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S1 Computational details

To investigate the initial electrochemical reduction of hematite (a-Fe>Os3) on the
(0001), (1010), and (1210) facets under varying surface coverages, we performed density
functional theory (DFT) using the Vienna Ab initio Simulation Package (VASP) '3, The
aqueous environment was represented using the implicit-solvation model VASPsol. 4 Analysis
of magnetic configurations of hematite in the primitive unit cell are provided in the SI of our
previous work.? The atomic structures were optimized using Gaussian smearing method with
a smearing width of 0.05 eV. Convergence criteria for forces and total energy in the self-
consistent field (SCF) cycle are set to 0.01 eV/A and 10 eV, respectively. The plane-wave
cutoff energy used for our calculations was 500 eV. A 3x3x1 k-point mesh was employed for
surface calculations. The tetrahedron method with Blochl corrections (ISMEAR = -5) and k-
point mesh 9x9x1 was employed to calculate the density of states (DOS) and the Fe d-band
center/O p-band center, and the sumo command-line tool was used for plotting the DOS.°
Electronic self-consistency was accelerated using VASP’s density mixing scheme with the
charge and magnetization channels controlled by mixing parameters (AMIN = 0.01, AMIX =
0.8, BMIX =1.5, AMIX MAG=3.2,and BMIX MAG = 1.5). The density-mixing parameters
were adjusted to achieve robust electronic convergence for the spin-polarized DFT + U
calculations. The atomic structure and slab models were constructed and visualized using the
Atomic Simulation Environment (ASE) 7 and Visualization for Electronic and STructural
Analysis (VESTA) 8 software.

To assess the finite-temperature stability of representative surface configurations of hematite
in an explicit aqueous environment, we performed ab initio molecular dynamics (AIMD)
simulations using the CP2K 2025.2 °/Quickstep software package!'®, which implements a
hybrid Gaussian and plane-wave (GPW) approach. Periodic boundary conditions were applied
in the x and y directions, while free boundary condition was imposed along the z-direction to
prevent artificial interactions across the vacuum region. For the AIMD simulations, a lateral
supercell four times larger than in the VASP calculations was used to allow I'-point sampling;
the 12*Hqu, coverage therefore corresponds to 48 H atoms in the CP2K cell. Prior to the
production AIMD run for finite-temperature stability analysis, the system was optimized using
static DFT and then gradually heated from an initial temperature of 10 K to 300 K using an
NVE annealing procedure. Subsequently, AIMD simulations were performed in the canonical

(NVT) ensemble at 300 K using a time step of 0.5 fs. A total of 40,000 MD steps were carried



out. Temperature control was achieved using the canonical sampling through velocity rescaling
(CSVR) thermostat, applied globally to the system with a thermostat time constant of 50 fs.
The simulation box contained 784 atoms for the clean surface and 832 atoms for the 12*Hgup-
hydrogenated surface, including Fe, O, and H — from both the hematite slab and the
surrounding water molecules. The number of surrounding water molecules was 128 for both

surfaces.

S2 Modeling electrochemical processes on hematite

Electrochemical environments facilitate the adsorption of molecular and ionic species from the
electrolyte onto the electrode surface through electrostatic interactions. To explain the surface
structures that are thermodynamically stable at a given electrode potential (U), we apply an ab

' We focus on the

initio thermodynamics framework based on stability diagrams.!
thermodynamic stability of hydrogen adsorbed on lattice oxygen atoms under cathodic

polarization, illustrated here for the (0001) facet.

To identify the energetically favored surface structures of hematite as a function of the applied
electrode potential, we use a thermochemical model in combination with the computational
hydrogen electrode (CHE) approach developed by Nerskov and coworkers. '? This combined
framework enables a thermodynamic-electrochemical evaluation of adsorption free energies
for various surface adsorbate structures. '3~'® In order to comprehend the surface structure of
the hematite model electrode under different electrochemical conditions, it is necessary to
determine the adsorption free energies for different *H coverage configurations under cathodic
polarization. We then minimize the free energies of the different surface phases as a function
of the applied electrode potential. The thermodynamically favored surface configurations are
the one with the lowest free energy, and those are illustrated in the section of stability diagrams

(cf. Section S2.4).

Surface stability diagrams provide a thermodynamic basis for identifying representative
surface states under electrochemical conditions. °* In this study, we rely on the stability
diagrams for reasonable comparison and to enhance our understanding of the reduction process.
Consequently, we consider clean (bare), 8*Hsu and 12*Hgu, surface coverages to study the

reduction of hematite across three different crystallographic facets.



S2.1 Determination of adsorption free energies
We selected the stoichiometric a-FexO3(0001) surface in a (2 x 2) supercell, as shown in
Figure S1, to illustrate how to determine the adsorption free energies using this clean (bare)

surface.

*Hsub

Figure S1. Slab model of (2x2) supercell a-Fe2Os. The polyhedral representation of hematite shows Fe-O-Fe
termination, where the outermost layer is partially octahedral, while the inner layer is fully octahedral. Atomic
species are represented as follows: gold spheres for iron and red spheres for oxygen. The figure was created using
the VESTA visualization software.®

For the formation of *H adsorbates on the lattice oxygen site, we consider the following

process:

M-O-Fe + H'(4q) + ¢ — M-OH-Fe (1)

where M represents the remaining structure of hematite (cf. Figure S1).



To calculate the free formation energy of liquid water using density functional theory (DFT),
we consider gaseous water at a temperature of 298.15 K and adjust the pressure to the vapor
pressure of water (0.035 bar). Since gaseous water at its vapor pressure is in equilibrium with
liquid water, this adjustment converts the free energy of gaseous water into that of liquid water
by accounting for the corresponding change in translational entropy. In this study, the chemical
potential associated with proton-coupled electron transfer is evaluated using the CHE
formalism. Accordingly, at U = 0 V vs. the standard hydrogen electrode (SHE), pH =0, T =
298.15 K, and P(H2) = 1 atm, the chemical potential of a proton—electron pair is defined by
one-half the chemical potential of molecular hydrogen gas, as described by the equilibrium in

equation (2):

H'agte = 2 Hag (2)
Thus, it is sufficient to calculate the chemical potential of a hydrogen molecule using DFT by

considering that the following relation holds under equilibrium conditions:

Hi T He = 72 iy, (3)
The calculation of the Gibbs free-energy change (AG) for an adsorption process, as presented
in equation (1), is crucial for constructing surface stability diagrams. In the case of multiple
adsorbates in the (2 x 2) unit cell, we can apply a modified version of equation (1) by balancing
the chemical equation. For example, for the adsorption of 12*H on lattice oxygen sites (cf.

Figure S1), we arrive at:
M-O-Fe +12 (H"ag + ¢ )—> M-12(OH)-Fe 4)
For simplicity, we replace M—O—-Fe with * to represent the remaining O site for hydrogen
adsorption. Accordingly, equation (4) can be expressed as:
*+12 (H aqt ¢ )—> *-12(0OH) (5)

The corresponding AG value for this process is given by:

AG(0,0) = G(x-12(0OH)) — G(*) — 6G(H,) (6)



The (0,0) in equation (6) indicates that this AG value refers to the Gibbs free energy at zero
electrode potential and pH = 0. For all possible adsorbate structures, the AG(0,0) value is

obtained through DFT calculations using the following relation:

T=298.15

AG(0,0) = AEtot + AEzpE — TAS +f cpdT (7)
0

Here, AEtot denotes the difference in the electronic energy between the two thermodynamic

states, as shown in in equation (8):

AEwo = E(* -12(OH)) — E(*) — 6E(H,) (8)

AE: in equation (7) indicates the difference in zero-point energy between the adsorbate-
covered surface and the stoichiometric hematite surface, including the respective reference
states. These calculations are performed using VASPKIT 2°. The vibrational frequency
calculations in VASP were performed using the finite difference method (IBRION = 5), with
atomic displacements of 0.015 A (POTIM = 0.015) and NFREE=2. For the frequency
calculations, H, Fe and O atoms on the outermost layer(s) are considered, assuming that the
atoms relax due to vacancy formation during reduction process. We only account for the
vibrational contribution to the total entropy for the adsorbates (term TAS), as described by

equation (9):26

modes
X ,
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where x; = % , h is Planck’s constant, w is the frequency, and kg denotes Boltzmann’s
B

constant. The last term in equation (7) refers to the enthalpic temperature correction to translate
the DFT-calculated energetics from 0 K to 298.15 K.
By counting the number of transferred protons, v(H+), and electrons, v(e’), in each

electrochemical step, it is possible to convert the AG(0,0) values to potential-dependent free-

energy changes:

AG(pH,U) = AG(0,0) + v(e )Usyg + v(HY)ksT(In10) pH (10)
For example, under cathodic conditions, the formation of the * — 12(OH) phase in equation

(4) results in the following relation for the potential-dependent free energy change:



AG(pH,U) = AG(0,0) + 12 kzgT(In10)pH + 12 e Usyg (11)
where e is the elementary charge. Note that the term AB7(In10) amounts to 0.059 eV at 7' =
298.15 K.

