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ARTICLE INFO ABSTRACT

Keywords: Maghemite surfaces have recently emerged as promising materials for (electro)photo-catalytic applications,
r-Fe,03 particularly in the context of the oxygen evolution reaction (OER). In this study, density functional theory
Oxygen evolution reaction (DFT) is applied to explore the mechanistic details of OER and its fundamental steps on the most stable

Strain effect

DFT maghemite layers grown on a Pt substrate. Our investigation reveals that the Pt substrate significantly

influences the surface energetics, through both geometric and electronic effects. On the (001) surface, the
geometry of Pt negatively affects the OER energetics. On the contrary, the inclusion of electronic effects
facilitates the evolution of oxygen, however, energetics remains less favorable than on the free standing surface.
A comparative analysis of the (001) and (111) maghemite surfaces demonstrates that both surfaces present
a similar reactivity towards OER, when grown on a Pt substrate. In particular, an overpotential (1) of 1.28
V is calculated on the (111) surface, a value similar to that on (001) (7 = 1.30 V). Despite a similar global
reactivity, distinct potential limiting steps are identified. Specifically, on the (111) surface, the formation of
the *OH intermediate is identified as the potential limiting step, while the *O formation is limiting on the
(001) surface, as commonly observed on other iron oxides. These findings offer atomic-level insights about
the reactivity of maghemite surfaces over OER process. They also clearly evidence the influence of surface
structure on mechanisms and that of substrate on global efficiency.

1. Introduction on the termination. While highly exothermic dissociative adsorption
has been mainly observed on Fe;04(111) [25,26], partial dissocia-

Iron oxides are among the most important environmentally friendly tion [27] and molecular adsorption can also occur on Fe;0,(001) [28,
materials owning a large number of applications. The interaction of 29]. However, within our knowledge, no in-depth studies have been
water with iron oxide surfaces is the core mechanism in numerous performed to elucidate the interaction between water and maghemite,
areas, like geochemistry, corrosion, catalysis, or electrochemistry [1- despite some evidence [30,31] of a substantial interaction. Besides, the
6]. Especially, in these fields, maghemite is one of the iron oxides oxygen evolution reaction has been explored in detail on both hematite

that attracts significant attention since recent years. Up to now, it has [32-35] and magnetite [36-39]. Still, despite some evidence of the
been under investigation through a surface science approach, both as

nanoparticles [7] and supported thin films [8-10] in vacuum due to
its diversified applications ranging from biomaterial [11], pollutant
removal [12-14], magnetic data storage [15] to catalysis [16-19].
Therefore, inclusion of the interaction of water with iron oxide surfaces
is important to have a complete understanding of their role in key
electrocatalytic processes.

In general, the interaction of water with iron oxide surfaces is an
extensively studied phenomenon. The wide interaction of hematite with
water is well known. Both entirely theoretical [20,21] and combined
[22-24] studies have evidenced either the spontaneous dissociative
adsorption or molecular adsorption, rapidly followed by dissociation
with low activation barriers. Concerning magnetite, favored interaction
with water has also been demonstrated, with some nuances depending in acidic conditions, as already done on hematite [34,48], for example.

important ability of maghemite for oxygen evolution reactions [40] and
its promising applications in water-splitting [41-43], only few studies
explored water splitting on maghemite surfaces due to its complex
surface structure and ferrimagnetic nature [41,42,44,45]. Hence, an
atomic-scale theoretical insight into OER, its intermediates, and reac-
tive sites on maghemite surfaces is necessary to explore its applicability.
This is all the more crucial that the mechanism of OER is widely
influenced by the surface structure of the oxide, as identified in the
numerous studies about OER on metal oxides [46,47]. Hence, it is
worth determining if the particular structure of maghemite can play
a role in improving OER efficiency.

