Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Crystallographic Control of the Initial
Electrochemical Reduction of Hematite

Shinie S. Awulachew
University of Duisburg-Essen

Kai S. Exner

kai,exnerPuni—due,de

University of Duisburg-Essen

Article

Keywords:

Posted Date: October 30th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11322227/v1

License: € ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-11322227/v1
https://doi.org/10.21203/rs.3.rs-11322227/v1
https://doi.org/10.21203/rs.3.rs-11322227/v1
https://creativecommons.org/licenses/by/4.0/

Crystallographic Control of the Initial Electrochemical Reduction of
Hematite

Shinie S. Awulachew!, Kai S. Exner!»?3"

I University of Duisburg-Essen, Faculty of Chemistry, Theoretical Catalysis and
Electrochemistry, Universitdtsstrafie 5, 45141 Essen, Germany

2 Cluster of Excellence RESOLV, 44801 Bochum, Germany
3 Center for Nanointegration (CENIDE) Duisburg-Essen, 47057 Duisburg, Germany
* Corresponding author: kai.exner@uni-due.de ORCID: 0000-0003-2934-6075

Abstract

Electrochemical reduction of iron oxides enables low-temperature, sustainable iron production,
yet how crystallographic orientation affects the initial reduction of hematite remains unclear.
Here, we combine density functional theory + U calculations and ab initio molecular dynamics
to study the initial electrochemical reduction of the (0001), (1010), and (1210) facets of a-
Fe»0s at different hydrogen coverages. The potential-dependent descriptor Gmax(U) reveals a
pronounced crystallographic dependence: the (0001) facet consistently exhibits the lowest
limiting free-energy span and thus the highest thermodynamic reduction propensity. High
hydrogen coverage, the thermodynamically preferred surface state under cathodic conditions,
leaves (0001) and (1010) essentially unaffected but strongly suppresses the reduction of
(1210), revealing facet-dependent surface passivation. Upon reduction, a more metallic, Fe-
rich surface forms, and the O p-band center shifts most strongly on (0001). The predicted
preference for (0001) agrees with experiments on the hydrogen reduction of hematite single
crystals, pointing to an intrinsic facet dependence of reducibility. Our results identify
crystallographic orientation and interfacial hydrogenation as key factors in the initial
electrochemical reduction of hematite and provide atomistic guidelines for controlling

electrochemical iron extraction.



Introduction

Conventional iron oxide reduction is primarily carried out via the blast furnace process, which
employs hydrocarbons as both the main heat source and reducing agent.!? This carbon-
intensive approach accounts for approximately 91% of global steel production.' In recent
decades, alternative methods have emerged, with direct reduction using natural gas being one
of the most prominent. While this method produces lower carbon emissions compared to blast
furnaces, it still depends on fossil fuels. To further reduce emissions, recent academic and
industrial efforts have increasingly focused on hydrogen- and ammonia-mediated direct
reduction process.*!' When hydrogen is produced from renewable energy sources, this
approach has the potential to eliminate CO; emissions from the reduction step. However,

hydrogen-based reduction remains energy-intensive, requiring high operating temperatures.'?

Electrochemical reduction of iron oxides presents a promising pathway to decarbonize iron
production, offering an alternative to the hydrocarbon-dependent reduction methods currently

in use.! Although this approach has been investigated at high temperatures using molten oxide

13,14 15,16

electrolysis and at low temperatures in aqueous systems , the latter method stands out
for its advantages in operational simplicity and energy efficiency.!”!®* Low-temperature
electrochemical reduction typically involves electrolytic deposition, where an iron oxide
suspension is reduced to metallic iron via electrodeposition within an electrochemical cell,
enabling direct recovery of solid iron from the electrode surface. This reduced iron can be used

as a solid metal fuel and further processed or cast into steel.

19,20

Although the electrodeposition of iron oxides can be carried out using either acidic or

alkaline electrolytes !>2!

, recent studies on systems containing iron oxide suspensions have
shown that alkaline conditions lead to higher current efficiency and reduce energy consumption
by approximately 30% compared to acidic media.'® Nevertheless, the inherently low solubility
of iron oxides in both acidic and alkaline environments remains a major limitation, as it restricts
the availability of Fe*'/Fe’* ions required for electrodeposition, thereby slowing down
deposition kinetics.?>>* To overcome this challenge, activation strategies that enhance the
interfacial interaction between the electrical conductor, the electrolyte, and the iron oxide have
been developed. These strategies facilitate the reduction of the poorly conductive Fe;Os phase,

improving overall electrochemical performance.'8-2%-2¢



Two primary reduction mechanisms for iron oxide suspensions are currently recognized in the
literature: the dissolution-deposition mechanism and the direct electron transfer mechanism,
also known as the solid-state pathway.!>2!227 The latter involves the adsorption of iron oxide
particles onto the working electrode surface via electrostatic interactions, followed by their
direct reduction to metallic iron.”> While the coexistence of both mechanisms has been

proposed?!?

