
This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 22359–22370 |  22359

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 22359

Best practices of modeling complex materials in
electrocatalysis, exemplified by oxygen evolution
reaction on pentlandites†

Maksim Sokolov,ab Katharina Doblhoff-Dier *c and Kai S. Exner *abd

Pentlandites are natural ores with structural properties comparable to that of [FeNi] hydrogenases. While

this class of transition–metal sulfide materials – (Fe,Ni)9S8 – with a variable Fe : Ni ratio has been proven

to be an active electrode material for the hydrogen evolution reaction, it is also discussed as electro-

catalyst for the alkaline oxygen evolution reaction (OER), corresponding to the bottleneck of anion

exchange membrane electrolyzers for green hydrogen production. Despite the experimental evidence

for the use of (Fe,Ni)9S8 as an OER catalyst, a detailed investigation of the elementary reaction steps,

including consideration of adsorbate coverages and limiting steps under anodic polarizing conditions, is

still missing. We address this gap in the present manuscript by gaining atomistic insights into the OER on

an Fe4.5Ni4.5S8(111) surface through density functional theory calculations combined with a descriptor-

based analysis. We use this system to introduce best practices for modeling this rather complex material

by pointing out hidden pitfalls that can arise when using the popular computational hydrogen electrode

approach to describe electrocatalytic processes at the electrified solid/liquid interface for energy con-

version and storage.

1. Introduction

An in-depth understanding of the oxygen evolution reaction
(OER) is central to the development of advanced electrolyzers
and metal–air batteries for energy conversion and storage,
respectively.1,2 In an aqueous medium, the OER can either take
place in acid, 2H2O - O2 + 4H+ + 4 e� or in base, 4OH�- O2 +
2H2O + 4e� (U0

OER = 1.23 V vs. reversible hydrogen electrode
(RHE)). While a change in the electrolyte pH affects the
reactants, another important role of pH stems from the distinct
electrode materials used as the electrocatalyst for the kineti-
cally sluggish OER3–5 in acidic and alkaline environments.
To date, only IrO2-based electrodes can cope with the harsh
anodic reaction conditions in acid electrolytes, whereas the use
of oxide-based catalysts consisting of less scarce elements such
as Ni, Fe, or Co offers a significant cost reduction under
alkaline conditions.6–10

Besides transition–metal oxides, there are also reports on
transition–metal sulfides as electrocatalysts for the alkaline
OER.11,12 A promising material is pentlandite, i.e., iron–nickel
sulfides with the chemical formula (Fe,Ni)9S8.13–16 While the
nickel-to-iron ratios in the chemical composition of pentlandite
can vary, its composition in nature is close to a 1 : 1 ratio,
although dedicated synthetic procedures in the lab can adjust
the nickel-to-iron ratios to any desired ratio.17

So far, there are only a few works available that have studied
pentlandites by the application of electronic structure calcula-
tions. While Lu and Yu presented a thorough study of the
pentlandite bulk structure resulting from the variety of possible
configurations,18 Waterson et al. followed this train of thought
and discussed pentlandite surface models.19 Theoretical mod-
eling of the hydrogen evolution reaction (HER) and OER on a
trimetallic Fe–Ni–Co pentlandite was performed by Lu et al. and
Hegazy et al., respectively.16,20 However, for a seemingly simple
bimetallic pentlandite surface, a detailed study of the elemen-
tary reaction steps, including a contemplation of adsorbate
coverages and limiting steps under OER conditions, is missing
so far. The reason for this is threefold: first, the variety in
nickel-to-iron ratio that can be achieved in the lab leads to a
large parameter space to investigate. Second, the surface struc-
ture of this three-component material will generally be
unknown (in particular under operando conditions), and, third,
the correct inclusion of adsorbates can be challenging.
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In the present work, we focus on the last point and inves-
tigate the OER over a Fe4.5Ni4.5S8(111) surface as a model
electrode by density functional theory (DFT) calculations.
Thanks to the computational hydrogen electrode (CHE)
approach introduced by Nørskov and coworkers about 20 years
ago,21 the modeling of charge-transfer processes at electrified
solid/liquid interfaces has received major attention in recent
years. In fact, due to the current energy transition from fossil
fuels to environmentally friendly processes, this topic is of
increasing interest, and it is believed that electronic structure
theory can contribute to the identification of material candi-
dates22–25 for energy conversion and storage. However, despite
the simplifications made in the CHE approach to describe
electrocatalytic processes, in silico materials modeling remains
a challenge. In this paper, we present good practices for
materials modeling on the example of pentlandite as OER
catalyst by discussing the importance of considering a suitable
cell size, by investigating the influence of adsorbate coverage on
the computational description of the reaction under reaction
conditions, and by examining the best way to include the
aqueous environment during the calculations.