To do so, the mechanism of OER is investigated on maghemite first
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In these conditions, bare maghemite will be considered. Indeed, given
its high polarity, maghemite is naturally easily hydroxylated. However,
in acidic conditions, protons react with surface hydroxyls to restore
native surface. Besides, iron oxides, as well as other metal oxides, are
rarely used alone, but often deposited on substrates, like for example,
hematite on Pt(111) for solar water splitting [49], or thin films of
FeO(111) on Au(111) or Pt(111) for CO oxidation [50]. As evidenced,
among others, by Grave et al. [51], for hematite deposited on Pt(111),
the presence of the substrate has two main interests. Firstly, epitaxial
growth on a single Pt(111) substrate allows the obtention of a well-
defined and reproducible crystallographic structure for the top thin
films [49]. Secondly, a metallic substrate allows bottom conductive
contact, essential for efficient electrochemical measurements [52,53].
For maghemite, the use of a substrate is all the more crucial as bulk
maghemite is not stable and thus maghemite exists only as nanopar-
ticles or films grown on a substrate. Nevertheless, if the presence of
the substrate brings real added values for model studies, it also has
a non-negligible influence on reactivity. Hence, several studies of OER
catalyzed by metal oxides have evidenced the influence of the substrate.
For example, different behaviors have been demonstrated for CoO,
deposited either on Ir(111) or on Pt(111) [54] or for RuO, deposited on
different materials like platinum, titanium, nickel or glassy carbon [55].
The choice of the substrate can thus influence further reactivity. Given
previous results suggesting maghemite-Pt composites as promising cat-
alysts [56], but also the conductive nature of platinum and the fact that
it allows well-defined epitaxial growth [49], a platinum substrate has
been chosen in the following.

Thus, it appears mandatory to also consider the role of the sub-
strate, in our case platinum, when investigating OER mechanism on
maghemite. As a consequence, in this work, the interaction of water
molecules with the most stable terminations of Pt supported maghemite
(001) and (111) surfaces is firstly considered. After a probe study to de-
termine the most stable adsorption sites, the oxygen evolution reaction
(OER) is investigated. Different levels of calculations are considered to
investigate the geometric and electronic role of the substrate. Finally,
the required overpotential for the different cases is compared.

2. Model structures and computational methods
2.1. Computational details

All calculations have been performed using the Vienna ab-initio
simulation package (VASP 5.4.4) [57,58] based on plane-wave den-
sity functional theory (DFT). As maghemite displays a ferrimagnetic
nature, calculations with the consideration of spin-polarized effects
are performed. We initialized the magnetic moments, i.e., +5 uB for
octahedral iron atoms and —5 B for tetrahedral ones, to correctly
reproduce their bulk values, +4 uB and —4 uB, for the iron atoms in the
middle of the slab. A summary of final magnetic moments is given in
SL. Projector-augmented plane-wave (PAW) method [59] is employed
with eight valence electrons for Fe (3d74s'), six for O (2s>2p*), and
ten for Pt (5d°6s'). The Perdew, Burke and Ernzerhof (PBE) exchange—
correlation functional is applied within the framework of the general
gradient approximation (GGA) [60] to account exchange—correlation
interactions. To consider the long-range interactions, Grimme D3 (DFT-
D3) dispersion correction is used with zero damping [61], while the
bandgap issue is solved applying the DFT+U Dudarev approach [62]. A
value of 4.3 eV is considered for U, ,, leading to a favorable alignment
with experimental bulk properties [63,64]. The Brillouin zone sampling
is done using a Monkhorst-Pack k-point mesh, the accuracy of which
depends on the cell size. Gaussian smearing with a width of 0.1 is
employed to improve convergence and minimize electronic energy. The
kinetic energy cutoff of the plane-wave basis is set at 550 eV, and
convergence thresholds for energy and forces are established at 107> eV
and 0.02 eV/A, respectively.
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Fig. 1. Side views of the two most stable surfaces of maghemite adsorbed on
platinum. (Left) AB(001) from tetragonal model (Right) EF(111) from cubic
model. Tetrahedral iron atoms (Fer,) are reported in green, octahedral ones
(Fe,,,) in orange and oxygen atoms in red. More details about these structures
can be found in [65].

2.1.1. Model structures

Following our previous work [65], we only considered the two most
stable surfaces of Pt supported maghemite, namely AB (001) from the
tetragonal model and EF (111) from the cubic one (see Fig. 1).