, their individual contributions to the overall reduction process remains
incompletely understood. Recent experimental studies suggest that the solid-state mechanism

dominates over dissolution-deposition pathway. 28

Hematite exposes crystallographically distinct surfaces characterized by different atomic
coordination and Fe—O bonding environments, which may give rise to pronounced differences
in their intrinsic reducibility. Experimental studies of hydrogen-based hematite reduction

indeed reveal orientation-dependent reduction behavior %%

, indicating that crystallographic
anisotropy can influence the transformation kinetics. However, whether such facet-dependent
trends persist under electrochemical conditions, where proton-coupled electron transfer and

surface hydrogenation govern the initial reduction chemistry, remains largely unexplored.

In this study, we investigate the initial electrochemical reduction of the (0001), (1010), and
(1210) facets of hematite (a-Fe203) via the solid-state pathway using density functional theory
+ U (DFT + U). Clean and hydrogenated surface states with different coverages are considered
to account for the evolving interfacial chemistry under cathodic conditions. The potential-

dependent Gmax(U) descriptor, based on the energetic span model *°

, 1s employed to quantify
the thermodynamic reduction propensity of the different facets and surface states. Electronic-
structure analyses, including the Fe d-band and O p-band centers and the density of states, are
used to characterize the accompanying changes in electronic structure. In addition, ab initio
molecular dynamics simulations (AIMD) in explicit water are performed to assess the dynamic
stability of representative surface configurations, while Fe**/Fe** deposition on the reduced
surfaces is evaluated to probe the competing dissolution—deposition pathway. Our calculations
reveal a pronounced crystallographic dependence of the initial reduction, with the (0001) facet

consistently exhibiting the highest thermodynamic reduction propensity, in agreement with

experimentally observed orientation-dependent hematite reduction.



Results
Surface models and hydrogenation states

All calculations were performed using spin-polarized DFT + U with implicit solvation;
computational details are given in the Methods section and in Section S1 of the SI.
Stoichiometric 0-Fe>Oj3 slabs exposing the three low-index facets (0001), (1010), and (1210)
were modeled using (2 x 2) surface supercells, as shown Figure 1a—c, respectively. The bulk
magnetic ordering, characterized by ferromagnetic alignment within individual Fe layers and
antiferromagnetic coupling between adjacent Fe layers, was retained throughout all slab
models. The magnetic moments in the inner slab layers remain close to the bulk values, whereas

the surface Fe atoms exhibit moderately reduced moments due to their lower coordination.

e) 12%H,,(1010)

f) 12*%Hg,(1210)
Figure 1. Slab models of the (2x2) supercell for the three low-index surfaces of a-Fe,Os. a) Side view of a-
Fe»03(0001), b) side view of a-Fe,03(1010), ¢) side view of a-Fe,03(1210), d) side view of a-Fe;03(0001)-
12*Hgy, €) side view of a-Fe,03(1010)-12*Hyy, , and f) side view of a-Fe;03(1210)-12*Hgy. Color code: gold
(Fe), red (O), and white (H). While panels a) — ¢) show the full slab model used in the DFT calculations, we sketch
the uppermost layers for the hydrogenated surfaces in panels d) — f).

On the (0001), (1010), and (1210) facets of the (2 x 2) supercell, the first Fe layer contains

four, six, and eight outermost iron atoms, respectively, as shown in Figure 1.



Computational stability diagrams (surface Pourbaix diagrams) and DFT-based surface models
are widely used to assess the aqueous stability of solids and to identify surface configurations
that are subsequently used for the modeling of reaction mechanisms under operating

conditions.’! 34

Under cathodic conditions for electrochemical reduction of hematite, we
perform hydrogenation of the three low-index facets up to a maximum coverage of 12*Hgu (cf.
Figure 1d-f). The subscript “sub” denotes that hydrogen is adsorbed onto lattice oxygen atoms
at the hematite surface (i.e., forming surface hydroxyl-like species). Note that hydrogenation is
preferred at the oxygen surface atoms rather than the surface Fe sites, with relative free-energy
differences of 1.21, 0.51, and 0.81 eV/atom for the (0001),(1010), and (1210) facets,
respectively. The Gibbs free energies of the hydrogenated surface configurations are calculated
relative to the corresponding clean surfaces in our model and are reported in Table S1 (cf.
Section S2.3 of the Supporting Information (SI)). Based on these free energies, surface stability
diagrams for the (0001), (1010), and (1210) facets are constructed and presented in Section
S2.4 of the SI. Although 12*Hgy, corresponds to the thermodynamically preferred coverage
under the considered conditions, the clean (cf. Figure 1a-c), 8*Hgu, (cf. Figures S2b, S3b, and
S4b for the (0001), (1010), and (1210) facets, respectively in Section S2-S4 in the SI), and
12*Hgup surfaces (cf. Figure 1d-f) were selected as representative states spanning low,
intermediate, and high degrees of hydrogenation. This allows the influence of progressive
surface hydrogenation on the initial reduction thermodynamics to be assessed systematically.
Top and side views of these three surface structures, along with their corresponding stability

diagrams, are provided in Figures S2 — S4 (cf. Section S2.4 of the SI).

