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The oxygen evolution reaction (OER)—2H,O — O, + 4H* + 4e~—is the limiting half-cell reaction in the
electrochemical water splitting process for the production of green hydrogen. In photoelectrochemical
cells for solar water splitting, hematite (a-Fe,Os3) is among the state-of-the-art anode materials. Despite
extensive research, the mechanistic understanding of the OER on hematite is still incomplete, and
previous computational work suggested that the less stable Fe—Fe—-O-, rather than the most stable Fe—
O-Fe- surface termination of a-Fe,0s(0001), is responsible for its high OER activity. Using
a comprehensive density functional theory framework, we investigate seven different OER mechanisms
for five different surface coverages of the most stable Fe—O-Fe- surface termination and find that the

OER preferentially proceeds via Walden-type mechanisms that have been overlooked in previous work.
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1 Introduction

Water electrolysis is a key process for a sustainable energy
scenario without dependence on fossil fuels." Over the last
decade, considerable efforts have been made to develop catalyst
materials for electrochemical or photoelectrochemical (PEC)
conditions, with hematite («-Fe,O3) being a promising material
for the sluggish oxygen evolution reaction (OER)—2H,0 — O, +
4H" + 4e”, U° = 1.23 V vs. reversible hydrogen electrode (RHE)—
at the anode of a PEC device.” a-Fe,0O; has a favorable band gap
of approximately 2.1 eV,*** which lies in the visible range of the
electromagnetic spectrum, is stable in aqueous environments
and is abundant in nature.”> Although hematite has been
investigated in several previous works using experimental and
theoretical approaches for OER,>*>* there are still open issues
that need to be addressed, including low hole mobility,*** high
recombination rates, or short lifetimes of photogenerated
electron-hole pairs.”®

Despite the remarkable progress in the field, even the most
optimal ultrathin hematite films exhibit a substantial over-
potential of 0.5-0.6 V for the OER to reach a current density of at
least 1 mA cm™ 2215202627 This experimental overpotential was
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explained in previous computational studies using the concept
of the thermodynamic overpotential according to Nerskov's
approach®® and by focusing on the most common (0001)
surface of hematite.”'®!>1416-18:2831 [ jag et al. estimated a ther-
modynamic overpotential of 0.77 V for the OER on a hydroxyl-
ated o-Fe,05(0001) surface, which is qualitatively comparable
with the experimental overpotential for a current density of at
least 1 mA cm™ %"

On the other hand, it has to be noted that previous theoretical
works suggested that the Fe-Fe-O- rather than the most stable
Fe-O-Fe- termination of hematite is responsible for its catalytic
activity in the OER. This statement is based on activity predic-
tions using the thermodynamic overpotential: for instance,
Nguyen et al.'> determined a relatively high value of 1.22 V for the
most stable Fe-O-Fe- termination, while the second most stable
Fe-Fe-O- termination yielded a thermodynamic overpotential of
0.84 V, which is closer to the experimental overpotential. This
result is in qualitative agreement with a study by Hajiyani and
Pentcheva,' who reported thermodynamic overpotentials of
1.12 V and 0.81 V for the Fe-O-Fe- and Fe-Fe-O- terminations,
respectively. In addition, it was demonstrated that the introduc-
tion of hydrogen into the less stable Fe-Fe-O- surface termina-
tion reduced the thermodynamic overpotential to 0.56 V, thus
purporting that the Fe-Fe-O- termination rather than the most
stable Fe-O-Fe- termination might be reconciled with the active
phase in the OER on hematite.

Although previous computational studies on the (0001) facet
of hematite consistently show that the most stable Fe-O-Fe-

This journal is © The Royal Society of Chemistry 2025
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surface termination is inactive for OER, we challenge this
finding in the present manuscript by overcoming the limita-
tions of previous work. In this context, we emphasize that all
previous computational studies relied on the consideration of
a single mechanism—the mononuclear description®*—
although mechanistic diversity in OER has been shown to be
relevant, especially for active OER materials.**** In addition, the
previous works are based on the application of the thermody-
namic overpotential as the activity descriptor for electrocatalytic
activity, although it has been shown that several elementary
reaction steps can contribute to the reaction rate to varying
degrees.*® Finally, surface coverage has been largely ignored or
not consistently described in previous work, although the
presence of different adsorbate species on the hematite surface
can influence the energetics of the elementary reaction steps.

In the present work, we investigate the OER on the Fe-O-Fe-
surface termination of a-Fe,05(0001) surface by incorporating
a variety of different mechanistic pathways into the analysis of
the elementary steps and by applying the G.x(U) descriptor
based on the energetic span model** as a measure for the
electrocatalytic activity. Using this dedicated computational
protocol, we solve the elementary steps of the OER on o-
Fe,053(0001) for different surface coverages based on a careful
sampling using Pourbaix diagrams. We demonstrate that,
contrary to previous literature studies, the Fe-O-Fe- termina-
tion of hematite is active in the OER and catalyzes the formation
of gaseous oxygen by non-conventional = Walden
mechanisms.?*373#

