00

9IN6-Ni MO -0.74 176 1.28 1.31 1.30|-4.23 1.18 0.11 1.11 1.00
MOH -1.06 1.76 130 1.30 1.31 |-4.22 1.22 1.07 1.10 1.00
MOOH -049 176 1.29 1.29 1.29 |-4.21 1.20 1.09 1.23 0.79
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Table S13: Bader charges and magnetic moments of ions, energy and total magnetic
moment of intermediates in OERs with Fe as active site

Mechanism Intermediates | Bader O Bader Fe  MM(ug) OSg,
M X 1.66 410  2.30

MO -0.66 1.66 3.30  3.20
2UP-Fe-TOP 1oy 1.14 1.74 420 214
MOOH -0.48 1.74 414 2.19

M X 1.71 120 287

. MO -0.76 1.67 332 3.03
2UP-Fe-Side  \/op 1.16 1.73 421 2.05
MOOH -0.60 1.72 417 2.08

M X 1.71 416 1.58

MO -0.70 1.70 333 285

2ING-Fe MOH -1.05 1.77 380  2.62
MOOH -0.33 1.78 410  2.98

M X 1.70 118 297

. MO 0.55 1.66 2.37  3.93
SUP-Fe-Side  /op -1.19 1.73 350 3.02
MOOH -0.22 1.73 399  3.19

Table S14: Bader charges and magnetic moments of ions, energy and total magnetic
moment of intermediates in OERs with dimer-Fe as active site.

Mechanism Intermediates | Bader, Baderp,, Baderp, MMy, MMpg, OSp; OSgs
M X 1.69 1.68 3.53 -3.38 3,50 3.00
MO -0.34 1.68 1.69 3.40 -3.40  4.00  3.00
BRIDGE MOH -1.01 1.69 1.67 3.50 -3.36 4.00  3.00
MH X 1.69 1.68 3.50 -3.38 3,50  3.00
M X 1.64 1.68 3.61 3.61 233 233
MO -0.77 1.66 1.65 3.32 -3.38 390 228
TLT-Fe MOH -1.05 1.68 1.68 -3.36 3.54 310 232
MOOH -0.17 1.64 1.65 4.04 -3.33 419 219
M X 1.67 1.70 4.17 419 2,60 255
Fe-Dimer-mid MO -1.06 1.69 1.72 4.18 419  2.69 1.78
MOH -1.19 1.70 1.76 4.17 4.25 256 1.82
MOOH -0.58 1.72 1.74 4.11 420 269 2.84
M X 1.71 1.69 4.16 -4.15 329  2.14
FoDimer-end MO -0.67 1.71 1.69 4.20 323 299 345
MOH -1.06 1.69 1.61 -4.19 -1.91  3.13  3.00
MOO, H -0.39 1.69 1.59 -4.18  -1.76  3.13  3.20
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