To assess the finite-temperature stability of representative surface states, AIMD simulations in
explicit water were performed for the clean and 12*Hsu,-covered hematite(0001) surfaces.
During the simulation of the nominally clean surface, four water molecules spontaneously
dissociated, resulting in hydroxylation of surface Fe sites and hydrogenation of lattice oxygen
atoms, as shown in Figure S49 (cf. Section S12 of the SI). This observation indicates that the
clean surface is prone to partial hydroxylation or hydrogenation under the simulated aqueous
conditions. This behavior was also observed in static DFT calculations under water adsorption
on the clean surfaces of hematite. * In contrast, the 12*Hgyb configuration remained structurally
stable throughout 20 ps trajectory without desorption or irreversible surface reconstruction.
Analysis of structural metrics, including root mean-square deviation (RMSD), Fe-O
coordination, bond distances, and layer-resolved atomic positions, further supports the stability

of the hydrogenated surface, as further discussed in Section S11 of the SI (Figures S34—-S48).



The AIMD simulations therefore support the propensity of hematite surfaces toward
hydroxylation and hydrogenation in an aqueous environment and the physical plausibility of
hydrogenated surface states (cf. Section S2.4 of the SI) considered in the subsequent analysis.
Snapshots from the AIMD simulations at Sps intervals are provided in Figures S49-50 of the
SI (cf. Section S12 of the SI).

Reduction sequences and Gmax(U) analysis

The initial electrochemical reduction of hematite proceeds through successive proton-coupled
electron transfer steps that progressively remove surface oxygen-containing species (*O or
*OH) via water formation and generate Fe-rich reduced surface. To map the
thermodynamically preferred reduction sequence under cathodic conditions, multiple surface
configurations are sampled at each reduction stage and the lowest-energy structure among the
configurations considered is selected as the corresponding reaction intermediate. The resulting
intermediates are used to construct potential-dependent free-energy diagrams within the
computational hydrogen electrode (CHE) framework. *® A representative reduction sequence
for a-Fe>03(0001) clean surface is shown in Figure 2. The same sampling protocol is applied

consistently to the (0001), (1010), and (1210) facets of clean and hydrogenated surfaces.

2H +e) HO0

M-120 M-110 M

Figure 2. Elementary steps in the electrochemical reduction of hematite on the a-Fe,03(0001)-clean surface. The
two proton-coupled electron transfer steps and the water formation are repeated until all twelve oxygen atoms of
the reactive layer(s) have been removed. Green arrows indicate the sequential reaction steps. The blue-circled site
represents the preferred *O site for water formation as a byproduct, leaving behind a vacancy on the surface. The
same approach holds if the reduction starts from a hydrogenated surface. Atom color code: gold (Fe), and red (O).

For the clean hematite surface, the initial reduction is modeled by the sequential removal of
lattice oxygen atoms from the near-surface region. In this model, the considered surface region
contains 12 oxygen atoms associated with the outermost Fe layers. Each oxygen-removal step
proceeds through the transfer of two proton—electron pairs and the formation of one water

molecule, generating an oxygen vacancy, as shown in Figure 2, according to



M—nO +2(H* + e¢7) - M—(n—1)O + H2O, AG; (1)
withn=12,11,...,1andi=1,2, ..., 12.
Accordingly, the surface evolves sequentially along

M-120 - M-110 - M-100 - ... > M-20 > M-10 - M (2)

with an individual free-energy change, AG;, associated with each reduction step, corresponding
to complete reduction on the reactive layer(s). Here, 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. Thus, M—110 corresponds to a surface from which one
oxygen atom has been removed relative to the initial configuration, M—100 to a surface from
which two oxygen atoms have been removed, and so forth (cf. Figure S1 of the SI). During
the reduction, oxygen atoms from lower layers migrate into the outermost layers, as visible in
the final structure shown in the inset of Figure 3, so that the reduced surfaces are not simply

Fe-terminated.