2 Theoretical model

To investigate the oxygen evolution reaction (OER) on a-
Fe,03(0001), we perform electronic structure calculations
within the framework of density functional theory (DFT) using
the Vienna Ab initio Simulation Package (VASP).***! To account
for the localized nature of the Fe 3d electrons, a Hubbard U
correction of 4.2 eV is applied.*** The VASPsol extension is
used to describe the aqueous electrolyte at the solid/liquid
interface.*” The Perdew-Burke-Ernzerhof (PBE) functional*
was used, and we incorporated on-site Coulomb interactions
through a Hubbard U correction (PBE + U),"” with an effective
Coulomb repulsion parameter usually chosen between 4.0-
4.3 eV (ref. 42 and 43) for the d-electron states of iron. In our
calculations, U was set to at 4.2 €V, resulting in a band gap of
2.0 eV, which is in agreement with previous studies.®*>*7*>43
Grimme's D3 dispersion correction*® was included to correct the
obtained energetics for dispersion effects. To minimize inter-
actions between periodic images, a vacuum gap of at least 16 A
is included along the surface normal direction. Furthermore,
due to the use of an asymmetric slab model, a dipole correction
was applied perpendicular to the surface (along the z-direction)
to eliminate spurious interactions between periodic images.*
To account for the effects of core electrons on the valence
electron density, the projector augmented wave (PAW) method®®
was used. The number of valence electrons considered for Fe
and O corresponds to 14 and 6. The Gaussian smearing method
is used to optimize the atomic structure with a smearing width

This journal is © The Royal Society of Chemistry 2025
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of 0.05 eV. The convergence criterion for forces and total energy
along the self-consistent field (SCF) is set to 0.01 eV A~* and
10~° eV, respectively. The ASE software® and VESTA software™
are used to visualize and construct the unit cell and slab
models. Further computational details are provided in Section
S1 of the SI. There, the magnetic configurations of hematite in
the primitive unit cell are discussed and the corresponding
surface models based on the ground-state magnetic moment
configuration are given in Section S2 of the SI. The modeling of
electrochemical reaction steps using the computational
hydrogen electrode (CHE) approach is described in Section S3
of the SL

The OER is a complex process consisting of four proton-
coupled electrons transfer steps to produce a single oxygen
molecule. To gain insights into the elementary steps that occur
under the harsh anodic reaction conditions (U> 1.23 Vvs. RHE),
analysis of various reaction mechanisms®** is conducted by
constructing free-energy diagrams along the reaction coordi-
nate. Below, we provide an overview of the mechanistic
processes by categorizing them into single-site and dual-site
OER mechanisms.

2.1 Single-site OER mechanisms

We consider two single-site mechanisms, namely the well-
established mononuclear mechanism®** and a Walden-type
description of this pathway, in which adsorption and desorp-
tion occur in a concerted manner.**%*%

2.1.1 Mononuclear mechanism. This mechanism involves
the sequential oxidation of water to form the *OH, *O, and
*OOH intermediates on a single active site:****

* + H,Oq) — *OH + (H" +¢7), AG, (1)
*OH - *O + (H" +e7), AG, (2)

*0 + H,0q) — *OOH + (H" + e7), AG; (3)
*OOH — * + (H" + e7) + Oy, AGy (4)

Note that the asterisk (*) denotes an active surface site of the
electrocatalyst, such as a surface Fe atom in a-Fe,05(0001) of the
Fe-O-Fe- surface termination (¢f. Fig. 1a).

2.1.2 Mononuclear-Walden mechanism. This mechanism
represents a modified version of the mononuclear pathway.
Compared to the conventional description, the *OOH adsorbate
is first oxidized to *OO and the desorption of *OO is accom-
panied by its replacement by water from the solution, which is
oxidized to form *OH (cf. eqn (7) and (8)):

*OH — *O + (H" +e7), AGs (5)

*0 + H,0q, — *OOH + (H* + ¢7), AG (6)
*OOH — *00 + (H" +¢"), AG, 7)

*00 + H,Oy — *OH + (H' + e7) + Oag), AGs (8)
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Fig.1 Schematic representation of single-site OER mechanisms over F
view) with active sites highlighted in gray color: (a) mononuclear mech

e,03(0001) based on a sketch for the a.-Fe,03(0001)-4*OH surface (top
anism, starting from a partially *OH-covered surface; (b) mononuclear-

Walden mechanism, starting from a fully *OH-covered surface with a concerted desorption—adsorption step.

2.2 Dual-site OER mechanisms

In addition to the single-site OER mechanism, it is also possible
to form gaseous oxygen via multi-site pathways, where the
availability of multiple active sites opens additional reaction
channels.”” Different forms of dual-site OER mechanisms are
described below, although it is important to note that the metal
sites are too far apart to interact directly. However, a single iron
atom in hematite can bind several adsorbates, resulting in
branching behavior (¢f Fig. 2). As a result, multiple adsorbates on
the same iron atom are treated as functional equivalents of
neighboring metal sites, thereby enabling dual-site mechanisms.