The cell size for AB(001)/Pt is 8.32 x 8.32 x 53.77 Z\, includ-
ing a vacuum of 19 A and corresponding to a 0.84% constraint on
maghemite along x and y directions, induced by the lattice mismatch
between maghemite and Pt substrate as original cell corresponds to
8.39 x 8.39 A along x and y directions. Similarly, cell parameters for
EF are equal to 19.60 x 11.76 x 49.00 A, corresponding to a vacuum of
23 A and a constraint of 0.86% along x and 4.64% along y direction as
the original cell corresponds to 20.55 x 11.87 A in the x and y direction.
To sample the Brillouin zone, Monkhorst-Pack k-point meshes are
chosen according to cells’ sizes. Hence, a 4 x 4 x 1 Monkhorst-Pack
k-point mesh is used for the AB termination and a 2 x 4 x 1 for the EF.

In the following, three different cases for the AB and EF cells
will be considered in order to understand how the platinum substrate
influences the OER energetics on the AB and EF surfaces. The geo-
metrical contribution of Pt and the combination of both geometrical
and electronical influences of Pt will be investigated with the three
cases depicted in Fig. 2. First, the free standing maghemite surface
is considered. Secondly, only the geometrical effect of platinum is
introduced by straining maghemite layer to the Pt lattice parameters,
but without explicit Pt support. Practically, the structure of maghemite
is extracted from the previously optimized y-Fe,0;/Pt system [65]. In
water adsorption on this strained maghemite, only the top 5 layers are
allowed to relax. Finally, the five layers Pt substrate itself is introduced,
with only the top 5 layers of maghemite allowed to relax (see Fig. 2).
This would allow us to decouple the geometric and electronic influence
of Pt substrate over OER reaction intermediates.

2.2. Energetics of reaction intermediates

To analyze water adsorption on the different surfaces, we calculate
its adsorption energy (E,;,) using the following formula:

Eq4(r —Fey03) = Ey 0@y-Fe,0, ~ En,0 — Ey—Fe,0, (€8]

Ey45(r = Fe;03/Pt) = Ey,0@y—Fe,05 /Pt — EH,0 = Ey—Fey04 /Pt (2)

This allows us to quantify and comprehend the binding strength
between water molecules and the various surfaces under consideration.

In acidic conditions, water oxidation is given by the following
equation:

2H,0 — Oy (g +4H* +4e7 1 4G, = 4.92 eV 3
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Fig. 2. The three considered cases for OER energetics: (A) Native y-Fe,O;,
without any influence of platinum, (B) with geometrical influence of Pt,
namely y-Fe,O; constrained to the lattice parameter of platinum, with geom-
etry extracted from y-Fe,0;/Pt and (C) with both geometric and electronic
influences of Pt (only top 5 layers are relaxed).

The water oxidation is assumed to take place in four elementary steps:

*OH —»% O+ H' +e” (C)]
% O +H,0 —% OOH + H' + e~ (5)
% OOH —% 00 + H' + e~ (6)
# 00 + HyO = O+ * OH+ H* + ¢~ )]

The free energy change (4G) for each step can be determined
through the following expression:

AG = AE+AZPE -TAS (€))

Entropic contributions for adsorbed species are usually minimal due
to a very limited degree of freedom, therefore, they will be neglected in
the following, as often applied for both OER [66,67] and HER [68,69].
The ZPE correction of adsorbed species was neglected. On the con-
trary, the gas-phase thermal corrections of molecules were taken from
ref [37], while vibration corrections having, in general, more impact
on transition states, are out of the scope of the current study.

To be able to make a link with experimental studies, we have used
the computational hydrogen electrode (CHE) approach as suggested by
Ngrskov and co-workers [70]. Even if this approach presents several
limitations due to its intrinsic hypotheses [71,72], it has already been
successfully applied in numerous cases [32,33,39], allowing an efficient
and reasonable overview, within a low computational cost. The CHE
approach is thus based on the fact that the sum of the chemical
potentials of protons and electrons at pH = 0 and at zero applied bias
on the standard hydrogen electrode (SHE) scale is equal to the chemical
potential of gas-phase hydrogen under standard conditions. The effect
of external potential is applied only to the chemical potential of the
electrons by —eU, where e is the electronic charge [73]. Hence, with
the SHE electrode as reference, the free energies of OER elementary
steps [74] are calculated with the following equations:

AG, = E,+ %EHl —E,on— %(TASHE —AZPEy) - eUsy; 9
1 1
4G, = E,oou + E(EHl —AZPEy,) - E,o — Ey,o0) + TASy,0 — ETASHZ —eUsyg (10)
1 1
4Gy = E,o0 + E(Eu2 —AZPEy,) - E,oon — ETASHI —eUsyg a1