The individual reaction steps associated with AG1 to AG\2 are provided in the SI (cf. Section
S3 of the SI), and corresponding free-energy changes are given in Tables S2—S4 of the SI (cf.
Section S4 of the SI) for the (0001), (1010), and (1210) facets, respectively. The zero point
energy (ZPE) corrections, entropy contributions, and the enthalpic contributions of the

reference molecules H> and H>O are provided in Table S13 of the SI (cf. Section S9 of the SI).

For the hydrogenated hematite surfaces, the initial reduction proceeds through the sequential
removal of surface hydroxyl species. Each hydroxyl-removal step involves the transfer of one

proton—electron pair and the formation of one water molecule according to

M-—nOH + (H" + ¢7) - M—(n—1)OH + H2Oyj). AG; 3)
For the 8*Hgyp surface, the reduction sequence is

M—-80H-40 — M—-70H-40 —- M-60H-40 — ... - M—40, 4)
whereas the 12*Hsub, surface follows

M—-120H —- M-110H - M-100H — ... - M—10H - M (5)

withn =38, 7, ..., 1 for 8*Hsuw, corresponding to partial reduction, and n = 12, 11, ..., 1 for
12*Hsup, corresponding to complete reduction on the reactive layer(s), and j = 13, 14, ..., 32

(cf. Section S3 of the SI). Here, M—(n—1)OH denotes the corresponding surface after removal



of one additional hydroxyl species. Thus, M—70H-40 and M—110H represent the first

hydroxyl-vacancy states formed from the 8*Hgu, and 12*Hsu, surfaces, respectively.

The individual reaction steps associated with AG13 to AGs; are provided in the SI (cf. Section
S3 of the SI), and corresponding free-energy changes are given in Tables S2—S4 of the SI (cf.
Section S4 of the SI) for all facets.

Potential-dependent free-energy diagrams are constructed using the CHE approach 3 for the
reduction pathways of the a-Fe,03(0001), a-Fe,03(1010), and a-Fe>03(1210) facets of clean
and hydrogenated surfaces (cf. Sections 2.2.1 and 2.2.2 of the main text). The resulting free-
energy landscapes for these reaction pathways are analyzed using the potential-dependent
Gmax(U) descriptor, 3728 which is defined as the largest free-energy span among the free
energies of the reaction intermediates in a free-energy diagram at a given applied electrode

potential U 3°:

Gmax (U) = max{AGspantit (U), k = 1, ..., m} (6)

A smaller Gmax(U) therefore corresponds to a smaller thermodynamic bottleneck along the
considered reduction sequence and is taken here as an indicator of greater thermodynamic
reduction propensity at a given electrode potential. This descriptor enables a consistent
comparison of different facets and surface states, provided the reduction sequences comprise
the same extent of reduction, without implying an explicit evaluation of activation barriers or

reaction kinetics.

Crystallographic dependence of the initial electrochemical reduction

To isolate the intrinsic influence of crystallographic orientation on the initial electrochemical
reduction of hematite, we first consider the clean (0001),(1010), and (1210) surfaces as
common reference states. Although the AIMD simulations indicate that the nominally clean
hematite surface is susceptible to hydroxylation under aqueous conditions, the clean surfaces
provide a well-defined reference for disentangling the effect of crystallographic orientation

from that of surface hydrogenation.

The equilibrium potential for the reduction of hematite to iron, obtained from data of
thermodynamic tables *° is —0.06 V vs. RHE. To probe the facet dependence under sufficiently

reducing conditions, we evaluate hematite reduction at U = —0.7 V vs. RHE. This strongly



cathodic potential was selected to provide a sufficiently large thermodynamic driving force for
the initial reduction and to establish a common electrochemical reference for comparing the
different crystallographic facets and surface states. Figure 3 shows the potential-dependent
free-energy landscape for the initial reduction of the clean a-Fe2O3(0001) surface at U =—-0.7
V vs. RHE. The corresponding free-energy diagrams for the clean (1010) and clean (1210)
surfaces are provided in Figures S6 and S7 of the SI (cf. Section S6 of the SI). Pronounced
differences in the limiting free-energy spans are observed among the three crystallographic
orientations. The (0001) facet exhibits a Gmax(U = —0.7 V) value of 0.67 eV, compared with
1.02 eV for (1010) and 0.79 eV for (1210). Thus, the (0001) surface displays the smallest
thermodynamic bottleneck among the investigated orientations, identifying this facet as

intrinsically most favorable for the initial electrochemical reduction under the considered

conditions.
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Figure 3. Potential-dependent free-energy diagram for the electrochemical reduction of the a-Fe,O3(0001)-clean
surface. The green arrow indicates the limiting free-energy span based on the Gmax(U) descriptor at U = -0.7 V
vs. RHE. The inset images on the left and right depict the optimized surface structures before (M—120) and after
reduction (M), respectively. All potential-dependent free-energy diagrams for the electrochemical reduction of
the clean a-Fe,Os3 surfaces for all facets are provided in Figures S5-S7 of the SI (cf. Section S6 of the SI).