2.2.1 Bifunctional I mechanism. The bifunctional I mech-
anism requires two adjacent active sites to facilitate the
formation of molecular oxygen. In this mechanism, the second
site, represented by an oxygen adsorbate (*O,) on the active iron
center (c¢f. Fig. 2a), functions as a Brensted base by accepting
a proton-electron pair from a reacting water molecule (c¢f eqn
(11)). Consequently, the *OO intermediate rather than the
*OOH adsorbate is formed.*®

* + *OA + HzO(l) — *OH+ *OA + (H+ + Ci), AGQ (9)

*OH + *Op, — *O + *Op + (HJr +e), AGy (10)

*O + *0a + HaOg) = *00 + *OHp + (H" +e), AG), (11)

>kOC) + >kOHA — * 4+ *OA + (H+ + Ci) + OZ(g), AGlz (12)

2.2.2 Bifunctional II mechanism. The bifunctional II
mechanism®* also incorporates a second site, *O,, in its
mechanistic description. However, it differs from the bifunc-
tional I mechanism by including a chemical reaction step in the
analysis (¢f. eqn (15)). As a result, the bifunctional Il mechanism
consists of a total of five elementary steps.

* 4 *OA + H20(1) — *OH + *OA + (H+ + ei)’ AG13 (13)

36106 | J. Mater. Chem. A, 2025, 13, 36104-36115

*OH + *Op — *O + *Op + (H* + ¢7), AGy4 (14)
*0 + *O, + H,0y) — *OOH + *OH,, AG)s (15)
*OOH + *OHp — *OOH + *Op4 + (H+ +e7), AGye (16)
*OOH + *0p — *+ *0p + (H" + ¢7) + Oy, AG;  (17)

2.2.3 Bifunctional-Walden mechanism. Similar to the
mononuclear-Walden mechanism, the bifunctional-Walden
mechanism modifies the final steps of the bifunctional I
mechanism by considering a concerted adsorption-desorption
step in the analysis (¢f eqn (21)):

*OH + *05 — *O + *O, + (H +€¢7), AGyg

(18)

*0 + *0p + HyOg) — *00 + *OHu + (H +¢), AG9 (19)

*00 + *OH, — *00 + *0p + (H' + e7), AGy (20)
*00 + *OA + HzO(l) — *OH + *OA + (H+ + e*)
+ O, AGy (21)

2.2.4 Binuclear mechanism. In the binuclear mecha-
nism,*>* the formation of gaseous O, occurs by the chemical
recombination of two adjacent oxygen adsorbates, which requires
the presence of two neighboring metal sites (¢f. eqn (26)):

* 4+ % + HyOq — *OH + * + (H" + ¢7), AGy, (22)
*OH + * + H,Oq, — *OH + *OH + (H" + ¢7), AGy;  (23)
*OH + *OH — *O + *OH + (H" +¢7), AGoy (24)
*O + *OH — *O + *O0 + (H" + ¢7), AG»s (25)

*O + *O — * + * + Oy, MGy (26)

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematic representation of dual-site OER mechanisms over Fe,Oz(0001) based on a sketch for the a-Fe,Oz(0001)-4*OH surface (top
view) with active sites highlighted in gray color: (a) bifunctional | mechanism; (b) bifunctional Il mechanism; (c) bifunctional-Walden mechanism;

(d) binuclear mechanism; (e) oxide mechanism.

2.2.5 Oxide mechanism. The oxide mechanism®* is
similar to the binuclear mechanism and involves two adjacent
oxygen adsorbates facilitating the formation of gaseous O, by
chemical recombination. The difference to the binuclear
mechanism is that the outermost oxygen atoms of two adjacent

*0O0 intermediates recombine, leaving one oxygen layer intact

(¢ eqn (31)):
*O + *O + HyOq) — *OOH + *O + (H" +¢), AGy,  (27)

*OOH + *O + H,0q) — *OOH + *OOH + (H" + €7), AG»(28)

*OOH + *OOH — *OOH + *00 + (H" +¢7), AGy  (29)
*OO0H + *00 — *00 + *00 + (H* + ¢7), AGy (30)
*00 + *00 — *O + *O + Oy, AGs, (31)

This journal is © The Royal Society of Chemistry 2025

Fig. 1 and 2 show the elementary steps of OER mechanisms
considered in this study using o-Fe,03(0001)-4*OH as a model
surface. Note that the same analysis is conducted for all other
relevant surface configurations based on the Pourbaix diagram
of the Fe-O-Fe- surface termination (¢f. Fig. S6).

2.3 Analysis of free-energy diagrams: activity descriptor
Gmax(V)

We construct free-energy diagrams using the CHE approach®
for the mechanistic descriptions summarized in Sections 2.1
and 2.2 for different surface models of o-Fe,05(0001) with
different surface coverages (cf Section 3). The resulting free-
energy landscapes for these mechanistic descriptions are
analyzed using the descriptor Gu..(U),*” which represents the
largest free-energy span among the free energies of the reaction
intermediates.”® While the most commonly used activity
descriptor in the OER refers to the thermodynamic over-
potential, nrp, which extracts the largest free-energy change