2. Computational details

We performed electronic structure calculations in the DFT
approximation with the software VASP,26–28 using the RPBE
functional including Grimme’s D3 correction.29,30 The choice
of the exchange–correlation functional for calculations in an
electrochemical environment is extremely important.31,32 In the
present contribution, it is justified by recent works indicating
that RPBE+D3 leads to relatively small errors for adsorption free
energies when compared to other (dispersion corrected) general
gradient approximated exchange–correlation functionals.33,34

While it is a common practice to include the Hubbard U
correction to account for the self-interaction terms in the

exchange–correlation functional, to predict the band gap cor-
rectly for materials that contain transition metals,35,36 and to
improve the description of single-atom catalysts (SAC’s),31,37 we
do not apply it in our calculations because pentlandite shows
conductive properties.16 In addition, the available bench-
marks33,34 contained mainly data on the RPBE-D3 description
without the U correction. For a complete overview of the
computational details, we refer the reader to Table S1 of the
ESI,† Section S1.

In this paper, we consider the (111) surface termination of a
pentlandite with the chemical formula Fe4.5Ni4.5S8 as a model.
The iron-to-nickel ratio of 1 : 1 is inspired by the natural form of
pentlandites.15 We created the (111) slab model (cf. Fig. 1) from
the energetically most favorable pentlandite (Pn) bulk structure
found in ref. 19. Bulk structures are shown in Fig. S1 of the ESI†
(Section S1). When cutting the bulk structure along the (111)
direction, 7 different surfaces can be derived. We chose the cut
indicated in Fig. 1 to obtain a stoichiometric slab with a similar
termination on the other side of the slab,19 thus aiming to avoid
artificial dipole effects for the investigated Fe4.5Ni4.5S8 composition.

Our slab model consists of 10 metal layers. While the
bottom layer of the slab is kept frozen to simulate bulk effects
and to facilitate geometry relaxation, the upper 9 layers including
adsorbates are allowed to relax freely. To avoid cell size effects, we
performed DFT calculations for a 2 � 1 superslab. In Section 3.2,
we compare the results of the 2 � 1 superslab with those obtained
by a simple 1� 1 surface slab and show the significant influence of
the super-cell size on the quantitative results.

The 2 � 1 superslab contains a total of 14 unique adsorption
sites if one counts both metal (6 unique sites) and sulfur
(8 unique sites) atoms on the (111) surface. All these 14
adsorption sites, which are potential active sites for the OER,
are displayed in Fig. 1. Note that there are some sites which
have the same coordination (e.g., tetrahedral), but a different
chemical environment. To differentiate between those sites, we
use numbers as indices (e.g., tet1 or tet2).

OER is a complex four proton–electron transfer reaction.
While we are aware of the mechanistic diversity in that various
pathways may be operative under reaction conditions,38,39 we
choose a single mechanism as a representative example to
discuss best practices in materials modeling of pentlandites
as OER catalysts. This pathway is denoted as the mononuclear
mechanism,40,41 and its description is provided in eqn (1)–(4). A
* indicates an active surface site (cf. Fig. 1), and the DGj ( j = 1, 2,
3, 4) values refer to the (potential-dependent) free energy
changes of the elementary steps. In the free energy expressions,
e denotes the elementary charge, and the applied electrode
potential, U, is given on the RHE (reversible hydrogen
electrode) scale.

* + H2O - *OH + H+ + e� DG1 = DG0
1 � eU (1)

*OH - *O + H+ + e� DG2 = DG0
2 � eU (2)

*O + H2O - *OOH + H+ + e� DG3 = DG0
3 � eU (3)

*OOH - * + O2(g) + H+ + e� DG4 = 4.92 � S3
i=1DGi � 4eU

(4)
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To obtain the DG0
j ( j = 1, 2, 3, 4) values at U = 0 V vs. RHE by DFT

calculations, we make use of the computational hydrogen
electrode (CHE) approach,21 which allows deriving free energies
in a canonical ensemble at U = 0 V vs. SHE (standard hydrogen
electrode) and pH = 0 (cf. ESI,† Section S1). Please note that the
acidic pH = 0 does not limit us in applying the CHE model to
Pn, which is only stable under alkaline conditions, as the
equations for the free-energy changes and activity descriptors
are independent of pH.42,43 Furthermore, while we are aware
that the electrochemical environment is described by a con-
stant potential formalism (grand canonical ensemble, GC-DFT)
rather than a canonical ensemble, we point out that the CHE
approach has shown to be a reasonable approximation for the
description of electrocatalytic processes on the premise that
adsorbates do not have a large dipole moment.44 Noticeable
differences between GC-DFT and CHE were observed for two-
dimensional materials45,46 or for theoretical studies addressing
strongly charged or dipolar reactants or intermediates, such as
halide intermediates47 or for CO2 reduction.48 To this end, we
conclude that a constant charge description is sufficient to
investigate the OER on metallic pentlandites. The constant
charge approach allows us to sample the vast parameter space
of adsorbate configurations for the complex surface of pent-
landites at moderate computational cost (cf. Tables S2–S4 in
Section 3 of the ESI†).