3 3
4Gy = E,oq — E,00 + En,o0) — E(Eu1 —AZPEy,) - TASy,0 + ETASIIZ - 4Gy - eUgy;  (12)

Adding all the elementary free energies would result into the fol-
lowing global free energy:

AG| + AG, + AG; + AG, = AG) — 4eUgy g 13
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Table 1

Adsorption energies (in eV) of water on the four octahedral iron (States A, B,
C and D) for the three considered cases for AB(001): free standing surface,
maghemite with Pt strain, maghemite on Pt. Associated magnetic moments in
up per Fe,O; unit are reported in parenthesis for each case.

Eas (1) (A) (B) © (D)

Free standing ~ —0.46 (2.46)  —0.56 (2.46)  —0.69 (2.46)  —0.64 (2.47)
Pt geometry -0.60 (2.47)  -0.38 (2.42)  —0.64 (2.46)  —0.45 (2.46)
On Pt -1.72 (247)  -0.77 (2.38)  -0.65 (2.38)  —0.62 (2.38)

To characterize activity of the different systems, limiting potential
(Ujimiring)» defined as the applied specific potential where all steps are
neutral or exothermic, will be use. In this case, we approximated the
applied potential when OER energetics becomes thermodynamically fa-
vorable. Finally, we will also consider overpotential (), defined as the
difference between the actual required voltage and the theoretical half-
cell reaction voltage. In order to calculate the required overpotential,
the following equation has been used:

n= %max[AGn] -123V 14
3. Results

The effect of a platinum substrate on water adsorption, and more
generally on OER energetics is analyzed, firstly from the geometrical as-
pect alone, then from combined geometrical and electronic influences.
To do so, the AB(001) termination in the tetragonal structure [65] is
considered within the three models described in computational details,
namely free standing y-Fe,O;, strained y-Fe,O; (geometrical effect of
Pt) and y-Fe,05/Pt (geometrical and electronic effects of Pt). Then, the
second part deals with adsorption of OER intermediates and respective
OER energetics on EF(111) from the cubic model. Finally, reaction
intermediates, potential limiting steps, and required overpotentials are
compared for both (001) and (111) terminations.

3.1. Adsorption of water on AB surface

Water adsorption is firstly probed on free standing AB(001). Given
the top layer obtained for maghemite grown on Pt, namely B layer (see
Fig. 1), adsorption of water is only considered on the B side of the
slab. B layer is composed of octahedral iron atoms (Fey,), while un-
derneath tetrahedral iron Fer,, are not accessible for water adsorption.
Considering water adsorption on all four Fe,, of the top layer leads
to adsorption energies ranging from —0.38 to —0.69 eV (see Table 1),
associated with geometries reported in Fig. 3 and in SI. The range
of molecular water adsorption energies is in agreement with previous
theoretical studies performed on other iron oxide surfaces [37].

Even if water molecules are slightly tilted (see Fig. 3), the interac-
tion of hydrogen atoms with O atom from the surface is not sufficient
to lead to substantial hydrogen bonds able to increase the stability.

Next, the geometrical influence of platinum inducing strain effects
is considered, leading to various behaviors. While strain has almost
no influence on (C) state, it stabilizes (A) state, this latter becoming
competitive with (C) (E,4, = —0.60 and —0.64 eV, respectively). On
the contrary, strain destabilizes both (B) and (D) states in a similar
extent. One has to mention that the geometrical impact of Pt reduces
the intrinsic stability of maghemite surface due to the fixed geometry
imposed by Pt interaction, leading to a different reactivity of the
surface towards water. Finally, in presence of Pt, the adsorption energy
increases for (A), (B), and (D) states, while energy of (C) remains almost
constant. This increase is clearly more important for (A) state than for
the others. This is directly related to the magnetic moment. Indeed,
when Pt is explicitly introduced, the magnetic moment keeps a value
close to the experimental one of 2.5 yp/Fe,05[75], while it decreases
to 2.38 up for the other configurations. The magnetic destabilization
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(C)-0.69 eV (D) -0.38 eV

Fig. 3. Lateral views of water adsorbed on bare AB(001), on the four available
octahedral sites. Adsorption energies are reported in eV, while useful bond
lengths are specified in A. Corresponding top views are reported in SI.

compensates stabilization by Pt substrate, thus reducing its effect. These
results demonstrate that, despite the computational cost, the complete
influence, namely geometric and electronic, of Pt substrate has to be
considered when studying the interaction of water with maghemite.