J. Mater. Chem. A, 2025, 13, 36104-36115 | 36107
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within a given mechanistic description at the OER equilibrium
potential by assuming that a single elementary step determines
the reaction rate, the concept of Gy,.x(U) overcomes this limi-
tation by allowing for the possibility that multiple elementary
steps contribute to the reaction rate.®” This is achieved through
the notion of a span model,*®**® which allows the evaluation of
the potential-dependent descriptor G.x(U) at any electrode
potential and can lead to a change in the description of the
limiting free-energy span with increasing driving force (¢f
Fig. 3). A switch in the limiting span of Gp,.x(U) is therefore
associated with a change in the rate-determining step, as often
observed in experimental Tafel plots.”®”* The inclusion of
overpotential and kinetic effects in the thermodynamic
descriptor Gn.x(U) based on the adsorption free energies of the
elementary steps goes far beyond the concept of np, as further
discussed in the literature.”>”

3 Results & discussion

3.1 Surface structure of «-Fe,05(0001) under OER
conditions

Water dissociates on hematite with very low energy barriers,**
promoting the formation of *O, *OH, and/or *H surface species
on the undercoordinated surface sites of the Fe-O-Fe- termi-
nation upon contact with water. We use a (2 x 2) unit cell for
a a-Fe,03(0001) slab model using the Fe-O-Fe- surface termi-
nation (¢f Fig. S3) to investigate the elementary steps of the
OER. Note that the Fe-O-Fe- surface termination of a-
Fe,05(0001) was selected due to its stability under ambient
temperature and pressure compared to other surface termina-
tion.”*”” The concept of surface Pourbaix diagrams”*° is used to
determine the surface coverage of a-Fe,05(0001) under anodic
polarization, which is explained in detail in Section S3 of the SI.
The most stable surface coverages under (photo-)electro-
chemical conditions are shown in Fig. 4.

In the potential range relevant to OER, four different surface
phases of a-Fe,03(0001) turn out to be stable: (i) 4*OH & 4*Hgyy,

View Article Online

Paper

for 1.00 V< Uvs. RHE < 1.68 V; (ii) 4*OH for 1.68 V < Uvs. RHE <
1.86 Vvs. RHE; (iii) 8*OH for 1.86 V < Uvs. RHE < 2.18 Vvs. RHE;
(iv) 12*0 phase for U vs. RHE > 2.18 V vs. RHE. In addition to
these four surface configurations, we consider the 4*OH & 4*O
phase (c¢f Fig. 4d) in our analysis, as it is energetically only
slightly less stable than the 8*OH phase shown in the Pourbaix
diagram (cf. Fig. S6). For the five different configurations of o-
Fe,05(0001), we model the elementary steps of the OER using
seven different mechanistic descriptions (c¢f. Section 2 of the
main text) to derive structure-activity relationships discussed
below.

Please note that the (2 x 2) unit cell of «-Fe,03(0001)
consists of four Fe surface atoms, and each Fe atom can
accommodate up to three adsorbates. Therefore, the elementary
steps of the OER can occur either on a single branch or on
multiple branches of an active Fe site. A single branch involves
only one active adsorbate on the Fe site without co-adsorbates.
In case of a double branch, one adsorbate is reactive while
a second remains as a spectator. Similarly, a triple branch
involves one reactive adsorbate and two spectator adsorbates on
the same Fe site. For example, the 4*OH & 4*Hg,, surface
configuration can either catalyze the OER via a single branch or
a double branch (with one *OH at the active site as a spectator).
Please note that for the single branch, double branch, or triple
branch of the active Fe site, single-site or dual-site OER mech-
anisms (¢f Section 2 in the main text) can proceed. These
mechanisms may occur either independently of or in conjunc-
tion with the branching behavior, thereby broadening the
spectrum of feasible OER pathways on the Fe-O-Fe- surface
termination. For a dual-site OER mechanism requiring two
active sites, a single-branch Fe active site uses a neighboring Fe
atom (~5 A away) to enable dual-site mechanisms. In contrast,
for the double-branch and triple-branch Fe active sites, a single
Fe atom can facilitate dual-site OER mechanisms due to the
presence of multiple oxygen-containing adsorbates at the same
active site (¢f Fig. 2). Possible branches for each surface
coverage are summarized in Table 1.

a)

b)

1 1

@U=1.23 Vvs. RHE @U=1.53V vs. RHE
of--—— of-——
© / M ©

-1 — -1
Guax(1.23 V) Sp—
1 Gunax(1.53 V)
* *OH *0 *OOH * 4+ 02 * *OH *0 *OOH *+ 02

Reaction Path Reaction Path

Fig.3

(a) Arbitrary free-energy diagram of the OER at U = 1.23 V vs. RHE. The descriptor Gmax(U) is defined by the transition from the *OH to the *

+ O, state, while the thermodynamic overpotential (np) is given by the transition from the *O to the *OOH intermediate. (b) Free-energy
diagram of the OER at U = 1.53 V vs. RHE, corresponding to an applied overpotential of 300 mV. The descriptor Gax(U) is defined by the
transition from the *OH to the *OOH state, indicating a change in the limiting span.
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Side view