Another important aspect in the modeling of an electro-
catalytic reaction refers to the description of the electrolyte.
While gas-phase DFT calculations treat the volume above the
slab as a vacuum, it could also be described as a dielectric
medium (in our case water) at low computational cost. Such
schemes are collectively referred to as ‘‘implicit solvation’’
approaches, and it is suggested that their inclusion into the
analysis brings the simulations closer to reality. For this
purpose, we utilize the VASPsol code.49,50 However, it is debated51

if such an approach truly improves the precision of the model and
the calculated free energy changes. Therefore, we also apply another
scheme, namely micro-solvation, which involves the inclusion
of a few explicit but static water molecules in the calculations.
We performed calculations with one and two explicit water
molecules in the vicinity of the active site as this quantity of
water molecules had been shown to be sufficient to capture
local solvation effects,52 and compare the results with those
obtained from implicit solvation and in the gas phase.

While the electrocatalytic activity of complex proton–elec-
tron transfer processes such as the OER is governed by the
transition-state free energies (kinetics) of the elementary steps,
it is a common practice to analyze the DGj ( j = 1, 2, 3, 4) values
to render activity predictions.53,54 This is justified by consider-
ing that the Brønsted–Evans–Polanyi (BEP) relation55,56 con-
nects the thermodynamic and kinetic pictures, thus allowing
the usage of free energy changes for activity estimations. While
only the calculation of the barriers of the elementary steps
offers kinetic insight beyond the common assumption of the
BEP relation,57 theoretical frameworks for the determination of
transition-state free energies under constant potential are
computationally demanding, and even state-of-the-art methods
reveal error bars on the order of about 0.15 eV for solid/liquid
interfaces.58,59 This is the reason why we rely on the thermo-
dynamic evaluation, where two central frameworks are
available in the electrocatalysis community: the most popular
activity measure is the thermodynamic overpotential, ZTD,
which is based on the analysis of a single free energy change
at the OER equilibrium potential.21,60,61 Another activity
descriptor refers to the free energy span model of Gmax(U),62,63

which enables potential-dependent analysis of activity trends
by incorporating overpotential and kinetic effects in the evalua-
tion of adsorption free energies across different material com-
positions. For a more detailed discussion, we refer the reader to

Fig. 1 Pristine pentlandite (Pn) 2 � 1 surface (111) supercell based on the energetically most favorable Pn bulk structure. All possible metal and sulfur
adsorption sites are marked in panels (a) and (b). A sideview of the slab is shown in panel (c). Sulfur sites are named based on their neighboring metal
atoms. Explanation of abbreviations in indices: oct is octahedral, tet is tetrahedral, and numbers as indices are used to distinguish between different sites.
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Section S2 of the ESI,† where the two descriptors are compared
on the example of the mononuclear OER mechanism. We note
that the descriptor Gmax(U) was benchmarked based on a
comparison with experimental transition states of single-
crystalline model electrodes and its sensitivity is on the order
of 0.20 eV.62 Therefore, we make use of Gmax(U) at an applied
electrode potential of U = 1.53 V vs. RHE, which is equivalent to
an OER overpotential of 0.30 V, to gain insight into the
electrocatalytic activity; this applied electrode potential refers
to typical experimental conditions to reach a current density on
the order of about 10 mA cm�2.15,64

3. Results and discussion
3.1 Stability diagram

The first step in the modeling of an electrocatalytic reaction
refers to a dedicated understanding of the surface composition
under reaction conditions.65 Due to the presence of the aqu-
eous electrolyte and the application of an electrode potential, it
is evident that, under OER conditions, any surface may not be
pristine, but rather different intermediate species can be
adsorbed to the electrocatalyst surface. As we are going to
discuss in a later section (cf. Section 3.2), the omission of
initial adsorbate coverage of the surface can lead to erroneous
conclusions relating to activity predictions or the catalytically
active site. Adsorbate coverage thus adds to (and may even be
more important than) the complexity induced by various sur-
face terminations and the possibility of surface restructuring.

OER is an anodic process with an equilibrium potential of
1.23 V vs. RHE. Under these harsh oxidizing reaction condi-
tions, it can be assumed that the surface is oxygenated to some
extent.16 This supposition is supported when calculating the
adsorption free energies of single OER intermediates (*OH, *O,
and *OOH) on different surface sites (cf. Fig. 1), summarized in
Tables S2–S4 of the ESI† (cf. Section S3). When comparing the
relative stability of these three intermediates at U = 1.53 V vs.
RHE, it turns out that the *O adsorbate is energetically pre-
ferred over the *OH and *OOH adsorbates and the pristine
surface.