3.2. Adsorption of OER intermediates

Following the preliminary step of water adsorption, adsorption of
all other OER intermediates has been considered on the three systems
mentioned above in order to identify Pt substrate influence on the
kinetics and potential limiting steps of the OER reaction energy profile.
Intermediates have been considered within the adsorbate evolution
mechanism (AEM). However, alternative reaction pathways exist, such
as lattice-oxygen mediated or oxide-path mechanisms. AEM has been
chosen because it is the most common and widely accepted pathway
for OER on oxide surfaces, in particular, on defect- and vacancy-free,
such as the pristine maghemite considered in this study. Hence, in this
mechanism, OER elementary steps involve *OH (hydroxyl), *O (oxo),
*QOH (hydroperoxo), and *OO (superoxo) intermediates (see Fig. 4 and
SI). Hence, the Gibbs free energy for these different elementary steps
has been calculated, as described in the energetics section.

All the free energies are calculated with reference to the standard
hydrogen electrode (SHE), while 7 is calculated as the difference be-
tween the limiting potential and thermodynamic potential. The chosen
reference to calculate OER energetics is the adsorbed hydroxyl (*OH)
group on the surface.

3.2.1. OER energetics on y-Fe,05 - AB(001)

Initially (pH = 0, U = 0 V), all steps of oxygen evolution reaction
are endothermic (see Fig. 5A black). In particular, the dehydrogenation
of the hydroxyl group (step 1) and desorption of O, followed by
the recovery of this adsorbed hydroxyl (step 4) are the most energy-
demanding, with free energy changes (4G) of 2.12 eV and 2.15 eV,
respectively. At thermodynamic potential U = 1.23 V (see Fig. 5A red),
namely when the overpotential is zero ( = 0 V), *OOH and *OO
formations become exothermic, while *O and *OH formations remain
endothermic. However, their free energy changes are significantly re-
duced, with 4G, = 0.89 eV and 4G, = 0.92 eV. This indicates that an
overpotential is needed for the overall process to be thermodynamically
favorable. The required overpotential is # = 0.92 V, corresponding to a
limiting potential of 2.15 V (see Fig. 5A green).
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Table 2
Free energy changes (in eV) in the OER elementary steps on (001) and (111)
surfaces at U =0 V.

Free energy AB(001) EF(111)
changes Native Strained Pt/Fe, 0, Pt/Fe, 0,
4G, 2.12 2.72 2.53 —-0.12
AG, 0.31 -0.32 0.23 1.46
AG, 0.35 0.83 0.62 1.07
AG, 2.15 1.69 1.54 2.51

One has to mention that these results are consistent with previous
findings on other iron oxide surfaces. Indeed, previous studies on
magnetite [37] or on hematite [35] have also evidenced *O forma-
tion as the potential limiting step (except for (100) termination of
hematite). In those studies, overpotential of 0.67 V has been calculated
for Fe;0,(0001), and values between 0.78 V and 1.77 V for the dif-
ferent terminations of hematite [34,48,76-78]. Hence, overpotential of
maghemite appears to be higher than that of magnetite but is in the
range of those calculated for hematite (see Table 2).

3.2.2. OER energetics on strained y-Fe,O; - AB(001)

When considering the geometrical influence of platinum (strained
maghemite), the study reveals notable changes compared to the native
AB(001) surface (see Fig. 5B). At pH = 0 (relative to SHE), *OOH
formation becomes exothermic on the strained surface, in contrast with
the native surface, where all steps were endothermic. The other elemen-
tary steps on the strained surface remain endothermic. It is important
to note that the strain effect is not uniform across all intermediates.
For instance, *O formation on the strained surface requires a higher
free energy (4G, = 2.72 eV) than on the native surface (2.12 eV).
Conversely, the endothermicity of *OH formation decreases from 2.15
eV (native) to 1.69 eV (strained). Consequently, *O formation becomes
the sole potential limiting step on the strained surface.