By minimizing the AG(pH, U) values for all possible adsorbate configurations on the hematite
surface, we derive the energetically preferred surface phase as a function of AG and applied

electrode potential U, which is illustrated in the surface stability diagram section (cf. Section

S2.4).
S2.2 Relationship between SHE and RHE scale

We can rewrite equation (10) on the reversible hydrogen electrode (RHE) scale by considering
the following correlation:

eUgryr = eUsyp + 0.059 pH (12)
Therefore, by substituting equation (12) into equation (10) and assuming v(e™) = v(H%), the

free-energy change for the adsorption process on the RHE scale is:

AG(Urne) = AG(0,0) + v(e™) e UrHE (13)

Note that this transformation is only valid if the redox reactions involve the same number of
transferred protons, v(H+), and electrons, v(e"). This prerequisite is clearly satisfied for the

hydrogenation of hematite surface for *H adsorbate on lattice oxygen atoms. Consequently, we
discuss the stability diagrams and the electrochemical reduction of hematite on different facets

using RHE scale rather than the SHE scale.
S2.3 Free energies for hydrogenated hematite surfaces

The free energies of surface configurations containing *H on hematite are calculated relative
to the clean hematite surface in our model and are reported in Table S1 for the three facets.
The corresponding notations for each model are also provided in the table.

To investigate the electrochemical reduction of hematite, we considered the following surface
configurations: clean, 8*Hsu, and 12*Hgu, surface coverages for the three facets. The stability
of these surface coverages and their structures are presented in Figures S2- S4 (cf. Section

S2.4).



Table S1. The free energies of adsorbed *H surface structures with respect to the clean surface of hematite in the
(2 x 2) unit cell for the (0001),(1010), and (1210) facets. The corresponding notations for each model
investigated in this study are also illustrated as follows: (O12Hy) refers to a hydrogenated lattice oxygen atom in
the first/second layer of hematite, depends on the facet, where the subscript ‘p’ denotes the number of the
corresponding adsorbed hydrogens. The symbol M denotes the remaining part of the slab.

facet Hydrogenated surface coverages AG/ eV

M-O12-4Fe (clean) 0.00

M-O12H-4Fe 20.29

M-O12H»2-4Fe 20.81

M-O12H3-4Fe -1.20

M-O12H4-4Fe

(0001) M-O12Hs-4Fe _11?
M-O12He¢-4Fe .1.87

M-O12H7-4Fe 132

M-O12Hs-4Fe 231

M-O12H12-4Fe 312

M-O12-6Fe (clean) 0.00

M-O1:H-6Fe 220

M-O12H2-6Fe¢ 4.13

_ M-0O12H3-6Fe¢ -5.53
(1010) M-0O12H4-6Fe -6.45
M-0O12Hs-6Fe -7.00

M-0O12He-6Fe 755

M-O12H7-6Fe¢ -7.98

M-O12Hs-6Fe 801

M-O12H12-6Fe -8.99

M-O12-8Fe (clean) 0.00

M-O1:H-8Fe 20.96
M-0O12H2-8Fe -1.92

M-0O12H3-8Fe 261

— M-0O12H4-8Fe

(1210) M-0O12Hs5-8Fe jé;
M-0O12He-8Fe 426
M-0O12H7-8Fe 4.66
M-O12Hs-8Fe 479
M-O12H12-8Fe 4.59




S2.4 Stability diagram

DFT-based stability diagrams are constructed through a thermodynamic evaluation of reaction
equations, using a well-defined reference state—namely the clean surface of the corresponding
facet. Free-energy changes for various surface configurations, as derived from equation (13),
are listed in Table S1. Based on these values, the stability diagram of hematite for the three
facets is shown in Figures S2 — S4, along with the corresponding structures considered for the
electrochemical reduction of hematite in this study. We did not include surface coverages of
9*Hgub, 10*Hsw, and 11*Hgyp in the stability diagram analysis, as trends exhibited a smooth
slope progression, and a maximum coverage of 12*Hsu, on the oxygen atoms of the first/second

layer was selected following the 8*Hsu, coverage.
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Figure S2. a), b), and ¢) show the (0001) facet configurations of hematite for clean, 8*Hsu, and 12*Hjsub surface
coverages, respectively. The scheme for atomic spheres: gold for iron, red for oxygen, and white for hydrogen.
The figure was created using the VESTA visualization software.® d) Stability diagram for the hydrogenation of
the (0001) facet.
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Figure S3. a), b) and ¢) show the (1010) facet configurations of hematite for clean, 8*Hguw, and 12*Hgu surface
coverages, respectively. The scheme for atomic spheres: gold for iron, red for oxygen, and white for hydrogen.
The figure was created using the VESTA visualization software.® d) Stability diagram for the hydrogenation of
the (1010) facet.
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Figure S4. a), b) and ¢) show the (1210) facet configurations of hematite for clean, 8*Hguw, and 12*Hgu surface
coverages, respectively. The scheme for atomic spheres: gold for iron, red for oxygen, and white for hydrogen.
The figure was created using the VESTA visualization software.® d) Stability diagram for the hydrogenation of
the (1210) facet.

S3 Electrochemical reduction reactions of hematite

S3.1 Electrochemical reduction reactions of hematite—clean surface

To analyze the initial reduction of hematite surface, we start with a hematite surface without
any surface coverage. To achieve a reduced hematite surface, where Fe atoms remain exposed
in the first and/or second layers, the oxygen atoms are removed sequentially, step by step. Each
oxygen removal occurs via two proton-coupled electron transfer steps, producing water as a
byproduct. This process leads to the formation of oxygen vacancies on the surface and the

release of water, as illustrated in equations (14) — (25).

M-120 + 2(H" + ¢) = M-110+ H,O) AG (14)
M-110+ 2(H" + &) ® M-100 + H,0q, AG> (15)
M-100 + 2(H" + ") = M-90 + HxO) AG3 (16)
M-90 + 2(H* + ¢") = M-80 + HO) AGs (17)
M-80+ 2(H" + ¢") = M-70 + H,Oq) AGs (18)
M-70+ 2(H" + ¢") = M-60 + H,Oq) AGs (19)
M-60+ 2(H* + ¢") = M-50 + H,Oq) AG7 (20)
M-50+ 2(H" + ¢") = M-40 + H,O) AGg (21)
M-40+ 2(H + &) = M-30 + HOq) AGy (22)
M-30+ 2(H" + &) = M-20 + H,Oq) AGo (23)

10



M-20+ 2(H" + &) = M-10+ H,Oq) AG1i (24)

M-10+ 2(H" + ¢) = M+ H.0q, AGn (25)
Note that M denotes the remaining slab after removal of the respective number of oxygen atoms
from the near-surface region and does not represent a stoichiometric quantity. This definition
applies to all instances of M in this study, unless otherwise specified. For instance, M-110
corresponds to a surface from which one oxygen atom has been removed, M-100 to a surface
from which two oxygen atoms have been removed, and so forth. During the reduction, oxygen

atoms from lower layers migrate into the outermost layers (cf. Figure 3 of the main text).