To understand the level of oxygen saturation on the
Pn surface, we construct a surface Pourbaix diagram.66–70 The
concept of Pourbaix diagrams aims to resolve the surface
structure of an electrode material, in dependence of the applied
electrode potential, by minimizing the free energy of all possi-
ble configurations that can be observed during the surface
reaction. Note that this type of approach belongs to the category
of ‘constrained thermodynamics’71 in that the actual surface
reaction (formation of O2 in eqn (4)) is suppressed, and only
the formation of the *OH, *O, and *OOH intermediates (cf.
eqn (1)–(3)) is allowed to proceed. It is also relevant to point out
that Pourbaix diagrams rely on the tacit assumption that the
thermodynamically stable surface structure, as obtained by the
Pourbaix approach, does not change as degradation processes
or defects are not considered. Regrettably, this presumption
might not always be fulfilled,72 as the elementary steps in the

OER can be accompanied by catalyst decomposition under the
harsh anodic reaction conditions. Despite these caveats, Pour-
baix diagrams are still the method of choice to gain insight into
the surface composition of electrode materials under applied
bias. We note that recently, approaches beyond Pourbaix dia-
grams have been reported in the literature,69 which, however,
are beyond the scope of the present contribution.

The construction of a Pourbaix diagram for the 2 � 1
Pn(111) surface is not trivial due to the following reasons: (a)
there are fourteen different surface sites (cf. Fig. 1); (b) there
are four different intermediate species (*, *OH, *O, and *OOH)
to be considered in the analysis. Let us assume that each of
the 12 metal sites of the superslab is occupied by one of the
four intermediate species. This gives rise to a combinatorial
problem as altogether, 412 B 1.7 � 107 structures are concei-
vable, and this structural diversity cannot be solved by DFT.
To this end, we simplify the analysis by referring to the *O
adsorbate only, and we developed an iterative procedure to
determine which surface sites are capped by surface oxygen
under OER conditions (cf. Fig. 2a). Note that the choice of the
*O adsorbate as the dominant species under OER conditions
(U = 1.53 V vs. RHE) is corroborated by the calculated adsorp-
tion free energies on the Pn(111) surface (cf. Tables S2–S4 in
Section S3, ESI†).

In the initial step, we commence from the 4*O surface, as
further discussed in the ESI,† Section S4 (ESI†). Due to the
symmetric nature of the 2� 1 superslab, we choose n options to
gradually add two oxygen atoms symmetrically to the corres-
ponding equal sites (cf. Fig. 2a). Note that the n sites, to which
two *O adsorbates are added, are primarily determined based
on the adsorption energy of a single *O intermediate (cf.
Table S3 in Section S3, ESI†). From the n structures considered,
we select the structure with the lowest adsorption energy, thus
arriving at the energetically preferred 6*O surface. This phase
serves as the starting point for the addition of two additional *O
adsorbates, and the other (n � 1) investigated phases provide
insight into a more precise location of the subsequent *O. The
process culminates in finally identifying stable surface struc-
tures with higher *O coverage (cf. Fig. 2a).

The main advantage of our iterative procedure is that it
simplifies the search for stable configurations at higher *O
coverages as the most stable sites are identified at every cover-
age. This point is best illustrated by comparing surface struc-
tures for the case of 12*O (100% coverage if only the metal
atoms are counted; cf. Fig. 1). In Fig. S3 of the ESI† (Section S4),
we compare the energetics and adsorption sites of the struc-
tures obtained by our iterative procedure or by a naı̈ve guess,
placing all oxygen atoms directly on top of the 12 metal atoms.
While the surface structures are chemically different relating to
the position of the *O adsorbates, we point out that the
structure obtained by our iterative procedure is by 2.76 eV more
stable than the naı̈ve guess, thus corroborating the suggested
procedure.

We continue this procedure to higher coverages of up to
24*O (that is, 200% coverage when referring to the metal
atoms). For all the derived oxygen phases (4*O, 6*O, 8*O, . . .,
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24*O), we construct a stability diagram to determine the
energetically most favorable surface structure under OER con-
ditions. For clarity, surfaces with less than 12*O are not shown
in Fig. 3a. It turns out that at the OER equilibrium potential, the
24*O structure is reconciled with the thermodynamically preferred
phase. However, as discussed in Section S5 of the ESI,† the 24*O
structure is prone to reconstruction due to observable sulfur de-
sorption from the surface in the form of sulfur dioxide (cf. Fig. S4,
ESI†). Although this may be a physical effect and may actually occur
under reaction conditions, we consider such reconstruction15 of the
surface to be a separate effect, and modeling these processes is out
of scope of the present contribution, where we focus on non-
reconstructed Pn(111) surfaces. To avoid a possible surface recon-
struction, we do not use the 24*O surface and adopt the second
most stable surface phase at the OER equilibrium potential; that is,
the 20*O phase as displayed in Fig. 2b.