Side view

Top view Top view

) a-Fe,0,(0001)-4*OH & 4*H,,; b) a-Fe,0,(0001)-4*0H

Side view

Top view

€) a-Fe,0,(0001)-8*OH

Side view Side view

Top view Top view

d) «-Fe,0,(0001)-4*OH & 4*O €) a-Fe,0,(0001)-12*0

Fig. 4 Most stable surface coverages of a-Fe,O3(0001) on the Fe—O—-Fe— surface termination for a (2 x 2) unit cell under (photo-)electro-
chemical conditions. (a) a-Fe,O3(0001)-4*OH & 4*Hgp, (b) a-Fe,O3(0001)-4*OH, (c) a-Fe,03(0001)-8*0H, (d) a-Fe,O3(0001)-4*OH & 4*0, (e)
a-Fe,03(0001)-12*0. Note that the subscript “sub” indicates that the corresponding adsorbates are adsorbed to oxygen atoms in the second
layer of the surface. Color code: gold, red, and white denote iron, oxygen, and hydrogen atoms, respectively.

Table 1 OER mechanisms on five different surface configurations of a-Fe,O3(0001), indicating whether the active Fe site catalyzes the

elementary steps via a single branch, double branch, or triple branch

Surface coverage configuration Single branch

Double branch Triple branch

0-Fe,05(0001)-4*OH & 4*Hyyy,
o-Fe,03(0001)-4*OH
o-Fe,05(0001)-8*OH
0-Fe,05(0001)-4*OH & 4*0
o-Fe,05(0001)-12*0

R R NN

3.2 Mechanistic analysis of the OER over the o-Fe,05(0001)-
4*0OH & 4*Hyg,, surface

For the 4*OH & 4*Hy,, surface, the OER can proceed via a single
or a double branch at the active Fe site (¢f. Table 1). The free-
energy changes for the elementary reaction steps of the
various single-site and dual-site OER mechanisms (¢f eqn
(1)-(31) in Section 2) are compiled in Tables S3 and S4 for
a single branch and a double branch, respectively. Knowledge of
the free-energy changes enables the construction of free-energy
diagrams along the reaction coordinate, which are analyzed at U
= 1.53 Vvs. RHE (¢f. Fig. 5). We observe that the mononuclear
mechanism is the preferred pathway for the OER on a single
branch, quantified by G,.x(U = 1.53 V) = 0.50 eV. The limiting
free-energy span corresponds to the formation of gaseous
oxygen (0,), indicating that the transition from the *OH inter-
mediate to O, is uphill in free energy. A different situation is
encountered for the OER on a double branch. There, the oxide
mechanism corresponds to the preferred mechanistic descrip-
tion, with Gpa(U = 1.53 V) = 0.45 eV. The limiting free-energy
span is also related to the formation of gaseous oxygen,
although O, is formed by a chemical step based on the
conversion of the intermediate *OO + *OO into *O + *O. While
the intrinsic activity of the double-branch Fe site is slightly
higher than that of the single-branch Fe site due to a smaller
Gmax(U = 1.53 V) value, it should be noted that the potential
dependence of the limiting free-energy spans is different.

This journal is © The Royal Society of Chemistry 2025

TR NI NI NN
WX X X %

Therefore, the single-branch Fe site is identified as the main
active site for larger anodic overpotentials.

3.3 Mechanistic analysis of the OER over the a-Fe,05(0001)-
4*0OH surface

For the 4*OH surface, the OER can proceed via a single or
a double branch at the active Fe site (¢f. Table 1). The free-energy
changes for the elementary reaction steps of the various single-
site and dual-site OER mechanisms (¢f: eqn (1)-(31) in Section 2)
are compiled for the single and double branches in Tables S5
and S6, respectively. Knowledge of the free-energy changes
enables the construction of free-energy diagrams along the
reaction coordinate, which are analyzed at U = 1.53 V vs. RHE
(¢f Fig. 6). Both the mononuclear and mononuclear-Walden
pathways are the preferred mechanistic descriptions for the
OER on a single branch, quantified by Gn.x(U = 1.53 V) =
0.62 eV. The limiting free-energy span corresponds to the
conversion of the *OH to the *O intermediate in both pathways
(¢f Fig. 6a). For the double-branch active Fe site, the
mononuclear-Walden mechanism becomes the preferred
mechanistic description, with G,.x(U = 1.53 V) = 0.50 eV. The
limiting free-energy span also corresponds to the formation of
the *O intermediate. Please note that the spectator *OH
adsorbate at the active site can form a hydrogen bond with the
oxygen atoms of some of the intermediates in the OER mech-
anisms (¢f Fig. S56 in Section S8 of the SI). This contributes to
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Grax= 0.50 eV
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Reaction Path

Fig. 5 Energetically favored mechanisms of the OER on the a-Fe,03(0001)-4*OH & 4*H,,, surface: (a) single-branch active Fe site, (b) double-
branch active Fe site. The green arrow indicates the limiting free-energy span in the approximation of the descriptor Gmax(U) at U = 1.53 V vs.
RHE. Detailed potential-dependent free-energy diagrams for all pathways on a single-branch or double-branch Fe site are provided in Fig. S7-

S20 (cf. Section S7.1 of the SI).

a) Grav= 0.62 eV
/ i Single-branch: Mononuclear-Walden
w153V (U) vs. RHE
o] —
s
g
u ".
-1
*OH *0 *OOH *00 *OH + O:

Reaction Path

b) Gpa= 0.50 eV
i b Double-branch: Mononuclear-Walden
w— 1,53V (U) vs. RHE
o] — —
s
)
©
-1
*OH *0 *OOH *00 *OH + 02

Reaction Path

Fig. 6 Energetically favored mechanisms of the OER on the a-Fe,03(0001)-4*OH surface: (a) single-branch active Fe site, (b) double-branch
active Fe site. The green arrow indicates the limiting free-energy span in the approximation of the descriptor Gmax(U) at U = 1.53 V vs. RHE.
Detailed potential-dependent free-energy diagrams for all pathways on a single branch or double branch Fe site are provided in Fig. S21-S34 (cf.
Section S7.2 of the Sl). Please note that the mononuclear and mononuclear-Walden mechanisms for the single-branch active Fe site reveal the
same activity in the approximation of the Gax(U) descriptor. Only the mononuclear-Walden description is shown in panel (a).

the stabilization of the reaction intermediates and reduces the
Gmax(U = 1.53 V) value by 0.12 eV compared to the single-branch
active Fe site.

3.4 Mechanistic analysis of the OER over the o-Fe,03(0001)-
8*0OH surface

For the 8*OH surface, the OER proceeds via a double branch at
the active Fe site (¢f Table 1). The free-energy changes for the
elementary reaction steps of the various single-site and dual-site
OER mechanisms (¢f. eqn (1)~(31) in Section 2) are compiled in
Table S7. Knowledge of the free-energy changes enables the
construction of free-energy diagrams along the reaction coor-
dinate, which are analyzed at U = 1.53 V vs. RHE (¢f. Fig. 7).

36110 | J Mater. Chem. A, 2025, 13, 36104-36115

Similar to the 4*OH surface, the mononuclear-Walden pathway
is the preferred pathway for OER, with G (U = 1.53 V) =
0.42 eV. The limiting free-energy span corresponds to the
formation of the *O intermediate. Other OER mechanisms on
this surface configuration exhibit higher Gp.x(U) values, as
summarized in Table S14.

3.5 Mechanistic analysis of the OER over the o-Fe,03(0001)-
4*0OH & 4*0 surface

For the 4*OH & 4*0O surface, the OER proceed via a double
branch at the active Fe site (¢f. Table 1). While this surface is not
part of the Pourbaix diagram (cf. Fig. S6), it is energetically only
slightly less stable than the other four surface configurations (¢f.

This journal is © The Royal Society of Chemistry 2025
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Gax= 0.42 eV
,—v

Mononuclear-Walden
=== 1.53V (U) vs. RHE

G (eV)

*OH *0 *OOH

Reaction Path

*00 *OH + O2

Fig. 7 Energetically favored mechanism of the OER on the a-
Fe,03(0001)-8*OH surface. The green arrow indicates the limiting
free-energy span in the approximation of the descriptor Gpax(U) at U =
1.53V vs. RHE. Detailed potential-dependent free-energy diagrams for
all pathways are provided in Fig. S35-5S41 (cf. Section S7.3 of the SI).

Fig. 4), which motivates to include this phase when sampling
different surface structures under OER conditions. The free-
energy changes for the elementary reaction steps of the
various single-site and dual-site OER mechanisms (¢f eqn
(1)-(31) in Section 2) are compiled in Table S8. Free-energy
diagrams along the reaction coordinate reveal that the
mononuclear-Walden pathway corresponds to the preferred
mechanism at U = 1.53 V vs. RHE (¢f. Fig. 8). The limiting free-
energy span related to G, (U = 1.53 V) = 0.54 eV corresponds
to the so-called Walden step, in which the formation of gaseous
oxygen and the simultaneous adsorption of water to form the
*OH intermediate occur in a concerted manner. Compared to

Mononuclear-Walden
== 1.53V (U) vs. RHE

G (eV)

Gpax= 0.54 eV|

*OH *0 *OOH

Reaction Path

*00 *OH + O2

Fig. 8 Energetically favored mechanism of the OER on the a-
Fe,0O3(0001)-4*OH & 4*O surface. The green arrow indicates the
limiting free-energy span in the approximation of the descriptor
Gmax(U) at U = 1.53 V vs. RHE. Detailed potential-dependent free-
energy diagrams for all pathways are provided in Fig. S42-S48 (cf.
Section S7.4 of the SI).
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the fully hydroxylated surface (8*OH), the Gpa(U = 1.53 V)
value for the partially hydroxylated surface (4*OH & 4*O) is
0.12 eV higher. This finding suggests that the partially hydrox-
ylated surface coverage may have lower OER activity than the
fully hydroxylated surface, although the difference of 0.12 eV in
Gmax(U) is within the sensitivity range of this descriptor.