S3.2 Electrochemical reduction reactions of hematite—8*H;u, surface (partial reduction)

For the 8*Hgy, hematite surface, the initial electrochemical reduction is modeled by sequential
hydroxyl removal via a single proton-coupled electron transfer, producing water as a
byproduct. This process creates hydroxyl vacancies on the surface and leads to the release of

water, as illustrated in equations (26) — (33).

M-80H-40 + (H + ¢) = M-70H-40 + H,O( AG3 (26)
M-70H-40 + (H" + ¢’) = M-60H-40 + H,O, AGi4 (27)
M-60H-40 + (H" + ¢) = M-50H-40 + H,O( AGis (28)
M-50H-40 + (H* + ¢") = M-40H-40 + H,O(, AGie (29)
M-40H-40 + (H* + ¢") = M-30H-40 + H,O) AG17 (30)
M-30H-40 + (H* + ¢") = M-20H-40 + H,O(, AGs (3D
M-20H-40 + (H* + ¢") = M-10H-40 + H,Oq, AG1o (32)
M-10H-40 + (H* + ¢") = M-40 + H,0q) AGao (33)

M-70H-40 corresponds to a surface from which one hydroxyl group has been removed, M-
60H-40 to a surface from which two hydroxyl groups have been removed, and so on; the four

non-hydroxylated oxygen atoms remain in the final state M-40.

S3.3 Electrochemical reduction reactions of hematite—12*Hsy, surface

For the 12*Hu, hematite surface, the initial electrochemical reduction is modeled by sequential
hydroxyl removal via a single proton-coupled electron transfer, producing water as a
byproduct. This process leads to the formation of hydroxyl vacancies on the surface and release

of water, as shown in equations (34) — (45).

11



M-120H + (H + ¢’) = M-110H + H,Oq AG (34)

M-110H + (H* + ¢") = M-100H + H2O AG2 (35)
M-100H + (H* + ¢") = M-90H + H,Oy, AG2; (36)
M-90H + (H + ¢) = M-80H + H,O( AGas (37)
M-80H + (H + ¢) = M-70H + H.O AG>s (38)
M-70H + (H" + ¢) = M-60H + H.O AGae (39)
M-60H + (H" + ¢) = M-50H + H.O AGa7 (40)
M-50H + (H" + ¢) = M-40H + H,O( AGos (41)
M-40H + (H" + ¢) = M-30H + H.O( AG29 (42)
M-30H + (H" + ¢) = M-20H + H,O AG3o (43)
M-20H + (H" + ¢) & M-10H + H,O AG31 (44)
M-10H + (H" + ¢") = M+ HxOq) AG3 (45)

M-110H corresponds to a surface with one hydroxyl vacancy, M-100H corresponds to a

surface with two hydroxyl vacancies, and so on.
The free-energy changes associated with AG1— AG3; in equations (14) — (45) are provided in

tabular form in Section S4 for all facets.

S4 Free-energy changes for the electrochemical reduction of hematite

S4.1 Free-energy changes for the (0001) facet

In Table S2, we have summarized the free-energy changes for the elementary reaction step of
the electrochemical reduction of a-Fe>03(0001) according to (AG1) — (AG32) in equations (14)
— (45) of Section S3.

12



Table S2. Free-energy changes (AG) associated with (AG1) — (AG32) in equations (14) — (45) of Section S3 for all
reactions investigated in the electrochemical reduction of the a-Fe203(0001) facet a function of different surface
coverages at zero applied electrode potential. All values are given in eV.

Surface coverage AG (eV)
AG1: 038 | AGx:-001 | AGx:-030 | AG#-0.53 | AGs:021 | AGs:-0.04
Clean AG7:-030 | AGs:0.13 | AGe:032 | AGw:047 | AGu:1.65 | AGi:1.82
AG13:0.82 | AG1:-0.90 | AG1s:0.12 | AGis:0.61 | AGi7:0.17 | AGis: 031
8*Hsub AG15:0.58 | AG20:0.30
AGa:-0.03 | AG2:-0.02 | AG2:0.63 | AGau:-0.04 | AGrs:0.46 | AGae: 0.81
12*Hsu AG: 094 | AGx:-0.07 | AG»:0.52 | AGx:-0.06 | AG3:0.16 | AGs: 131
Clean as a AGi:-2.59 | AG2:-120 | AG::-0.04 | AG#0.70 | AGs:-0.55 | AGs: 0.59
function of 4*H AG7:-0.94 | AGs:031 | AGo:-0.84 | AGi0:028 | AG1:-0.83 | AGi2:0.99
on the outermost
Fe atoms
8*Hauw as a AG1i3:-1.00 | AGu: 0.14 | AGis:031 | AGie:0.26 | AG17:0.29 | AGis: 0.18
function of 4*H AG19:-0.15 | AGxa: 1.75
on the outermost
Fe atoms
12*%Hquw as a AGa:-032 | AG2:0.56 | AGx:-031 | AG2:0.55 | AGes:0.25 | AGa:-0.15
function of 4*H AG27:0.05 | AGx:-025 | AG»:049 | AGs:1.14 | AGsi:0.12 | AGs: -0.13
on the outermost
Fe atoms
Benchmark gas AG13:023 | AG:-020 | AG1s:0.55 | AGis:0.13 | AGi7:0.16 | AGis: 0.55
phase DFT AG19:0.84 | AGa: 0.35
calculation for
8*Hsup

S4.2 Free-energy changes for the (1010) facet
In Table S3, we have summarized the free-energy changes for the elementary reaction step of

the electrochemical reduction of a-Fe>03(1010) according to (AG1) — (AG32) in equations (14)-
(45) of Section S3.

13



Table S3. Free-energy changes (AG) associated with (AG1) — ( AG32) in equations (14) — (45) of Section S3 for
all reactions investigated in the electrochemical reduction of the a-Fe203(1010) facet as a function of different
surface coverages at zero applied electrode potential. All values are given in eV.

Surface coverage AG (eV)
AG1:-2.86 | AG2:-221 | AG3:-1.02 | AGs-0.89 | AGs:-0.67 | AGe:-0.49
Clean AG7:0.20 AGs: 1.23 AGo:1.79 | AGi: 1.63 | AGi:1.80 | AGiz: -0.20
AGi: 118 | AGx:-480 | AG:: 126 | AGs0.93 AGs: 1.64 | AGe: -0.69
Clean as a AG7: 017 | AGs:3.05 | AGo:-1.86 | AGu:-0.60 | AGi:247 | AGi:-0.15
function of 6*H
on the outermost
Fe atoms
AG13:-0.60 | AGs:-0.57 | AGis:-0.13 | AGis:-0.08 | AG17:0.30 | AGis: 0.63
8*Houo AG19: 129 | AGa:-0.26
AGa: 042 | AG2:0.05 | AG2:-0.10 | AGau:-0.16 | AGas:-1.25 | AGae: -0.03
12*Hsuo AG27:0.19 | AGx:0.02 | AGxw: 143 | AGs:0.50 | AGsi:1.22 | AGs:0.71

S4.3 Free-energy changes for the (1210) facet

In Table S4, we have summarized the free-energy changes for the elementary reaction step of

the electrochemical reduction of a-Fe>03(1210) according to (AG1) — (AG32) in equations (14)
— (45) of Section S3.

Table S4. Free-energy changes (AG) associated with (AG1) — (AGs2) in equations (14) — (45) of Section S3 for all
reactions investigated in the electrochemical reduction of the a-Fe2O3(1210) facet as a function of different
surface coverages at zero applied electrode potential. All values are given in eV.