Based on the 20*O phase, we qualitatively address the
question of whether some of the oxygen atoms could still be

hydrogenated under OER conditions. To this end, we investi-
gate mixed *O/*OH coverages, namely, 19*O + 1*OH and 18*O +
2*OH. While adding a single *OH atop Fe enhances the stability
in terms of a smaller free energy at U = 1.23 V vs. RHE, adding
another *OH to the equivalent position in the 2 � 1 cell at
maximum distance from the first one results in surface structures
with a larger free energy compared to the 20*O phase. We add the
thermodynamically stable 19*O + 1*OH and 18*O + 2*OH to our
set of oxygenated non-reconstructed surfaces (4*O, 6*O, 8*O, . . .,
22*O) and construct a Pourbaix diagram, which is depicted in
Fig. 3b. Due to the fact that the 20*O surface is thermodynami-
cally preferred at U = 1.53 V vs. RHE, we choose this phase as the
active configuration to identify the active site and the limiting step
of the OER, which is discussed in the following section.

3.2 Determination of the active site and the limiting reaction step

In the following, we discuss the active site and the limiting
reaction step of the OER over the Pn(111) model electrode by

Fig. 2 (a) Visualization of the iterative procedure to determine the surface structure of oxygen coverages on the Pn(111) surface. (b) A coverage of 20*O
is identified as the active phase under typical OER conditions (U = 1.53 V vs. RHE), and we make use of this phase to discuss the active site, limiting step,
and the contribution of solvation.
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the construction of free-energy diagrams (FED). To this end, we
compare three different scenarios: (a) a pristine Pn(111) surface
without any adsorbates (cf. Fig. 1); (b) the 20*O surface as
determined by the Pourbaix approach for the 2 � 1 superslab
(cf. Fig. 3b); and (c) an oxygenated surface for a 1 � 1 slab (10*O
surface), which refers to a halved 2 � 1 slab shown in Fig. 1.

As evident from eqn (1)–(4), the OER requires the formation
of three different intermediate species. Our DFT calculations
for a single adsorbate on the pristine surface indicate that the
formation of the *OOH intermediate refers to the main bottle-
neck in the catalytic cycle. In fact, in most of the structures
investigated, the initial *OOH adsorbate converges to a chemically
different final state where the two oxygen atoms are separated
(cf. Table S4 in Section S3, ESI†), i.e., effectively oxygenating the
surface. The most stable surface sites for the *OOH intermediate
on the pristine (111) surface are encountered at the Fetet1 and
Nitet2 sites (cf. Fig. 1). We therefore model the OER pathway of
eqn (1)–(4) over these two sites and discuss the electrocatalytic
activity based on the descriptor Gmax(1.53 V).

Fig. 4a and b illustrate that, within the structures sampled,
Gmax(1.53 V) for the OER over the Fetet1 and Nitet2 sites of the
pristine surface amounts to 1.75 eV and 1.14 eV, respectively,
suggesting Nitet2 to be the catalytically more active site. For
both, the Nitet2 and the Fetet1 site, we find the *OOH inter-
mediate to be a limiting factor: for the Fetet1 site, the limiting
free-energy span is governed by the transition of *O - *OOH - *
+ O2; for the Nitet2 site, it is governed by *O - *OOH. Finally, a
free-energy span of 1.14 eV as found here for the Nitet2 site would
suggest that pentlandites are inactive materials for the OER. Using
the Butler–Volmer formalism73,74 and the framework of Gmax(U),62

one would obtain a current density j at U = 1.53 V vs. RHE of only
j E 2 � 10�15 mA cm�2 (cf. eqn (S13) at the end of Section S2 of
the ESI†). Although our sampling may not be complete leading to
intermediates that are energetically too high, we will show in the
following that significantly larger OER currents can be found
using the same sampling strategies, but taking an oxygenated
surface into account. This strongly suggests that the energetics of
the intermediates is sensitively influenced by the presence of
surface adsorbates.

When modeling the OER over the 20*O surface based on the
2 � 1 superslab (cf. Fig. 4e and f) Gmax(1.53 V) is suddenly
reduced to 0.33 eV and 0.95 eV for the Fetet1 and Nitet2 sites,
respectively, suggesting the Fe sites to become catalytically
much more active than in the pristine surface. The free energy
span of 0.33 eV corresponds to a current density of about
0.2 mA cm�2 at U = 1.53 V vs. RHE, now suggesting pentlandites
to be reasonably active OER materials – in agreement with
experiments.15,16 Fe sites as the catalytically active center are
also in line with a recent study on trimetallic pentlandites.16

In fact, the agreement we find here is even semi-quantitative:
when estimating the catalytic activity of the Fetet1 site of the
20*O surface at an applied overpotential of 401 mV, the
calculated Gmax(1.63 V) is equal to 0.23 eV, corresponding to a
current density is j E 6 mA cm�2. This is in close agreement
with the 10 mA cm�2 found experimentally under the same
applied potential for the pentlandite Fe5Ni4S8. Although the
agreement between theory and experiment agreement should
not be overinterpreted, as surface reconstructions and the
stability of various surface terminations are not investigated
or considered here and sampling is limited, the large change in
reaction energetics observed when considering surface adsor-
bate highlights the importance of the inclusion of adsorbates in
the simulations when aiming at a physically correct description
of the OER reaction (mechanism) on pentlandite.