Crystallographic orientation also affects the position of the limiting free-energy span along the

reduction sequence. For the (0001) surface, the largest span corresponds to the late-stage



transformation from M—20 to M. In contrast, the limiting spans of the (1010) and (1210)
surfaces refer to the transformations M—40 — M—10 and M—40 — M-20, respectively.
These differences indicate that crystallographic orientation influences not only the magnitude
of the thermodynamic bottleneck but also the stage of the initial reduction sequence at which
the most unfavorable transformation occurs. All free-energy spans considered for the clean

surfaces are listed in Table S5 (cf. Section S5 of the SI).

Surface hydrogenation modulates facet-dependent reducibility

Surface hydrogenation can substantially modify the thermodynamics of the initial hematite
reduction while preserving the advantage of the (0001) orientation. Figure 4 summarizes the
Gumax(U = —0.7 V) values for the clean, 8*Hsw, and 12*Hgw configurations of all three
investigated facets; all free-energy spans considered are listed in Tables S6 and S7 (cf. Section
S5 of the SI). The clean and 12*Hsw sequences comprise the removal of all twelve oxygen
atoms of the near-surface region, whereas the 8*Hgu, sequence comprises only the removal of
the eight hydroxylated oxygen atoms and thus represents a partial reduction (hatched bars in
Figure 4). The effect of hydrogenation on the complete reduction is therefore assessed by
comparing the clean and 12*Hguw surfaces, whereas the 8*Hsuw values are compared only

between facets.

gl (0001) (1010) (1210)
' B Complete reduction of reactive layer(s) 2.17
Partial reduction of reactive layer(s)
20F

G,y at U=-0.7 V vs. RHE (V)

Figure 4. Summary of the Gmax(U =—0.7 V vs. RHE) values for clean, 8*Hguw, and 12*Hg,, surface coverages of
the (0001), (1010), and (1210) facets of hematite. Color code: green bars represent the (0001) facet, blue bars
represent the (1010) facet, and red bars represent the (1210) facet. The hatched bars denote a partial reduction:
for 8*Hquw, only the eight hydroxylated oxygen atoms are removed, whereas the clean and 12*Hg, sequences
comprise the removal of all twelve oxygen atoms. Surface coverage information is indicated below each bar.
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For the complete reduction, high hydrogen coverage affects the three facets in a strikingly
different manner. On (0001) and (1010), Gmax(U = —0.7 V) remains essentially unchanged
upon going from the clean to the 12*Hgy surface (0.67 vs. 0.61 eV and 1.02 vs. 1.06 eV,
respectively). On (1210), in contrast, Gmax(U =—0.7 V) increases from 0.79 to 2.17 eV so that
the highly hydrogenated surface is considerably more difficult to reduce. Since 12*Hgup
corresponds to the thermodynamically preferred hydrogen coverage under the considered
conditions, the most stable interfacial state is not necessarily the most reducible one: high
hydrogen coverage can passivate the surface toward further reduction, and the extent of this

passivation depends strongly on the crystallographic orientation.

For the partial reduction of the 8*Hgu surfaces, Gmax(U = —0.7 V) amounts to 0.12 eV for
(0001), 0.59 eV for (1010) and 0.78 eV for (1210). These smaller values do not indicate a
facilitated reduction: for the complete clean and 12*Hsu, sequences, the limiting spans arise in
the late stage of the reduction (cf. Figure 3 and Figures S12, S16, and S19 in Section S6.2 of

the SI), which the partial sequence does not include.

Importantly, the (0001) facet retains the lowest Gmax(U = —0.7 V) for every investigated
surface state, including the partial reduction of 8*Hgy,. The enhanced reducibility of (0001) is
therefore robust against substantial changes in the interfacial hydrogen coverage, whereas the
relative behavior of the two non-basal facets is more strongly coverage-dependent. These
findings identify crystallographic orientation and surface hydrogenation as coupled but distinct

factors governing the initial electrochemical reduction of hematite.

Although hydrogenation is not thermodynamically favorable on the outermost Fe sites
compared to the oxygen surface sites, we also investigated hematite reduction as a function of
hydrogen atoms adsorbed on the outermost Fe atoms on the (0001),(1010), and (1210)
facets. This is motivated by the possibility that the Fe-surface sites may play a role in the early
stages of reduction, despite their lower thermodynamic preference. The trend observed in
Figure 4 for hydrogenated *Hsub states also holds for a monolayer of hydrogen atoms adsorbed
on the outermost Fe atoms (cf. Figure 5a), as the (0001) facet still exhibits the highest

reduction propensity.