Surface coverage AG (eV)
AG: -0.73 AGz2: -0.72 AGs: -0.42 AGs: -0.40 AGs: 0.18 AGs: 0.17
Clean AG7: 0.68 AGs: 0.49 AGo: 1.67 AGo: 1.92 AG11: -048 | AG: 1.55
AG: -2.31 AG2: 0.72 AGs: 1.84 AGs: -0.41 AGs: -0.22 AGs: 1.12
Clean as a AG7: -0.27 AGs: 0.59 AGo: -0.14 | AG1o: -0.09 AGi: 0.34 AG12: 1.20
function of 8*H
on the outermost
Fe atoms
AG3: 0.29 AGus: 0.38 AGis: 0.42 AGie: 1.48 AG17: 0.69 AGis: 0.60
8*Hsub AG19: 0.58 AGro: -0.08
AGo1: -0.38 AG2: 0.33 AG2:0.44 | AGa:-0.18 AGrs: 0.57 AGa6: 0.83
12*Hsuo AG27:048 | AGx::0.88 | AG2:090 | AGs: 142 | AGsi: 1.77 | AGs:0.48
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Since each intermediate is obtained by relaxing the preceding structure, the reduced states
depend on the reduction sequence: during the removal of *O and *OH species, the geometry
and the magnetic configuration evolve differently, so that final states of identical composition

reached from different initial surfaces can differ in structure and free energy.

S5 Free-energy span model of Gmax(U)

Tables S5, S6, and S7 summarize all possible spans for the electrochemical reduction of
hematite on the surface. The descriptor Gmax(U) is determined by extracting the largest free-

energy span for each surface coverage reactions in dependence of U.!%?7

Table S5. Possible free-energy spans for the electrochemical reduction starts from clean surface and clean surface
as a function of hydrogen on the outermost Fe atoms. The indicated spans refer to a difference in free-energy.

Spans for clean and clean as a function of hydrogen on the outermost Fe atoms
Span(1) M120 »> M110 Span(27) M100 - M60 Span(53) M70 —» M40
Span(2) M120 - M100 Span(28) M100 —» M50 Span(54) M70 - M30
Span(3) M120 - M90O Span(29) M100 - M40 Span(55) M70 — M20
Span(4) M120 —» M8O Span(30) M100 —» M30 Span(56) M70 - M10
Span(5) M120 » M70 Span(31) M100 —» M20 Span(57) M70 > M
Span(6) M120 - M60O Span(32) M100 - M10 Span(58) M60 —» M50
Span(7) M120 —» M50 Span(33) M100 > M Span(59) M60 —» M40
Span(8) M120 - M40 Span(34) M90 — M8O Span(60) M60 —» M30
Span(9) M120 - M30 Span(35) M90O — M70 Span(61) M60 — M20
Span(10) | M120 - M20 Span(36) M90 —» M60 Span(62) M60 - M10
Span(11) M120 -» M10 Span(37) M90 —» M50 Span(63) M60 -»> M
Span(12) M120 > M Span(38) M90 —» M40 Span(64) M50 - M40
Span(13) | M110 = M100 Span(39) M90 —» M30 Span(65) M50 —» M30

Span(14) M110 - M90O Span(40) M990 —» M20 Span(66) M50 — M20
Span(15) | M110 — M8O Span(41) M90 —» M10 Span(67) M50 »> M10
Span(16) M110 > M70 Span(42) M990 - M Span(68) M50 > M
Span(17) M110 - M60 Span(43) M8O — M70 Span(69) M40 — M30
Span(18) | M110 — M50 Span(44) M8O —» M60 Span(70) M40 —» M20
Span(19) M110 - M40 Span(45) M80O —» M50 Span(71) M40 - M10
Span(20) M110 - M30 Span(46) M8O —-M40 Span(72) M40 > M
Span(21) | M110 — M20 Span(47) M8O —» M30 Span(73) M30 —» M20
Span(22) M110 - M10 Span(48) M80O —» M20 Span(74) M30 -> MI10
Span(23) | M110 > M Span(49) M8O —» M10 Span(75) M30 > M
Span(24) | M100 — M90O Span(50) M8O > M Span(76) M20 - M10
Span(25) M100 - M8O Span(51) M70 - M60 Span(77) M20 > M
Span(26) M100 - M70 Span(52) M70 — M50 Span(78) MI10O > M

15



Table S6. Possible free-energy spans for the electrochemical reduction starts from 8*Hsu, surface. The indicated
spans refer to a difference in free-energy.

Spans for 8*Hsu surface (partial reduction on the reactive layer(s)
Span(1) M8OH40 —» M70H40 Span(13) M70H40 —» M20OH40 Span(25) M50H40 —» M10H40
Span(2) M8OH40 —» M60H40 Span(14) M70H40 —» M10H40 Span(26) M50H40 —» M40
Span(3) M8OH40 —» M50H40 Span(15) M70H40 —» M40 Span(27) M40H40 —» M30H40
Span(4) M8OH40 —» M40H40 Span(16) M60OH40 — M50OH40 Span(28) M40H40 —» M20OH40
Span(5) M8OH40 — M30H40 Span(17) M60OH40 —» M40H40 Span(29) M40H40 —» M10H40
Span(6) M8OH40 —» M20OH40 Span(18) M60OH40 — M30OH40 Span(30) M40H40 —» M40
Span(7) M8OH40 —» M10H40 Span(19) M60OH40 — M20OH40 Span(31) M30H40 —» M20OH40
Span(8) M8OH40 —» M40 Span(20) M60OH40 — M10H40 Span(32) M30H40 —» M10H40
Span(9) M70H40 - M60H40 Span(21) M60OH40 —» M40 Span(33) M30H40 —» M40
Span(10) | M70H40 — M50H40 Span(22) M50H40 — M40OH40 Span(34) M20H40 —» M10H40
Span(11) | M70H40 — M40OH40 Span(23) M50H40 —» M30H40 Span(35) M20H40 —» M40
Span(12) | M70H40 — M30OH40 Span(24) M50H40 —» M20OH40 Span(36) M10H40 —» M40

Table S7. Possible free-energy spans for the electrochemical reduction starts from
spans refer to a difference in free-energy.

12*Hqub surface. The indicated

Spans for 12*Hsu, surface

Span(l) | MI20H — M110H Span(27) MI100H - M60H Span(53) | M70H — M40OH
Span(2) | MI120H — M100OH Span(28) MI100H — M50H Span(54) | M70H — M30H
Span(3) | MI120H — M9OH Span(29) MI100H — M4OH Span(55) | M70H — M20OH
Span(4) | MI120H — M8OH Span(30) MI100H — M30OH Span(56) | M70H — MIOH
Span(5) | MI120H — M70H Span(31) MI100H - M20H Span(57) | M70H > M

Span(6) | MI120H — M60OH Span(32) MI100H - MI1OH Span(58) | M60OH — M50H
Span(7) MI120H - M50H Span(33) MI0OH—> M Span(59) M60OH - M4OH
Span(8) | MI120H — M40OH Span(34) M9OH— MS8OH Span(60) | M60H — M30H
Span(9) | MI20H — M30H Span(35) M90OH — M70H Span(61) | M60H — M20H
Span(10) | M120H — M20OH Span(36) M90OH — M60H Span(62) | M60OH — M1OH
Span(11) | MI20H - MIOH Span(37) M90OH — M50H Span(63) | M60H »> M

Span(12) | M120H - M Span(38) M9OH — M40H Span(64) | M50OH — M40OH
Span(13) | M110H— M100OH Span(39) M90OH — M30H Span(65) | M50H — M30H
Span(14) | M110H — M9OH Span(40) M9OH— M20OH Span(66) | M50H — M20OH
Span(15) | M110H — M8OH Span(41) M90OH — M10H Span(67) | M50H — MIOH
Span(16) | M110H —» M70H Span(42) M9OH - M Span(68) | M50OH - M

Span(17) | M110H— M60H Span(43) MSOH — M70H Span(69) | M4OH — M30OH
Span(18) | M110H — M50H Span(44) MS8OH — M60OH Span(70) | M40OH — M20OH
Span(19) | M110H — M40OH Span(45) MS8OH — M50H Span(71) | M40OH — M1OH
Span(20) | M110H — M30OH Span(46) MSOH — M40H Span(72) | M40OH > M

Span(21) | M110H — M20OH Span(47) MSOH — M30H Span(73) | M30OH — M20OH
Span(22) | M110H —» MIOH Span(48) MS8OH — M20H Span(74) | M30OH — MIOH
Span(23) M110H-> M Span(49) M8OH —» MI10OH Span(75) M30H > M

Span(24) | M10OH — M9OH Span(50) M8OH - M Span(76) | M20OH - M10H
Span(25) | M10OH — M8OH Span(51) M70H— M60OH Span(77) | M20H > M

Span(26) | M10OH — M70H Span(52) M70H — M50H Span(78) | MIOH > M

S6 Free-energy diagrams for the electrochemical reduction of hematite

S6.1 Clean surface

In this section, we present potential-dependent free-energy landscapes for the electrochemical

reduction of the (0001), (1010), and (1210) facets starting from the clean surface. The free-

energy changes associated with the reaction steps outlined in AG; — AG12 or equations (14) —

(25) of Section S3 are compiled in Tables S2—S4 (cf. Section S4). Knowledge of these free-
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energy changes enables the construction of free-energy diagrams along the reaction coordinate,

which are analyzed at U =-0.7 V vs. RHE (cf. Figures S5-S7). All possible free-energy spans

are summarized in Table S5 (cf. Section S5). The limiting free-energy span for each facet is

shown by vertical green arrow which is uphill in free-energy. The inset images on the left and

right depict the surface structures before and after reduction, respectively.