3.6 Mechanistic analysis of the OER over the o-Fe,03(0001)-
12*0 surface

For the 12*0 (fully oxygen-covered) surface, the OER proceeds
via a triple branch at the active Fe site (¢f Table 1). The
photoelectrochemical operating condition under solar illumi-
nation (U = 2.30 V vs. RHE) are within the stability range of this
surface configuration. For consistency and to compare the
energetics to the other surface phases, we analyze the elemen-
tary steps of OER on the fully oxygen-covered hematite surface
at U = 1.53 V vs. RHE. The free-energy changes for the
elementary reaction steps of the various single-site and dual-site
OER mechanisms (¢f eqn (1)-(31) in Section 2) are compiled in
Table S9. Knowledge of the free-energy changes enables the
construction of free-energy diagrams along the reaction coor-
dinate (¢f. Fig. 9), where the bifunctional-Walden pathway is
identified as the preferred OER pathway, quantified by Gp.x(U =
1.53 V) = 0.34 eV. The limiting free-energy span corresponds to
the Walden step, which involves the release of gaseous oxygen
with adsorption and oxidation of a water molecule (¢f. Fig. 9).

3.7 Discussion

In this work, we investigate the (photo-)electrochemical OER on
the Fe-O-Fe- termination of «-Fe,03(0001) for different surface
coverages using DFT calculations. First, we note that different
surface configurations turn out to be stable in dependence of
the applied electrode potential (¢f. Fig. S6). While
photoelectrochemical conditions refer to U = 2.30 V wvs.
RHE,*”** we analyze the elementary steps at U = 1.53 Vvs. RHE

Bifunctional-Walden
= 153V (U) vs. RHE

G (eVv)

Grax= 0.34 eV}
T

*OH + *0y *0 + *0y *00 + *OH,

Reaction Path

*00 + *0s  *OH + *04 + 02

Fig. 9 Energetically favored mechanism of the OER on the a-
Fe,0O3(0001)-12*0O surface. The green arrow indicates the limiting
free-energy span in the approximation of the descriptor Gmax(U) at U =
1.53V vs. RHE. Detailed potential-dependent free-energy diagrams for
all pathways are provided in Fig. S49-S55 (cf. Section S7.5 of the SI).
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to maintain consistency across the different surface phases. In
this context, it must be emphasized that the energetics of the
elementary steps for all surface configurations is downhill in
free energy at U = 2.30 V vs. RHE, which does not allow
a meaningful comparison under these potential conditions. To
this end, we use a descriptor-based analysis at an applied
overpotential of 300 mV for OER, which is a common approach
in the community following previous work on this topic.?*378%>
In this analysis, we do not explicitly account for the effects of
photogenerated electron-hole pairs; for an in-depth discussion,
readers are referred to Peter's work.®

Previous computational studies have shown that the Fe-O-
Fe- termination of hematite, although the most thermody-
namically stable termination, is inactive for OER and that its
catalytic activity for OER is instead related to the Fe-Fe-O-
termination.'®>'* We challenge this finding in the present
article by demonstrating that the Fe-O-Fe- termination of
hematite is sufficiently active for OER based on our dedicated
analysis (¢f Sections 3.2-3.6). We attribute the difference in
results to the omission of relevant mechanistic OER pathways in
previous studies, underpinning that the mechanistic
complexity of the four-proton coupled electron transfer steps is
relevant for activity predictions using electronic structure
theory in the DFT framework.

Although our main results differ from previous studies as we
have enormously expanded the parameter space regarding OER
mechanisms and different surface coverages of hematite, we
emphasize that our results are nevertheless consistent with
previous work: adopting the fully oxygen-covered o-Fe,05(0001)
as an example, the mononuclear mechanism over this surface
configuration reveals a thermodynamic overpotential of 1.82 V,
indicating that this mechanism is inactive for OER. This finding
is in qualitative agreement with the results reported by Nguyen
et al. or Hajiyani and Pentcheva.'®* On the other hand,
a bifunctional-Walden pathway on the «-Fe,03(0001)-12*0

View Article Online

Paper

overpotential of 0.48 V, which corresponds to Gyax(U = 1.53 V)
= 0.34 eV (¢f Fig. 9) and indicates high OER activity. Impor-
tantly, the inclusion of Walden mechanisms in the OER
significantly influences activity predictions and this finding is
not limited to the fully oxygen-covered surface. Transition state
calculations for Walden-type steps were performed in previous
works on IrO, (ref. 65) and single-atom centers of MXenes.*
Walden-type steps are kinetically not impeded compared to
conventional O, desorption steps. Therefore, we conclude that
the Walden-type steps are likely kinetically not restricted on the
Fe-O-Fe- termination of hematite.

Fig. 10 compares the different surface coverages and the
different active Fe sites. It is noteworthy that in five out of seven
cases, a Walden pathway corresponds to the favorable mecha-
nistic description of OER, while the conventional OER mecha-
nism is observed only in two cases. This finding underlines that
considering a traditional mononuclear mechanism alone is not
sufficient for the theoretical description of hematite-based
materials under (photo-)electrochemical conditions.

While the 12*0 coverage with a triple-branch Fe active site
reveals the lowest Gnax(U = 1.53 V) value, we find that the
Gmax(U) values differ by a maximum of 0.30 eV, which is almost
within the sensitivity range of this descriptor.®” Therefore, we
conclude that different surface coverages do not lead to a strong
modulation of the electrocatalytic activity for o-Fe,05(0001),
although there is some tendency that higher coverages and OER
on double- or triple-branch motifs lead to higher OER activity.