When computationally screening different surface termina-
tions including various amounts of different adsorbates and
their corresponding activity, it is interesting to ask the question
of whether the same conclusions could have been obtained in a
smaller supercell. To this end, we halve the cells that we
obtained for the oxygenated 2 � 1 slab and reoptimize the
geometries for the resulting 1� 1 slab. Although the free energy
diagram doesn’t differ qualitatively from that obtained for the
2 � 1 surface (compare Fig. 4c–f), there are clear quantitative
differences: the Gmax(1.53 V) descriptor over the Fetet1 site
increases from 0.33 eV for the 2 � 1 slab to 0.53 eV for the
smaller 1 � 1 slab, which would reduce the predicted current
density by three orders of magnitude to j E 3 � 10�3 mA cm�2

at an applied overpotential of 401 mV. Considering that the

Fig. 3 (a) Stability diagram for various oxygenated phases of a non-reconstructed Pn(111) model electrode; (b) Pourbaix diagram for the Pn(111) surface
where, besides the oxygenated phases, also mixed *O/*OH coverages are taken into account in the potential window of the oxygen evolution reaction
(OER). Energetically favorable phases are 20*O (red) and 19*O + *OH (green).
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1 � 1 structure was obtained from the preoptimized 2 � 1
structure (and should thus be structurally as similar as possible),
the difference in energy suggests that large cells are needed to
allow for the relatively large structural changes observed in the
subsurface when adsorbing various intermediates (see Table S5 in
the ESI†) and to diminish other finite-size effects.75–77

Taken together, we have shown that a correct inclusion of
pre-adsorbed oxygen species and relatively large supercells are
needed to obtain qualitatively (inclusion of adsorbed oxygen)
and quantitatively (both inclusion of adsorbed oxygen and
super-cell size) correct predictions compared to less computa-
tionally demanding approaches.

3.3 Impact of solvation

Electrocatalytic processes such as the OER take place at elec-
trified solid/liquid interfaces. This indicates that the aqueous

environment may also have a non-negligible impact on the
catalytic surface processes culminating in product formation.
Despite this, there is no unifying framework yet of how to
account for the aqueous environment in static DFT calculations.
Three different approaches can be conceived: (a) gas-phase DFT
calculations where the surface slab is surrounded by vacuum;
(b) implicit solvation by using continuum solvation approaches
such as VASPsol;49,50 (c) explicit solvation, also termed
microsolvation,78,79 by adding additional water molecules above
the adsorbed intermediate species.

From a computational perspective, it is evident that the
scenarios (a) and (b) require the least resources compared to
the consideration of the liquid phase by explicit approaches.
In this section we examine the impact of the three different
methodologies on the OER over the catalytically active 20*O
Pn(111) surface on the mononuclear mechanism (cf. eqn (1)–(4))

Fig. 4 Free energy diagrams of the mononuclear OER mechanism for (a) pristine Pn surface with Fetet1 as the catalytically active site; (b) pristine surface
with Nitet2 as the catalytically active site; (c) 20*O surface for a 2 � 1 superslab (cf. Fig. 2b) with Fetet1 as the catalytically active site; (d) 20*O surface for
a 2 � 1 superslab with Nitet2 as the catalytically active site; (e) 10*O surface (1 � 1 slab) with Fetet1 as the catalytically active site; (f) 10*O surface (1 � 1 slab)
with Nitet2 as the catalytically active site. Arrows denote the activity descriptor Gmax(U = 1.53 V).
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over the Fetet1 site as identified above for the oxygen-covered
surface (cf. Section 3.2).

DFT calculations with implicit solvation are performed by
using the VASPsol extension. For the explicit approach we place
one or two water molecules close to the respective OER inter-
mediate. The water molecules in each initial configuration are
oriented such that hydrogen bonds are allowed to form or
remain during the relaxation process. For the case of explicit
water molecules, we also include the chemical step of water
adsorption in the analysis of the FED. Fig. 5 depicts the FED at
1.53 V vs. RHE, the free energy changes at 1.53 V vs. RHE, and
the activity descriptor Gmax(1.53 V) for the three different
scenarios. All results are also compiled in Table S6 of the ESI†
(cf. Section S6).