S6.1.1 Free-energy diagram for a-Fe;03(0001)-clean reduction: VASPsol
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Figure S5. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe203(0001)-
clean surface using VASPsol DFT. The inset images on the left and right depict the surface structures before and

after reduction, respectively.
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S6.1.2 Free-energy diagram for a-Fe;03(1010)-clean reduction: VASPsol
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Figure S6. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe>03(1010)-
clean surface using VASPsol DFT. The inset images on the left and right depict the surface structures before and
after reduction, respectively.
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S6.1.3 Free-energy diagram for a-Fe;03(1210)-clean reduction: VASPsol

Reduction from the clean surface: (1210) facet
m— (@ U=-0.7V vs. RHE
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Figure S7. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe>03(1210)-
clean surface using VASPsol DFT. The inset images on the left and right depict the surface structures before and
after reduction, respectively.

S6.2 Hydrogenated hematite surfaces

In this section, we present potential-dependent free-energy landscapes for the electrochemical
reduction of the (0001),(1010), and (1210) facets starting from hydrogenated hematite
surfaces. The free-energy changes associated with the reaction steps outlined in (AG13) — (AG32)
or equations (26) — (45) of Section S3 are compiled in Tables S2—-S4 (cf. section S4).
Knowledge of these free-energy changes enables the construction of free-energy diagrams
along the reaction coordinate, which are analyzed at U=-0.7 V vs. RHE (cf. Figures S8-S19).
All possible free-energy spans are summarized in Tables S6 and S7 (cf. Section S5). The
limiting free-energy span for each facet is shown by vertical green arrow which is uphill in
free-energy. The inset images on the left and right depict the surface structures before and after

reduction, respectively.
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S6.2.1 Free-energy diagram for the a-Fe,03(0001)

Free-energy diagram for the a-Fe;03(0001)-4*H & clean reduction: VASPsol
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Figure S8. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe203(0001)-
4*H & clean surface using VASPsol DFT. The inset images on the left and right depict the surface structures
before and after reduction, respectively.
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Free-energy diagram for the a-Fe;03(0001)-8*Huy reduction: Gas phase DFT
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Figure S9. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe203(0001)-
8*Hsub surface using gas phase DFT. The inset images on the left and right depict the surface structures before

and after reduction, respectively.
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Free-energy diagram for the a-Fe;O03(0001)-8*H;u» reduction: VASPsol
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Figure S10. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe203(0001)-
8*Hsub surface using VASPsol DFT. The inset images on the left and right depict the surface structures before and
after reduction, respectively.
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Free-energy diagram for the a-Fe;03(0001)-4*H & 8*Hup reduction: VASPsol
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Figure S11. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe203(0001)-
4*H & 8*Hsuw surface using VASPsol DFT. The inset images on the left and right depict the surface structures

before and after reduction, respectively.
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Free-energy diagram for the a-Fe;03(0001)-12*Hsu reduction: VASPsol
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Figure S12. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe203(0001)-
12*Hsub surface using VASPsol DFT. The inset images on the left and right depict the surface structures before

and after reduction, respectively.
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Free-energy diagram for the a-Fe;03(0001)-4*H & 12*Hsup reduction: VASPsol
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Figure S13. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe203(0001)-
4*H & 12*Hsu surface using VASPsol DFT. The inset images on the left and right depict the surface structures
before and after reduction, respectively.
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S6.2.2 Free-energy diagram for the a-Fe03(1010)

Free-energy diagram for a-Fe;03(1010)-6%H & clean reduction: VASPsol
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Figure S14. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe>03(1010)-
6*H & clean surface using VASPsol DFT. The inset images on the left and right depict the surface structures
before and after reduction, respectively.

26



Free-energy diagram for a-Fe;03(1010)-8*H,up» reduction: VASPsol
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Figure S15. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe03(1010)-
8*Hsub surface using VASPsol DFT. The inset images on the left and right depict the surface structures before and
after reduction, respectively.
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Free-energy diagram for a-Fe;03(1010)-12*H,up reduction: VASPsol
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Figure S16. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe>03(1010)-
12*Hsub surface using VASPsol DFT. The inset images on the left and right depict the surface structures before

and after reduction, respectively.
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S6.2.3 Free-energy diagram for the a-Fe;03(1210)

Free-energy diagram for a-Fe;03(1210)- 8*H & clean reduction: VASPsol
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Figure S17. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe>03(1210)-
8*H & clean surface using VASPsol DFT. The inset images on the left and right depict the surface structures

before and after reduction, respectively.
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Free-energy diagram for a-Fe;03(1210)- 8*Hsub reduction: VASPsol
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Figure S18. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe>03(1210)-
8*Hsub surface using VASPsol DFT. The inset images on the left and right depict the surface structures before and
after reduction, respectively.
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Free-energy diagram for a-Fe;03(1210)- 12*H,yb reduction: VASPsol
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Figure S19. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe>03(1210)-
and after reduction, respectively.

12*Hsu surface using VASPsol DFT. The inset images on the left and right depict the surface structures before

S7 D-band and p-band center as an electronic structure descriptor
S7.1 D-band center

are presented in Table S8.

As further descriptor for the electrochemical reduction of hematite, we calculated the d-band
center of the top three reactive layers for the surfaces before and after reduction. The results
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Table S8. D-band center before and after the electrochemical reduction of a-Fe203(0001), a-Fe203(1010), and
a-Fe203(1210) facets for the surface coverages considering the top three reactive layers, within the energy interval

of -10to 4 eV.
Facet Surfaces D-band center/ eV Change in d-band
center / eV
Before reduction After reduction | D-band (A)-D-band(B)
B) (A)
a-Fe20s3-clean 0.09 -1.47 -1.56
(0001) | @-Fe03-4*H & clean 0.08 -1.19 -1.27
a-Fex03-8*Hsun(partial) -0.51 -1.43 -0.92
a-Fe203-12*Hsuwb -1.25 -1.50 -0.25
~ a-Fe20s3-clean 0.38 -1.44 -1.82
(1010) | @-Fe>03-6*H & clean 0.92 -1.33 2.26
a-Fe203-8*Hsun(partial) -0.03 -1.00 -0.97
a-Fe203-12*Hsuw -0.61 -1.44 -0.83
~ a-Fe20s3-clean 0.41 -1.64 -2.05
(1210) | @-Fe>03-8*H & clean 0.00 -1.45 -1.45
a-Fex03-8*Hsun(partial) -0.43 -1.37 -0.94
a-Fe203-12*Hsuw -0.76 -1.58 -0.82
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Figure S20. D-band center values before and after the electrochemical reduction of a-Fe.03(0001), a-
Fe203(1010), and a-Fex03(1210) facets for the selected surface coverages for reactive layers, within the energy
interval -10 to 4 eV. The green plot represents the (0001), the blue plot corresponds to the (1010), and the red
plot is for the (1210) facet.
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Table S9. D-band center before and after the electrochemical reduction of a-Fe203(0001), a-Fe203(1010), and
a-Fe203(1210) facets for the surface coverages considering the non-reactive layers, within the energy interval of