Based on this result, we further examined the impact of hydrogen atoms adsorbed on the
outermost Fe atoms (*H) in combination with the 12*Hjy state for the (0001) facet. Note that
for the (1010), and (1210) facets, such coverages were found to be thermodynamically

unstable due to water formation on the surface.
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For the complete reduction sequences, additional hydrogenation of the lattice oxygen raises
Gmax(U = =0.7 V) from 0.00 eV (4*H & clean) to 0.44 eV (4*H & 12*Hguw) (Figure Sb).
Hydrogen adsorbed on both the outermost Fe atoms and the lattice oxygen therefore hinders

the reduction of (0001).

b)
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Figure 5. Summary of the Guma(U = —0.7 V vs. RHE) values for a) 4*H & clean(0001), 6*H & clean(1010),
and 8*H & clean(1210) surface coverages of hematite and b) 4*H & clean (0001) and 4*H & 12*H,(0001)
surface coverages of hematite. Color code: green bars represent the (0001) facet, blue bars represent the (1010)
facet, and red bars represent the (1210) facet. Surface coverage information is indicated below each bar.

Detailed potential-dependent free-energy diagrams for the hydrogenated surfaces (*Hsub
states), as a function of hydrogen adsorption on the outermost Fe sites (*H states), and
comparisons with gas-phase DFT calculations, are provided in Figures S8-S19 (cf. Section S6

of the SI).

Electronic-structure changes upon reduction

Having established the effects of crystallographic orientation and surface hydrogenation on the
thermodynamics of the initial hematite reduction, we next examine how the electronic structure
evolves during the reduction and whether band-center descriptors can rationalize these trends.
To this end, the Fe d-band and O p-band centers were evaluated for the investigated facets and
surface coverages before and after reduction. The corresponding values for the reactive and
non-reactive atomic layers, as well as for the complete surface models, are provided in Tables

S8-S12 of the SI (cf. Section S7 of the SI).

12



The Fe d-band center does not exhibit a systematic relationship with the calculated Gmax(U =—
0.7 V) values (cf. Figures S20-S22 in Section S7 of the SI). In contrast, the O p-band center,
evaluated for the non-reactive oxygen layers because only these oxygen atoms are present both
before and after reduction, reveals a distinct electronic response of the (0001) facet. Upon
reduction, it shifts to more negative energies for most surface states, and this downward shift
is largest on (0001), both on average over the complete reduction sequences (—0.53 eV,
compared with —0.34 eV for (1010) and —0.16 eV for (1210)) and for both hydrogen-covered
states (—0.55 eV and —0.64 eV for 4*H and 12*Hsuw, respectively), whereas the shifts on the
clean surfaces are comparable for all facets (Figure 6). This pronounced electronic response
qualitatively parallels the highest reducibility of the (0001) facet. However, the O p-band
center does not reproduce the ordering of the two non-basal facets, and neither its shift nor its
initial value correlates systematically with Gmax(U =—0.7 V) across the complete sequences. It
thus serves as a qualitative indicator of the strong electronic response of the (0001) facet rather

than as a quantitative descriptor of reducibility.

-1.0 (0001) (1010) (1210)
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Figure 6. O p-band center of the non-reactive oxygen layers before (circles, dashed lines) and after (squares, solid
lines) the electrochemical reduction for the investigated surface states of the (0001), (1010), and (1210) facets
(green, blue, and red, respectively), evaluated within the energy interval of —10 to 4 eV. The 8*Hu, values refer
to the partial reduction and are not included in the facet-averaged shifts discussed in the text. Lines are guides to
the eye. The corresponding values are listed in Table S11 of the SI.
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Finally, we analyzed the density of states (DOS) for the investigated facets and surface
coverages before and after reduction. Prior to reduction, the electronic structure near the
valence and conduction bands are predominantly influenced by O p-states. After reduction,
however, Fe d-states become the dominant contributors in these energy regions, as shown in
Figure 7 for the reduction of the clean (0001) surface. The emergence of Fe d-derived states
near the Fermi level indicates a transition toward more metallic electronic character during the
initial electrochemical reduction of hematite, suggesting the formation of a reduced, Fe-rich

surface phase.

Similar trends were observed across the other facets, with corresponding DOS plots provided
in Figures S25-S33 in the SI (cf. Section S8 of the SI). For most cases, the band gap decreases
upon reduction, suggesting a transition toward a more metallic character compared with the

unreduced surfaces.

a) b)

— Total DOS — O (p) — Total DOS — O (p)

DOS

Energy (eV) Energy (eV)

Figure 7. DOS of a-Fe;03(0001)-clean surface. a) Before electrochemical reduction, and b) after
electrochemical reduction.