First, we analyze the impact of implicit solvation on the free
energies. As shown in Fig. 5, the energetic changes caused by
implicit solvation are relatively small. Quantitatively speaking,
the descriptor Gmax(1.53 V) decreases by 0.09 eV when using
implicit solvation instead of gas phase calculations. Much
larger changes in the FED are, however, observed when using
micro-solvation. When using one water molecule only,
Gmax(1.53 V) increases by 0.46 eV if one explicit water molecule
is added to the system. This difference is mainly traced to the
dissimilar DG2 value (cf. Fig. 5b), which is uphill rather than
downhill in free energy at 1.53 V vs. RHE. Consequently, this
results in a change in the limiting free energy span from *O -

*OOH to *OH - *O, thus indicating a switch of the RDS if the
Tafel slope remains constant. The FED obtained when model-
ing solvation via one water molecule is thus qualitatively
different from that obtained in gas phase and for implicit
solvation. Interestingly, for the case of two explicit water
molecules, the energetics are rather similar again to the gas-
phase and the implicit solvation case: the free energy changes
are the same among all three cases (uphill or downhill), and
only the individual DGj values are quantitatively different.
The activity descriptor Gmax(1.53 V) is kept virtually constant
(0.32 eV) compared to the gas-phase value (0.33 eV) and
the limiting free energy-span corresponds to the transition
*O - *OOH as in gas phase and for implicit solvation.

Based on the comparison of the three different approaches,
we conclude that solvation effects are of minor importance for
the OER over Pn(111) as gas-phase DFT calculations, implicit
solvation by means of VASPsol, and explicit solvation by two
water molecules yield the same qualitative results and differ
quantitatively by less than 0.1 eV. If included, the correct
modeling of solvation by explicit approaches requires, however,
at least two water molecules due to the significant difference
between the data for one explicit water molecule and all other
approaches. The source of this deviation can be linked to the
orientation of the water molecule/-s around the *O intermedi-
ate (cf. Fig. S6, Section S6 of the ESI†). A single water molecule
in its energetically most favorable configuration is oriented
with both hydrogen atoms pointing toward the surface adsor-
bate, thus overstabilizing the *O intermediate due to the
occurrence of up to two hydrogen bonds. In contrast, two
water molecules form a chain by intermolecular hydrogen
bonding (even when only adding a second water molecule to
the geometry obtained for one water molecule). Consequently,
the stabilization of the *O intermediate by hydrogen bonding
is reduced for two explicit water molecules. As such, at least
two water molecules are needed to avoid artificial overstabili-
zation effects of intermediates, which are not in line with
the interfacial water structure.80,81 Our findings are in agree-
ment with previous studies, indicating that two water mole-
cules are sufficient for the estimation of solvation effects of
adsorbates.52

We close this section by comparing our results to the study
of Heenen et al.,51 who reported, based on a comparison of
ab initio molecular dynamics simulations and static DFT calcu-
lations, that the consideration of implicit solvation techniques
does not necessarily result in an improved description of
adsorption free energies. Therefore, we purport that, while it
is beneficial to countercheck the impact of solvation on the
adsorption free energies, gas-phase DFT calculations are likely
sufficient for most electrocatalytic processes over solid-state
electrodes to render reliable conclusions on the electrocatalytic
activity, catalytically active surface sites, and limiting steps
(cf. Section 3.2) if the respective conditions of a suitable cell

Fig. 5 Comparison of different computational methodologies for the consideration of solvation effects. (a) Free energy diagram for gas-phase DFT
calculations (orange), implicit solvation by VASPsol (green), and explicit solvation by one (grey) or two (brown) water molecules. (b) Bar plot displaying
Gmax(1.53 V) and the DGj ( j = 1, 2, 3, 4) values (cf. eqn (1)–(4)) at U = 1.53 V vs. RHE for the different scenarios.
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size and consideration of the adsorbate coverage under reac-
tion conditions (cf. Section 3.1) are taken into account.

4. Conclusions

In this manuscript, we present density functional theory calcu-
lations for the oxygen evolution reaction (OER) over a pentlan-
dite (Pn) Fe4.5Ni4.5S8(111) model electrode. While future work
should address the exact surface termination and surface
stability under operando conditions as well as further sam-
pling, it is interesting to see that the investigated model system
does actually predict Pn to be active for the OER with Fe being
the active site, in agreement with experiment – at lease if
oxygen pre-coverage of the surface is taken into account.

To come to this conclusion, we introduce an iterative
procedure (cf. Fig. 2a) to construct stability and Pourbaix
diagrams for the Pn electrode (cf. Fig. 3), indicating that the
Pn surface considered here is capped by oxygen adsorbates
(20*O surface, cf. Fig. 2b) under OER conditions.

Based on a comparison of three different calculation proto-
cols including omitting adsorbate coverage or using a 1 � 1
slab (cf. Fig. 4), we demonstrate that the inclusion of oxygen
pre-coverage on the surface leads to important energetic
changes and – within our model – even to a change of active
site. Use of a large enough supercell is important at least on the
quantitative level as energetic changes of up to 0.2 eV were
observed in the limiting reaction steps when reducing the
cell size.