-10to 4 eV.
Facet Surfaces D-band center/ eV Change in d-band
center / eV
Before reduction After reduction D-band (A)-D-band(B)
(B) A)
a-Fe>Os-clean 0.46 0.14 -0.32
(0001) | g-Fe»03-4*H & clean 0.85 0.65 -0.20
a-Fex03-8*Hsun(partial) 0.81 -0.39 -1.20
a-Fex03-12*Hgup -0.27 -0.39 -0.13
~ a-Fex0Os-clean 0.11 -0.33 -0.45
(1010) | g-Fe»03-6*H & clean 0.00 -0.32 -0.32
a-Fex03-8*Hsun(partial) 0.16 0.04 -0.12
a-Fe 03-12*Hgup 0.08 -0.39 -0.47
~ a-Fex0Os-clean 0.51 -0.39 -0.90
(1210) | @-Fe»03-8*H & clean 0.26 0.33 0.07
a-Fe>03-8*Hau(partial) 0.12 0.10 -0.01
a-Fex03-12*Hgup 0.04 -0.17 -0.21
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Figure S21. D-band center values before and after the electrochemical reduction of a-Fe.03(0001), a-
Fe>03(1010), and a-Fe>03(1210) facets for the selected surface coverages for non-reactive layers, within the
energy interval -10 to 4 eV. The green plot represents the (0001), the blue plot corresponds to the (1010), and
the red plot is for the (1210) facet.
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Table S10. D-band center before and after the electrochemical reduction of a-Fe203(0001), a-Fe203(1010), and
a-Fe203(1210) facets for the surface coverages considering all Fe atoms in the supercell, within the energy
interval of -10 to 4 eV.

Facet Surfaces D-band center/ eV Change in d-band
center / eV
Before reduction After reduction D-band (A)-D-band(B)
(B) A)
a-Fe20s3-clean 0.27 -0.57 -0.84
(0001) | @-Fex03-4*H & clean 0.51 -0.18 -0.69
a-Fe203-8*Hsun(partial) 0.25 -0.80 -1.05
a-Fe203-12*Hsuwb -0.64 -0.85 -0.21
~ a-Fe20s3-clean 0.17 -0.71 -0.88
(1010) | @-Fex03-6*H & clean 0.01 -0.66 -0.66
a-Fe203-8*Hsun(partial) 0.09 -0.29 -0.38
a-Fe203-12*Hsub -0.19 -0.80 -0.61
~ a-Fe20s3-clean 0.38 -0.79 -1.17
(1210) | a-Fe>03-8*H & clean 0.13 -0.42 -0.54
a-Fe203-8*Hsun(partial) -0.12 -0.43 -0.32
a-Fe203-12*Hsuwb -0.28 -0.70 -0.42
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Figure S22. D-band center values before and after the electrochemical reduction of a-Fe.03(0001), a-
Fe>03(1010), and a-Fe>03(1210) facets for the selected surface coverages for all Fe atoms in the supercell, within
the energy interval -10 to 4 eV. The green plot represents the (0001), the blue plot corresponds to the (1010), and
the red plot is for the (1210) facet.

The d-band center descriptor does not reveal a clear correlation with the electrochemical

reduction activity of the three investigated facets.
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S7.2 P-band center

Table S11. P-band center before and after the electrochemical reduction of a-Fe203(0001), a-Fe203(1010), and
a-Fe203(1210) facets for the surface coverages considering non-reactive layers for O atoms, within the energy
interval of -10 to 4 eV.

Facet Surfaces P-band center/ eV Change in p-band
center / eV
Before reduction After reduction P-band (A)-P-band(B)
(B) (A)
a-Fe>Os-clean -2.32 -2.73 -0.41
(0001) |  @-Fe>O3-4*H & clean -1.69 2.24 -0.55
a-Fe203-8*Hsun(partial) -2.05 -3.17 -1.12
a-Fe203-12*Hsuw -3.08 -3.73 -0.64
~ a-Fe>Os-clean 241 2.72 -0.31
(1010) | @-Fe>03-6*H & clean 243 273 -0.30
a-Fe203-8*Hsun(partial) -2.25 241 -0.16
a-Fe203-12*Hsuwb -2.37 -2.79 -0.41
~ a-FexOs-clean -2.40 -2.88 -0.48
(1210) | @-Fe»03-8*H & clean -2.58 2251 0.07
a-Fe203-8*Hsun(partial) -2.65 -2.55 0.10
a-Fe203-12*Hsuwb -2.64 -2.72 -0.08
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Figure S23. P-band center values before and after the electrochemical reduction of a-Fe203(0001), a-
Fe203(1010), and a-Fe203(1210) facets for the selected surface coverages for non-reactive layers of O atoms
within the energy interval -10 to 4 eV. The green plot represents the (0001), the blue plot corresponds to the
(1010), and the red plot is for the (1210) facet.
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Upon reduction, the O p-band center shifts most strongly on the (0001) facet, both on average

over the complete reduction sequences and for the hydrogen-covered states, which qualitatively

parallels its highest reducibility. However, the O p-band center does not reproduce the ordering

of the two non-basal facets and shows no systematic correlation with Gmax(U); it therefore

serves as a qualitative indicator rather than as a quantitative descriptor of reducibility.

Table S12. P-band center before and after the electrochemical reduction of a-Fe203(0001), a-Fe>03(1010), and
a-Fe203(1210) facets for the surface coverages considering all O atoms in the supercell, within the energy interval

of -10to 4 eV.
Facet Surfaces P-band center/ eV Change in p-band
center / eV
Before reduction After reduction P-band (A)-P-band(B)
(B) (A)

a-Fe20s3-clean -2.46 -2.79 -0.33
(0001) | @-FerO3-4*H & clean -1.72 -2.36 -0.64
a-Fe203-8*Hsun(partial) -2.26 -3.23 -0.97
a-Fe203-12*Hsup -3.26 -3.03 0.23
a-Fe20s3-clean -2.33 -2.78 -0.45
(1010) | a-Fe;03-6*H & clean -2.52 -2.79 -0.27
a-Fe203-8*Hsun(partial) -2.35 -2.51 -0.16
a-Fe203-12*Hsup -2.51 -2.89 -0.37
~ a-Fe20s3-clean -2.39 -2.96 -0.57
(1210) | a-Fe;0s3-8*H & clean -2.63 -2.60 0.03
a-Fe203-8*Hsun(partial) -2.65 -2.63 0.02
a-Fe203-12*Hsup -2.79 -2.81 -0.03
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Figure S24. P-band center values before and after the electrochemical reduction of a-Fe203(0001), a-
Fe>03(1010), and a-Fe203(1210) facets for the selected surface coverages for all O atoms in the supercell, within
the energy interval -10 to 4 eV. The green plot represents the (0001), the blue plot corresponds to the (1010), and
the red plot is for the (1210) facet.

S8 Density of states (DOS)

In this section, we present the density of states before and after the electrochemical reduction.

a) b)

— 0O (p)

— Total DOS — Total DOS — O (p)

DOS
DOS

Energy (eV) Energy (eV)

Figure S25. DOS of a-Fe203(0001)-clean surface. a) before the electrochemical reduction, and b) after the
electrochemical reduction using VASPsol.
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Figure S26. DOS of a-Fe;03(1010)-clean surface. a) Before electrochemical reduction, and b) after
electrochemical reduction using VASPsol.

a)

DOS

-6 -4 -2 0 2 4 6
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Figure S27. DOS of a-Fe:03(1210)-clean surface. a) Before electrochemical reduction, and b) after
electrochemical reduction using VASPsol.
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Figure S28. DOS of a-Fe:03(0001)-8*Hsu surface. a) Before electrochemical reduction, and b) after
electrochemical reduction using VASPsol.
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a) b)

DOS
DOS

Energy (eV)

Energy (eV)
Figure S29. DOS of a-Fe:03(1010)-8*Hqwb surface. a) Before electrochemical reduction, and b) after

electrochemical reduction using VASPsol.
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— Total DOS
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-6 -4 -2 0 2 4 6
Energy (eV)
Figure S30. DOS of a-Fe;03(1210)-8*Hsw surface. a) Before electrochemical reduction, and b) after

electrochemical reduction using VASPsol.