Fe nucleation from dissolved Fe?* and Fe3' on reduced hematite surfaces

To assess whether a dissolution—deposition pathway competes with the direct solid-state
reduction, we evaluate the deposition of one and two Fe atoms from dissolved Fe** or Fe** onto
the reduced surfaces (cf. Section S10 of the SI). The Fe?*/ Fe*" reference is derived from the
experimental standard potential at pH = 0 and unit activity, together with the computed

chemical potential of bulk bce Fe.

At U =-0.7 V, the deposition of bulk Fe is exergonic by 0.50 eV per Fe atom from Fe?" and
by 1.98 eV from Fe*" (cf. Section S10 of the SI). In contrast, the deposition of isolated Fe

14



adatoms onto the reduced surfaces is endergonic for all investigated facets and surface states,
by at least 2.1 eV from Fe?" and 0.6 eV from Fe** (Table S14), because a single Fe adatom is

2.6-5.0 eV less stable than an Fe atom in bulk bcc iron.

These results do not exclude Fe electrodeposition as such, which becomes thermodynamically
favorable once a bulk-like Fe phase is present. Rather, they show that the nucleation of Fe from
dissolved species on the reduced hematite surfaces faces a substantial thermodynamic barrier,
whereas the solid-state pathway generates reduced Fe directly within the existing Fe—O
framework. This supports the relevance of the solid-state pathway for the initial reduction
stage, in line with recent experimental findings,?® while dissolution—deposition may contribute
once Fe nuclei have formed, consistent with the proposed coexistence of both mechanisms.?!"?
Since the analysis refers to pH = 0 and unit activity of Fe?*/ Fe**, it does not directly address

alkaline electrolytes, in which dissolved iron is present as hydroxo complexes at low

concentrations.

Discussion

The combined thermodynamic and electronic-structure analysis indicates that the initial
electrochemical reduction of hematite is governed by an interplay between crystallographic
orientation and the evolving chemical state of the surface. Surface hydrogenation modifies the
accessibility of individual reduction steps, yet the (0001) facet consistently remains the most
favorable orientation. This persistence suggests that the enhanced reducibility of (0001) is not
solely associated with a particular surface coverage but reflects an intrinsic crystallographic

contribution to the reduction process.

At the same time, surface hydrogenation does not substantially promote the complete
reduction. The highly hydrogenated 12*Hsup state, which is thermodynamically preferred under
the considered conditions, leaves the reduction thermodynamics of (0001) and (1010)
essentially unchanged but strongly impedes the reduction of (1210). The thermodynamically
most stable interfacial state is therefore not necessarily the most reducible one, and the extent
of this passivation depends on the crystallographic orientation. The reduction propensity of
hematite is thus determined not only by the crystallographic structure of the oxide but also by

the evolution of its interfacial chemical state.
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The predicted crystallographic preference is particularly noteworthy in light of experimentally
observed anisotropy during hydrogen-based reduction of hematite. Ratzker et al. investigated
hematite samples at the single-crystal level with the same crystallographic orientations
considered here and identified the (0001) orientation as the most readily reduced one, using
molecular hydrogen as a feedstock.” Additional experimental and computational study has
likewise demonstrated pronounced facet effects during hydrogen reduction of hematite at
solid—gas interfaces.?” The agreement in crystallographic sensitivity across these studies and
the present calculations in an electrochemical environment suggests that part of the
experimentally observed anisotropy originates from intrinsic differences in the reducibility of

the hematite lattice.

This correspondence should not be interpreted as evidence that electrochemical and hydrogen-
based reduction proceed through identical elementary mechanisms. Hydrogen-based reduction
involves a gas—solid reaction environment and, at later stages, phase-boundary migration and
structural evolution through progressively reduced iron oxides. **-!! In contrast, the present
model isolates the initial, surface-localized proton-coupled electron transfer steps under
electrochemical conditions. The persistence of crystallographic anisotropy across these distinct
reaction environments nevertheless suggests that the local Fe—O bonding of the exposed
hematite facets, reflected in their distinct electronic response upon reduction, exerts a

fundamental influence on the earliest stages of reduction.

While crystallographic orientation provides an intrinsic contribution to hematite reducibility,
surface hydrogenation modulates how this intrinsic tendency is expressed under
electrochemical conditions. This interplay may offer a route toward controlling the early stages
of electrochemical iron-oxide reduction through the crystallographic and interfacial properties
of the starting material. For instance, hematite particles with a high fraction of exposed (0001)
surfaces, such as platelets, should be reduced more readily, whereas morphologies dominated

by (1210) surfaces are prone to passivation at high hydrogen coverage.