As on the native surface, at the thermodynamic potential (U = 1.23
V, n =0 V), both formations of *OOH and *OO become exothermic on
the strained surface, while *O and *OH formations are still endother-
mic. Dehydrogenation of the hydroxyl group (*O formation) remains
the potential limiting step with AG, = 1.49 eV, a higher value compared
to native surface (4G, = 0.89 eV). Ultimately, an overpotential of
n = 1.49 V (corresponding to a limiting potential Uy, = 2.72 V)
is required to make all reaction steps thermodynamically favorable on
the strained surface. This is significantly higher than the = 0.92 V
needed for the native AB(001) surface.

3.2.3. OER energetics on Pt/y—Fe,0; - AB(001)

Finally, considering the entire system with explicit Pt substrate,
namely including both its geometric and electronic influences, reveals
further insights. Initially, all elementary steps are endothermic, as on
the native AB surface. *O formation is still the potential limiting step
(4G, = 2.53 eV), exhibiting an energy requirement between that of na-
tive (2.12 eV) and strained AB (2.72 eV) systems. A key difference from
the strained-only case is that *OOH formation is now endothermic,
similarly to the native AB behavior.

When the thermodynamic potential of U = 1.23 V (5 = 0 V)
is selected, the behavior is similar to strained AB, with both *OOH
and *OO formations being exothermic. Again *O and *OH formations
remain endothermic and *O formation is still the potential limiting step
(4G, = 1.30 eV). Therefore, an overpotential of 1.30 V (corresponding
to a limiting potential Uy, = 2.53 V) is required to make *O
formation (and thus the entire reaction pathway) thermodynamically
favorable. This overall behavior — without or with potential - is in-
termediate between those observed for the native and strained AB
systems.

According to the above results, the geometric influence of Pt in-
creases the overpotential of the OER on maghemite. On the contrary,
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*OOH

Fig. 4. Intermediates involved in the OER mechanism on y-Fe,0;/Pt for (Top) tetragonal AB(001) and (Bottom) cubic EF(111). For the sake of clarity, only
top three layers are reported for AB cases, while a focus on the active site (with background atoms shaded) is done for intermediates on EF. Top views for
intermediates on AB(001) and larger side and top views for intermediates on EF(111) are available in SI.
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Fig. 5. OER reaction intermediates of three different cases: (A) without any effect of Pt, (B) geometric effect of Pt substrate, (C) geometric and electronic effect
of Pt substrate. Black: U =0 V, red: U = 1.23 V (7 = 0 V), green: required Uy, (1)

when the electronic influence is also included, a slight improvement
is observed. Nevertheless, even with this improvement, the resulting
overpotential remains higher than that of native AB maghemite. Most
importantly, this study demonstrates that the platinum substrate af-
fects the system through both geometrical constraints and electronic
interactions associated with the metallic nature of Pt. As a result,
explicitly including the substrate in the model is essential, despite the
added computational cost. Consequently, the following comparison of
OER energetics between tetragonal and cubic maghemite models will
focus solely on the y-Fe,05/Pt system, which accounts for the complete
influence of Pt substrate.

3.2.4. OER energetics of y-Fe,05/Pt - AB (001) versus EF (111)

The influence of the maghemite model on the energetics of water
oxidation can now be addressed, by directly considering the complete
platinum/maghemite system. Before anything else, a specific method-
ological aspect has to be mentioned. For this surface of cubic model, a
favorable adsorption site for water that also preserved the appropriate
magnetic configuration could not be successfully identified. Neverthe-
less, the magnetic configurations of the subsequent OER steps were
found to be consistent with one particular water adsorption scenario.
This consistency permitted the investigation of OER energetics. The
obtained results are reported in Fig. 6, together with data for the
tetragonal AB(001) surface.

At first glance, the behavior of EF(111) clearly differs from that of
AB(001). Indeed, while all steps are endothermic on AB(001) at U = 0

V, the *O formation step — the potential limiting step on AB(001) -
is exothermic on the cubic EF(111) surface, with 4G, = —-0.12 eV.
This difference can be attributed to the adsorption geometry of the
*QO intermediate. On AB(001), *O adsorbs in a top position, whereas
the inherent roughness of the EF(111) surface enables a bridge-like
adsorption configuration, which stabilizes the *O intermediate (see Fig.
4), through two iron-oxygen bonds.