For the materials science community, it is important to
emphasize that the development of improved materials
composition of hematite for OER was mainly based on the
thermodynamically less stable Fe-Fe-O- termination.*'*'>*?
The present work provides a new direction for the development
of (photo-)electrochemical OER catalysts by exploiting the
stable Fe-O-Fe- termination of hematite as a starting point for
screening dopants,'®'3182226.27.84-86 gtrain engineering,*** intro-

surface reveals a significantly lower thermodynamic ducing defects,>® or other approaches. The use of the most
07
Preferred OER Mechanism
Mononuclear
0.6 Oxide

0.50

0.5

0.4

0.3

0.2

Gmax(U) [eV] at 1.53 V vs. RHE

0.0
4*OH & 4*H 4'OH & 4'H
(single) (double)

4*OH
(single)

4*OH
(double)

Mononuclear =
Mononuclear-Walden

Mononuclear-Walden
Bifunctional-Walden

8*OH
(double)

4*0 & 4*OH
(double)

12*0
(triple)

Fig. 10 Summary of the preferred OER mechanisms and their Go(U = 1.53 V) values for different surface coverages of the Fe—-O-Fe—
termination of hematite. Below each bar, the surface coverage and branching at the active Fe site are indicated.
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Table 2 Comparison of thermodynamic overpotentials (prp) for OER in dependence of the preferred reaction mechanisms for the most stable
Fe—-O-Fe- termination and less stable Fe—Fe—-O- termination of hematite. Different surface coverages are highlighted in parentheses

Termination (surface coverages)-branch OER mechanism 7o (V)
Fe-O-Fe—-(4*OH & 4*Hgyp)-single Mononuclear 0.54 (this work)
Fe-O-Fe—(4*OH & 4*Hgyp)-double Oxide 0.40 (this work)
Fe-O-Fe-(4*OH)-single Mononuclear-Walden 0.92 (this work)
Fe-O-Fe—-(4*OH)-double Mononuclear-Walden 0.80 (this work)
Fe-O-Fe—(8*OH)-double Mononuclear-Walden 0.72 (this work)
Fe-O-Fe—-(4*OH & 4*0)-double Mononuclear-Walden 0.84 (this work)
Fe-O-Fe-(12*0)-double Bifunctional-Walden 0.48 (this work)
Fe-O-Fe-(O) Mononuclear 1.22 (ref. 12)
Fe-O-Fe-(H,0) Mononuclear 1.12 (ref. 10)
Fe-Fe-O- Mononuclear 0.84 (ref. 12)
Fe-Fe-O- Mononuclear 0.81 (ref. 10)
Fe-Fe-O-(H) Mononuclear 0.56 (ref. 10)
Fe-Fe-O- Mononuclear 0.82 (ref. 6)
Fe-Fe-O- Mononuclear 0.77 (ref. 13)

stable Fe-O-Fe- termination instead of Fe-Fe-O- termination
may also be beneficial to improve the stability of hematite under
the harsh anodic conditions of OER, although a discussion of
catalyst stability is beyond the scope of this contribution.

Our literature survey assessed the activity of the Fe-O-Fe-
and Fe-Fe-O- terminations using the thermodynamic over-
potential (nyp) as the activity descriptor, with values taken from
ref. 6,10, 12 and 13. These literature values were then compared
with the nrp values for various surface coverages of the Fe-O-
Fe- termination obtained from our simulations, as summarized
in Table 2.

We note that the np values of the Fe-O-Fe- terminations are
smaller than those of the Fe-Fe-O- terminations. We do not
aim to interpret this finding, as an unbiased comparison is not
possible: we have used seven different mechanisms for the
description of OER on the Fe-O-Fe- termination, while
previous literature works relied on a single mechanism.
However, qualitatively speaking, catalysts with ntp < 1 V are
often considered to be active for photoelectrochemical water
splitting. Table 2 illustrates that this criterion is already fulfilled
for the less stable Fe-Fe-O- termination, whereas only the
present work reports that the Fe-O-Fe- termination reveals ntp
<1V for Walden-type mechanisms.

4 Conclusions

In the present work, we utilized electronic structure calculations
in the density functional theory framework to investigate
various reaction mechanisms for oxygen evolution (OER) on the
Fe-O-Fe- termination of a-Fe,03(0001) using a combination of
surface Pourbaix diagrams, free-energy diagrams, and
descriptor-based analysis. We demonstrate that reliance on
a single OER mechanism can lead to incorrect conclusions
regarding the electrocatalytic activity of hematite-based mate-
rials. In particular, the high electrocatalytic activity of the Fe-O-
Fe- termination is ascribed to Walden-type mechanisms, where
the desorption of the product O, is accompanied with the
adsorption and oxidation of water on the hematite surface. The
omission of Walden-type pathways in previous computational

This journal is © The Royal Society of Chemistry 2025

studies explains why previous work put forth the less stable Fe-
Fe-O- termination of hematite for (photo-)electrochemical
water splitting. The present work could change this view, and
we propose to exploit the most stable Fe—-O-Fe- termination of
hematite for the development of (photo-)electrochemical OER
catalysts through doping, strain, or defect engineering.
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