Under the strongly cathodic conditions considered here, the reduction of hematite competes
with the hydrogen evolution reaction (HER), which limits the current efficiency of
electrochemical iron production.'® Preliminary calculations of hydrogen adsorption on surface
Fe sites indicate that this competition intensifies as the reduction proceeds: the hydrogen
adsorption free energy, which governs the thermodynamics of the Volmer—Heyrovsky

mechanism, amounts to roughly 0.5 eV on the hydrogenated surfaces at U =0 V vs. RHE but
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approaches 0 eV on the reduced surfaces. The HER is therefore thermodynamically facile on
both surface states at U=-0.7 V vs. RHE, so that the selectivity toward iron formation is likely

governed by kinetic factors beyond the present thermodynamic analysis.

In summary, we investigated the initial electrochemical reduction of hematite on the
(0001), (1010), and (1210) facets using DFT + U calculations combined with potential-
dependent free-energy analysis, electronic-structure analysis, and AIMD simulations. The
calculated reduction pathways reveal a pronounced crystallographic dependence, with the
(0001) facet consistently exhibiting the smallest Gmax(U = —0.7 V) value and thus the highest

thermodynamic reduction propensity among the investigated orientations.

Upon reduction, Fe d-derived states emerge near the Fermi level, indicating the formation of a
more metallic, Fe-rich surface. The O p-band center shifts most strongly on the (0001) facet,
which qualitatively parallels its highest reducibility, whereas neither the O p-band nor the Fe

d-band center provides a quantitative descriptor of the facet ranking.

Finally, the deposition of isolated Fe adatoms from dissolved Fe*" or Fe** onto the reduced
surfaces is strongly endergonic, although bulk Fe deposition is exergonic at the investigated
potential. Nucleation from solution is therefore thermodynamically hindered on these surfaces,
which supports the relevance of the direct solid-state pathway for the initial reduction stage.
Overall, the present study establishes crystallographic orientation and interfacial hydrogenation
as key factors governing the initial electrochemical reduction of hematite and provides an
atomistic basis for understanding and potentially controlling facet-dependent reducibility in

electrochemical iron production.

Methods

DFT calculations. To investigate the initial electrochemical reduction of hematite (a-Fe>O3)
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) #042,
The aqueous environment was represented using the implicit-solvation model VASPsol. * The
projector augmented wave (PAW) method ** was used to describe core-valence electron
interactions, with 14 and 6 valence electrons assigned to Fe and O, respectively. All

calculations were carried out within the spin-polarized plane-wave DFT framework using

Perdew-Burke-Ernzerhof (PBE) functional °, supplemented with an on-site Coulomb
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interaction (PBE + U). % The effective U value for the 3d states is typically set between 4.0
and 4.3 eV #* and in this study we adopt U = 4.2 eV, which yields a band gap of 2.14 eV—
consistent with previous experimental and computational findings.***%% Grimme’s D3

dispersion correction >

was included to account for a long-range van der Waals interactions,
improving the accuracy of surface and adsorption energetics. To minimize interactions
between periodic images, a vacuum layer of at least 16 A was introduced along the surface-
normal (z) direction. Given the use of an asymmetric slab model, a dipole correction was

applied perpendicular to the surface to mitigate artificial electrostatic interactions.>’

Ab initio molecular dynamics. To assess the finite-temperature stability of representative
surface configurations of hematite in an explicit aqueous environment, we performed AIMD
simulations using the CP2K 2025.2 /Quickstep software package *°, which implements a
hybrid Gaussian and plane-wave (GPW) approach. A Hubbard effective U value of 3.2 eV was
employed for Fe states in the CP2K calculations, yielding a band gap of 2.06 eV, consistent
with the electronic structure obtained using the VASP setup. Within this framework, the Kohn—
Sham orbitals were expanded in atom-centered Gaussian-type basis sets, while the electronic
density is represented on an auxiliary plane-wave grid.®® Core-electron effects are accounted
for using analytical Goedecker—Teter—Hutter (GTH) pseudopotentials.®!** The Fe and O atoms
were described using double-C basis with polarization functions, specifically the DZVP-
MOLOPT-SR-GTH basis sets *, while H was described using the DZVP-MOLOPT-GTH
basis set.® The basis functions were taken from the BASIS MOLOPT library.®® The plane-
wave cutoff for the electronic density was set to 600 Ry, with a relative multigrid cutoff of 60

Ry. Further computational details are given in section S1 of the Supporting Information (SI).

Data availability

The optimized structures and the input and output files of all DFT and AIMD calculations
supporting the findings of this study will be deposited upon publication in a public repository.

All other data are available within the article and its Supplementary Information.
Code availability

DFT calculations were performed with the commercial code VASP, and AIMD simulations
with the open-source code CP2K. The free-energy diagrams were analyzed with the Gmax(U)

descriptor following refs. 37 and 3%,
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