Energy (eV)

a)

— TotalDOS — O (p)

DOS

Energy (eV)

Energy (eV)
Figure S31. DOS of a-Fe203(0001)-12*Hsuw, surface. a) Before electrochemical reduction, and b) after

electrochemical reduction using VASPsol.
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Figure S32. DOS of a-Fex03(1010)-12*Haw surface. a) Before electrochemical reduction, and b) after
electrochemical reduction using VASPsol.
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Figure S33. DOS of a-Fex03(1210)-12*Haw surface. a) Before electrochemical reduction, and b) after
electrochemical reduction using VASPsol.

S9 The ZPE corrections, entropy contributions, and enthalpic
contributions of the reference molecules

Table S13. The ZPE corrections, entropic contributions (7 = 298.15 K), and enthalpic contributions of the
reference molecules.

Reference AE ;pg (€V) TAS (eV) fOT:293-15 cpdT (eV)
molecule
Hae) 0.27 0.40 0.09
H20) 0.57 0.70 0.10

S10 Fe?* and Fe*" deposition analysis from the electrolyte
We examine Fe** and Fe** electrodeposition on the reduced surfaces of a-Fe,03(0001), a-

Fe>03(1010), and a-Fe>03(1210) facets from the electrolyte.
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The reaction for the Fe*" deposition is given as:

R + (Fe** +2¢) = R-Fedep (46)
Here, R represents the reduced hematite surface, and Feqep is the deposited Fe atom.

The free-energy for the reaction is

AG= G(R-Feqe) - G(R) - G(Fe2* +2¢) (47)
From the tables of standard potentials in aqueous solution:?®
Fe’*+2e = Fe; U =-045V (43)
U’ denotes the equilibrium potential. The reaction free energy for Eq. (48) isAG=-2xex U

=0.90¢eV.

From this, we can write:

0.90 eV = pre - p(Fe?" +2¢7) (49)
Where pre is the chemical potential per bee bulk iron atom. Finally, Eq. (49) becomes:

u(Fe** +2¢’) = pre - 0.90 eV (50)
Which is equivalent to:
G(Fe*" +2¢e) = pre - 0.90 eV (51)

By substituting Eq. (51) into Eq. (47), we can calculate Gibbs free-energy at zero electrode
potential (U = 0) and pH = 0 for Fe(II+) deposition:

AG(0,0) = G(R-Feqep) - G(R) - pre +0.90 eV (52)
In the same analysis, the Gibbs free-energy for the Fe** deposition on the reduced surface is

derived. The equilibrium potential for Fe’* +3e” = Fe; U =-0.04 V yields:

AG(0,0)= G(R-Fedep) - G(R) - ppe +0.12 eV (53)
At any applied electrode potential U and the pH = 0, the Gibbs free-energy is determined as:

AG(Urng)= AG(0,0) + v(e’) x Urne (54)
Where v(e") is the number of electrons transferred in the reaction.
Eq. (54) applies to pH = 0 and unit activity of the dissolved Fe species. Since the deposition
reaction involves no protons, its driving force depends on the electrode potential on the SHE

3+

scale and, unlike the PCET steps, is not pH-independent on the RHE scale. The values for Fe
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differ from those for Fe?* by the free energy of the Fe**/ Fe** couple in solution (1.48 eV per
Fe atom at U =—0.7 V) and therefore contain no additional information on the surface.

The results of Gibbs free-energy changes for Fe**/Fe*" deposition on the reduced surfaces of
a-Fe;03(0001), a-Fex03(1010), and a-Fe>03(1210) facets are provided in Table S14. At
lower Fe?* activity (a), the driving force for bulk Fe deposition decreases by kg7 In(1/a)—
0.059 eV per decade at 298 K—so that bulk deposition at U =—0.7 V remains exergonic down
toa= 103

Table S14. Gibbs free-energy changes of Fe2*/Fe** deposition on the reduced surfaces of a-Fe203(0001), a-

Fe203(1010), and a-Fe203(1210) facets from the electrolyte at an applied electrode potential of U =—-0.7 V vs.
RHE.

Facet Reduced surface No. of deposited Fe?'/ Fe** atom(s) AG/eV @U=—0.7V vs. RHE
(Fe?*/ Fe?)

a-Fe>Os-clean 1 2.59/1.11

2 4.90/1.94

(0001) | @-Fe03-8*Hauv(partial) I 2.08/0.60
2 5.08/2.12

a-Fex03-12*Hsu 1 2.64/1.16

2 6.04/3.08

a-Fe>Os-clean 1 2.32/0.84

2 4.58/1.62

a-Fe205-8*Hau(partial) I 4.14/2.66

(1010) 2 7.39/4.43
a-Fex03-12*Hsu 1 4.25/2.77

2 7.51/4.55

a-Fe>Os-clean 1 3.16/1.68

2 5.75/2.79

(1210) | a-Fe:03-8*Hauv(partial) I 321173
2 6.88/3.92

a-Fe203-12*Hsu 1 4.53/3.05

2 6.62/3.66

S11 AIMD simulations analysis

To assess the structural stability of the most favorable (0001) facet of hematite for
electrochemical reduction, AIMD simulations were performed under NVT conditions for both
the clean and 12*Hsuw-hydrogenated surfaces was simulated for 20 ps. A comprehensive set of
stability metrics was monitored throughout the trajectory: temperature evolution to evaluate
thermal equilibration and energy conservation; root-mean-square deviation (RMSD) of surface
Fe and O atoms to quantify structural drift and assess surface stability; Fe—O coordination
numbers to monitor the integrity of the surface lattice and detect bond breaking or
reconstruction; O—H bond distances and H-H bond distances for the hydrogenated surface to

track the stability of surface hydroxyl groups and identify proton transfer or H, formation;
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layer-resolved z-position evolution to examine vertical atomic displacements and surface
rumpling; and slab thickness, defined as the difference between the maximum and minimum
z-coordinates of surface Fe atoms, to evaluate overall vertical stability. The results show that
both the clean and 12*Hgu, surfaces remain structurally stable for the 20 ps simulation time,
with no irreversible bond breaking, significant surface reconstruction, or unphysical atomic
migration. For the clean surface, dissociation of water molecules was observed, resulting in the
formation *OH intermediates on Fe sites and *H intermediates on hematite surface O sites.
For 12*Hgub surface, the maximum H—H bond distance criterion for H, formation was defined
as 0.90 A. Nevertheless, no H, molecules were observed during the simulation. After 7.5 ps,
the average O—H bond distance increases slightly, suggesting a gradual elongation of the O-H
bonds. The hematite slab thickness increased during the first ~2—3 ps, indicating initial
relaxation of the hydrated surface. After this equilibration period, the thickness fluctuates
around ~12.3 A without continuous drift, suggesting that the hematite slab remains structurally
stable on the simulated timescale (cf. Figure S48). The observed fluctuations are consistent
with thermal motion at the target temperature (300 K), confirming the reliability of the AIMD
trajectories for subsequent analysis. The RMSD analysis of the surface Fe—O atoms clearly
demonstrates the structural stability of both clean and 12*Hgy, surfaces. The average surface
Fe—O coordination number is about 5. The corresponding plots are provided in Figures S34—

S48.
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S11.1 AIMD structural stability analysis of the clean hematite (0001) surface

Temperature vs. time

Temperature vs. time
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Figure S34. Temperature vs. time for clean surface.

RMSD of surface Fe and O atoms vs. time

Hematite surface Fe/O RMSD vs. time
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Figure S35. RMSD of surface Fe and O atoms vs. time for clean surface.
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Fe-O coordination numbers vs. time

Surface Fe-O coordination vs. time
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Figure S36. Surface Fe-O coordination numbers vs. time for clean surface.

H-H bond distances vs. time
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Figure S37. Minimum H-H distance vs. time for clean surface.
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Layer-resolved z-position vs. time

Layer-resolved hematite z positions vs. time
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Figure S38. Layer-resolved hematite z positions vs. time for clean surface.