The potential limiting step on EF(111) is now the last step of
desorption of O, followed by *OH recovery, with free energy change of
AG, = 2.51 eV. This change is, again, attributable to the geometry of
the intermediates. Specifically, the *OO intermediate is more stabilized
on the EF(111) surface because both its oxygen atoms bond with Fe
atoms, unlike on AB(001), where only one oxygen interacts with an iron
atom. Consequently, breaking this *OO intermediate to recover *OH is
more energetically costly on the EF(111) surface. It is also noteworthy
that *OOH formation, previously the most favorable step on AB(001)
with 4G, = —0.32 eV, now exhibits a relatively high free energy change
of AG, = 1.46 eV on EF(111). When applying the thermodynamic
potential of U =1.23 V, *OOH formation is still endothermic, but with a
low required energy of AG, = 0.23 eV, while *OH remains the potential
limiting step with AG, = 1.28 eV. This corresponds to a significant
reduction compared to U = 0 V (4G, = 2.51 eV). Thus, this leads
to an overpotential of 1.28 V to achieve a fully exothermic reaction
pathway. This value is similar to that observed for the tetragonal
AB(001) surface, where the overpotential is 1.30 V. Nevertheless, these
two equivalent values are obtained with completely different potential
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limiting steps. This means that ways to improve maghemite efficiency
will probably differ depending on the considered model.

Finally, this study clearly demonstrates the significant impact of
the substrate from both geometric and electronic contributions to elec-
trocatalytic reactions on thin oxide films coated on a substrate. We
note that overpotentials obtained on bare maghemite fit very well with
values in the literature for bare hematite [35,48,76-78], while the
inclusion of the substrate has a significant impact on the overpotentials.
Given the necessity of a substrate in the experimental setup [51,79],
taking it into consideration appears mandatory in theoretical model-
ings, even if at first glance it leads to relatively high overpotentials.
Since previous studies [33,50,55,80] have already demonstrated the
synergetic effect when platinum and metal oxides are coupled for
catalysis, the effect of platinum on OER on maghemite does not seem, a
priori, positive, given high final overpotentials. Nevertheless, this result
evidences the necessity to explicitly include the substrate, but also the
influence of the surface structure on mechanisms at the atomic level.
Hence, screening influence of other substrates for OER on maghemite
appears as interesting investigations to improve its efficiency.

4. Conclusion

In summary, the influence of maghemite structure on OER efficiency
is investigated using DFT calculations. To do so, clean maghemite sur-
faces oriented along the (001) and (111) planes, both epitaxially grown
on a Pt substrate, are considered. The account of three scenarios — free
standing, strained to Pt lattice and grown on Pt - for tetragonal AB(001)
maghemite, indicates that the platinum substrate plays a considerable
role both with respect to geometrical and electronical effects, forcing
us to consider the whole system, despite the computational cost. Due to
the influence of Pt, the adsorption strength of water on the AB(001) sur-
face is enhanced almost threefold relative to the free standing surface.
Concerning the efficiency towards OER, an overpotential of 0.92 V has
been calculated for free standing maghemite, a value in the range of
published overpotentials for hematite. Nevertheless our study clearly
evidences the effective influence of the substrate, demonstrating the
potential interest to investigate other substrates.

Coming back to the complete y-Fe,0;/Pt system, the nature of
the termination ((001) vs (111)) changes the detailed mechanism at
the atomistic level. Indeed, while *O formation is the potential de-
termining step on tetragonal AB(001), like commonly observed on
other iron oxides, this step is favored on cubic EF(111), leading to

*OH formation as the determining step. These differences in potential
limiting steps open the door for further investigations allowing to
tailor differently both structures. Besides, overall energetics of other
intermediates also change significantly. However, at the end, a minor
difference is observed for overpotentials, with values of 1.28 V and
1.30 V for EF(111) and AB(001), respectively. As a consequence, this
study demonstrates the potential efficiency of maghemite for OER, but
above all it evidences the necessity to explicitly include the substrate in
this kind of study. Finally, the differences of mechanisms at the atomic
level between both models of maghemite and the significant role of
the substrate pave the way to various studies to improve maghemite
efficiency.
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