Finally, we discuss the impact of solvation on the elementary
steps for the catalytically active tetrahedral Fe site of the Pn
electrode. Three different approaches are used (cf. Fig. 5),
ranging from implicit solvation to explicit solvation with one
or two water molecules adjacent to the intermediate adsorbed
to the active site. While it is shown that solvation effects are
relatively small for the Pn electrode, we demonstrate that
modeling the solvent through explicit approaches requires
at least two water molecules per adsorbate to avoid artificial
overstabilization effects of intermediates by a single water
molecule.
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33 F. Göltl, E. A. Murray, S. A. Tacey, S. Rangarajan and
M. Mavrikakis, Comparing the Performance of Density
Functionals in Describing the Adsorption of Atoms and
Small Molecules on Ni(111), Surf. Sci., 2020, 700, 121675,
DOI: 10.1016/j.susc.2020.121675.

34 D. Mahlberg, S. Sakong, K. Forster-Tonigold and A. Groß,
Improved DFT Adsorption Energies with Semiempirical
Dispersion Corrections, J. Chem. Theory Comput., 2019,
15(5), 3250–3259, DOI: 10.1021/acs.jctc.9b00035.

35 V. I. Anisimov, J. Zaanen and O. K. Andersen, Band Theory
and Mott Insulators: Hubbard U Instead of Stoner I, Phys.
Rev. B: Condens. Matter Mater. Phys., 1991, 44(3), 943–954,
DOI: 10.1103/PhysRevB.44.943.

36 B. Himmetoglu, A. Floris, S. De Gironcoli and M.
Cococcioni, Hubbard-Corrected DFT Energy Functionals:
The LDA+U Description of Correlated Systems, Int.
J. Quantum Chem., 2014, 114(1), 14–49, DOI: 10.1002/
qua.24521.

37 H. Xu, D. Cheng, D. Cao and X. C. Zeng, Revisiting the
Universal Principle for the Rational Design of Single-Atom
Electrocatalysts, Nat. Catal., 2024, 7(2), 207–218, DOI:
10.1038/s41929-023-01106-z.

38 K. S. Exner, On the Mechanistic Complexity of Oxygen
Evolution: Potential-Dependent Switching of the Mecha-
nism at the Volcano Apex, Mater. Horiz., 2023, 10(6),
2086–2095, DOI: 10.1039/D3MH00047H.

39 K. S. Exner, Importance of the Walden Inversion for the
Activity Volcano Plot of Oxygen Evolution, Adv. Sci., 2023,
10(36), 2305505, DOI: 10.1002/advs.202305505.

40 J. Rossmeisl, A. Logadottir and J. K. Nørskov, Electrolysis of
Water on (Oxidized) Metal Surfaces, Chem. Phys., 2005,
319(1–3), 178–184, DOI: 10.1016/j.chemphys.2005.05.038.

41 J. Rossmeisl, Z.-W. Qu, H. Zhu, G.-J. Kroes and J. K. Nørskov,
Electrolysis of Water on Oxide Surfaces, J. Electroanal.
Chem., 2007, 607(1–2), 83–89, DOI: 10.1016/j.jelechem.
2006.11.008.

42 Q. Liang, G. Brocks and A. Bieberle-Hütter, Oxygen Evolu-
tion Reaction (OER) Mechanism under Alkaline and Acidic
Conditions, JPhys Energy, 2021, 3(2), 026001, DOI: 10.1088/
2515-7655/abdc85.

43 T. J. Shaldehi, L. Meng, S. Rowshanzamir, M. J. Parnian,
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70 M. López, K. S. Exner, F. Viñes and F. Illas, Computational
Pourbaix Diagrams for MXenes: A Key Ingredient toward

Proper Theoretical Electrocatalytic Studies, Adv. Theory
Simul., 2022, 2200217, DOI: 10.1002/adts.202200217.

71 K. Reuter and M. Scheffler, Composition, Structure, and
Stability of RuO2(110) as a Function of Oxygen Pressure,
Phys. Rev. B: Condens. Matter Mater. Phys., 2001, 65(3),
035406, DOI: 10.1103/PhysRevB.65.035406.

72 T. E. Madey, W. Chen, H. Wang, P. Kaghazchi and T. Jacob,
Nanoscale Surface Chemistry over Faceted Substrates: Struc-
ture, Reactivity and Nanotemplates, Chem. Soc. Rev., 2008,
37(10), 2310, DOI: 10.1039/b719551f.

73 K. S. Exner, I. Sohrabnejad-Eskan and H. Over, A Universal
Approach to Determine the Free Energy Diagram of an
Electrocatalytic Reaction, ACS Catal., 2018, 8(3), 1864–1879,
DOI: 10.1021/ACSCATAL.7B03142/SUPPL_FILE/CS7B03142_
SI_001.PDF.

74 J. O. Bockris and A. K. N. Reddy, Modern Electrochemistry,
Springer US, Boston, MA, 1973, vol. 2, DOI: 10.1007/978-1-
4613-4560-2.

75 C. W. M. Castleton, A. Höglund and S. Mirbt, Density
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