Water oxygen z positions vs. time
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Figure S39. Water oxygen z positions vs. time for clean surface.
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Slab thickness vs. time

Hematite slab thickness vs. time
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Figure S40. Hematite slab thickness vs. time for clean surface.
S11.2 AIMD structural stability analysis of the 12*Hs,, hematite (0001) surface
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Figure S41. Temperature vs. time for 12*Hsu surface.
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RMSD of surface Fe and O atoms vs. time
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Figure S42. RMSD of surface Fe and O atoms vs. time for 12*Hsub surface.

Fe-O coordination numbers vs. time

Surface Fe-O coordination vs. time
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Figure S43. Surface Fe-O coordination numbers vs. time for 12*Hsub surface
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Average O-H bond distances vs. time

Average hematite/lattice O-H distance vs. time (+10: 0.104 A)
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Figure S44. Average hematite/lattice O-H distances vs. time for 12*Hsu surface.

H-H bond distances vs. time
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Figure S45. Minimum H-H distance vs. time for 12*Hsub surface.
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Layer-resolved z-position vs. time

Layer-resolved hematite z positions vs. time
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Figure S46. Layer-resolved hematite z positions vs. time for 12*Hsu surface.

Water oxygen z-position vs. time
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Figure S47. Water oxygen z positions vs. time for 12*Hsuwb surface.
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Slab thickness vs. time

Hematite slab thickness vs. time
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Figure S48. Hematite slab thickness vs. time for 12*Hsub surface.
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S12 Appendix

Snapshot of the dynamics: clean surface

10 ps snapshot (1 water molecule

dissociation)
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5 ps snapshot (1 water molecule

dissociation)
20 ps snapshot (4 water
molecules dissociation)

0 ps snapshot

15 ps snapshot (2 water
molecules dissociation)

Figure S49. Snapshot of AIMD simulation in 5 ps steps for clean surface.




Snapshot of the dynamics: 12*Hsup surface

0 ps snapshot 5 ps snapshot 10 ps snapshot
» S q
QE" f;f’\’? ‘-“q,{’}’. ' ¥
M A
& W & %
o\;{\f;’g‘” oL.‘e & o
A ¢d OD-—a: 4 iid Do
SR

PEREPR DRy
Sieieie
.I‘\’.l‘\..!‘\..!‘ q
R
N2 2\"0 2\"e 2\'%

15 ps snapshot

Figure S50. Snapshot of AIMD simulation in 5 ps steps for 12*Hsub surface.

References

1. Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phys. Rev. B
Condens. Matter 47, 558-561 (1993).

2. Kresse, G. & Furthmiiller, J. Efficiency of ab-initio total energy calculations for metals
and semiconductors using a plane-wave basis set. Comput. Mater. Sci. 6, 15-50
(1996).

3. Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio total-energy

calculations using a plane-wave basis set. Phys. Rev. B Condens. Matter Mater. Phys.
54, 11169-11186 (1996).

4, Mathew, K., Sundararaman, R., Letchworth-Weaver, K., Arias, T. A. & Hennig, R. G.
Implicit solvation model for density-functional study of nanocrystal surfaces and
reaction pathways. J. Chem. Phys. 140, 084106 (2014).

5. Awulachew, S. S., Dhaka, K., Tayyebi, E. & Exner, K. S. Atomic-scale insights into
the oxygen evolution reaction on hematite: a detailed mechanistic investigation of
different surface coverages. J. Mater. Chem. A Mater. 13, 36104 (2025).

6. M Ganose, A., J Jackson, A. & O Scanlon, D. sumo: Command-line tools for plotting
and analysis of periodic ab initio calculations. J. Open Source Softw. 3, 717 (2018).

7. Hjorth Larsen, A. ef al. The atomic simulation environment—a Python library for
working with atoms. J. Phys.: Condens. Matter 29, 273002 (2017).

8. Momma, K. & Izumi, F. VESTA 3 for three-dimensional visualization of crystal,
volumetric and morphology data. J. Appl. Crystallogr. 44, 1272—-1276 (2011).

53



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Kiihne, T. D. et al. CP2K: An electronic structure and molecular dynamics software
package -Quickstep: Efficient and accurate electronic structure calculations. J. Chem.
Phys. 152, 194103 (2020).

Vandevondele, J. et al. Quickstep: Fast and accurate density functional calculations
using a mixed Gaussian and plane waves approach. Comput. Phys. Commun. 167,
103-128 (2005).

Fuchs, T. et al. Structure dependency of the atomic-scale mechanisms of platinum
electro-oxidation and dissolution. Nature Catalysis 2020 3:9 3, 754-761 (2020).
Norskov, J. K. et al. Origin of the overpotential for oxygen reduction at a fuel-cell
cathode. J. Phys. Chem. B 108, 17886—17892 (2004).

Hansen, H. A., Rossmeisl, J. & Norskov, J. K. Surface Pourbaix diagrams and oxygen
reduction activity of Pt, Ag and Ni(111) surfaces studied by DFT. Phys. Chem. Chem.
Phys. 10, 3722-3730 (2008).

Exner, K. S., Anton, J., Jacob, T. & Over, H. Chlorine Evolution Reaction on
RuO2(110): Ab initio Atomistic Thermodynamics Study - Pourbaix Diagrams.
Electrochim. Acta 120, 460—466 (2014).

Sokolov, M. et al. Computational study of oxygen evolution reaction on flat and
stepped surfaces of strontium titanate. Catal. Today 432, 114609 (2024).

Dhaka, K. & Exner, K. S. Degree of span control to determine the impact of different
mechanisms and limiting steps: Oxygen evolution reaction over Co304(001) as a case
study. J. Catal. 443, 115970 (2025).

Usama, M., Razzaq, S. & Exner, K. S. Design Criteria for Active and Selective
Catalysts in the Nitrogen Oxidation Reaction. ACS Phys. Chem. Au S, 38-46 (2025).
Usama, M., Razzaq, S., Hittig, C., Steinmann, S. N. & Exner, K. S. Oxygen evolution
reaction on IrO2(110) is governed by Walden-type mechanisms. Nat. Commun. 16,
6137 (2025).

Rossmeisl, J., Logadottir, A. & Nerskov, J. K. Electrolysis of water on (oxidized)
metal surfaces. Chem. Phys. 319, 178-184 (2005).

Rossmeisl, J., Qu, Z. W., Zhu, H., Kroes, G. J. & Nerskov, J. K. Electrolysis of water
on oxide surfaces. J. Electroanal. Chem. 607, 83—89 (2007).

Nong, H. N. et al. Key role of chemistry versus bias in electrocatalytic oxygen
evolution. Nature 587, 408413 (2020).

Halck, N. B., Petrykin, V., Krtil, P. & Rossmeisl, J. Beyond the volcano limitations in
electrocatalysis — oxygen evolution reaction. Phys. Chem. Chem. Phys. 16, 13682—
13688 (2014).

Busch, M., Ahlberg, E. & Panas, 1. Electrocatalytic oxygen evolution from water on a
Mn(II1-V) dimer model catalyst—A DFT perspective. Phys. Chem. Chem. Phys. 13,
15069-15076 (2011).

Busch, M. Water oxidation: From mechanisms to limitations. Curr. Opin.
Electrochem. 9, 278-284 (2018).

Wang, V., Xu, N., Liu, J. C., Tang, G. & Geng, W. T. VASPKIT: A user-friendly
interface facilitating high-throughput computing and analysis using VASP code.
Comput. Phys. Commun. 267, 108033 (2021).

Cramer, C. J. Essentials of Computational Chemistry Theories and Models Second
Edition. (John Wiley & Sons, 2004).

Razzaq, S. & Exner, K. S. Materials Screening by the Descriptor G max (n): The Free-
Energy Span Model in Electrocatalysis. ACS Catal. 13, 1740-1758 (2023).

Bard, A. J., Parsons, R. & Jordan, J. Standard Potentials in Aqueous Solution.
Standard Potentials in Aqueous Solution 1-834 (2017) doi:10.1201/9780203738764.

54



