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Oxygen evolution reaction (OER)—2H,0 — O, + 4H" + 4e”—remains the primary bottleneck in
electrochemical water splitting for green hydrogen production. Pentlandite, a bimetallic chalcogenide
mineral, has recently shown promise under alkaline conditions, although the elementary processes at
the atomic level remain largely unclear. Using density functional theory calculations, we report three
generations of pentlandite surface models with varying complexity to decipher the contributions of Fe
and Ni sites to OER activity. The first-generation model is based on the pristine pentlandite surface and
purports that no OER catalytic activity is observed. The second-generation model takes surface
coverage by adsorbed oxygen or hydroxyl into account and suggests that Fe corresponds to the
active site in the OER. In contrast, the third-generation model considers not only the surface coverage
but also the surface oxidation of pentlandite by exchanging lattice sulfur atoms with oxygen, as
observed experimentally. Only this extension shows that both Fe and Ni sites are active centers for
OER and that Fe and Ni exhibit distinct limiting steps depending on applied bias, as determined by a
degree of span control analysis. Our results demonstrate that when assessing pentlandite with regard
to OER, surface oxidation and coverage effects must be explicitly considered in addition to the
mechanistic breadth. The reported modeling approach provides the basis for the rational design of

next-generation catalysts by highlighting the importance of considering surface oxidation in the

theoretical description of energy conversion processes.

Electrochemical water splitting offers a promising route to green hydrogen
production, with the oxygen evolution reaction (OER)—
2H,0 — O, +4H" + 4e —at the anode representing the main kinetic
bottleneck. The sluggish nature of OER arises from its multiple proton-
electron transfer steps to form gaseous oxygen under anodic polarization.
To address this challenge, there is an urgent need to replace scarce, noble
metal-based OER catalysts, such as IrO, and RuO,'~, with earth-abundant
alternatives that can maintain high activity and long-term stability under
harsh alkaline or acidic conditions".

Theory has long been viewed as a powerful tool for screening and
identifying promising electrocatalyst materials’. Early studies by Nerskov,
Rossmeisl, and coworkers modeled OER on pristine surface slabs (Fig. 1a, b)
—the first-generation model—using a mononuclear description of the

elementary reaction steps’™'’. Over the past two decades, the computational

community has moved beyond such simplified models and incorporated
other important factors into the identification of promising candidate
materials. One of them corresponds to the consideration of surface coverage
(Fig. 1c, d), particularly adsorbed oxygen and hydroxyl species, by
employing the concept of surface Pourbaix diagrams in second-generation
models' ™. The inclusion of surface coverage is critical, as it directly
influences the energetics of each elementary step and thus the predicted
catalytic activity"™".

In parallel, the mechanistic understanding has matured beyond a
single, mononuclear pathway. Works by Exner and others have shown that
bifunctional and Walden-type mechanisms, among others, can compete
with or even outperform the traditional mononuclear description when
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Fig. 1 | Visualization of surface models. The relevant adsorption sites (hollow, oct
octahedral, tet tetrahedral) of M = Fe or Ni are marked. a Pristine pentlandite, top
view of two topmost layers; b pristine pentlandite, side view; ¢ 20M-O Pourbaix-
covered (PC) pentlandite with oxygen adsorbates, top view of the two topmost layers
and oxygen coverage; d 20M-O Pourbaix-covered (PC) pentlandite, side view;
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e surface-oxidized pentlandite, top view of two topmost layers; f surface-oxidized
pentlandite, side view; g 2M-OH + 6M-O (sub)surface-oxidized Pourbaix-covered
(SOPC) pentlandite considering both surface oxidation and surface coverage, top
view of two topmost layers and coverage; h 2M-OH + 6 M-O (sub)surface-oxidized
Pourbaix-covered (SOPC) pentlandite, side view.

investigating potential-dependent activity trends'*™. Yet, one important
aspect remains largely overlooked: surface reconstruction and surface
transformations under anodic conditions, including surface oxidation. This
is particularly relevant for materials that do not contain oxygen anions in the
lattice, such as chalcogenides, phosphides or metallic electrodes. Under
anodic polarization, the lattice can transform with the incorporation of
oxygen anions, thereby changing the nature and density of the active site and
the mechanistic picture.

In the present work, we extend computational models to include
surface oxidation under OER conditions using a third-generation model
example (Fig. le-h) while investigating a single-crystalline pentlandite
electrode as a prototypical example. The choice of pentlandite for this study
is motivated by experimental works of Apfel and coworkers that demon-
strate its high activity and stability for alkaline OER**". Pentlandite shares
similarities with NiFe layered double hydroxides® and conductive Ni and
Fe-containing hydr(oxy)oxide clusters”, as in all these materials, the cata-
lytic activity occurs on either Fe or Ni surface sites. Yet pentlandites provide
a unique set of challenges in understanding their catalytic properties due to
their sulfur content, which leads to a different active phase under reaction
conditions compared to Ni and Fe-containing (oxy)hydroxides.

The three different generations of surface models for pentlandite under
anodic polarization (cf. Fig. 1) are discussed in the present contribution
using methods of electronic structure theory. Notably, only by accounting
for surface coverage, surface oxidation, and multiple mechanistic pathways,
especially the Walden-type mechanisms that comprise a simultaneous
oxygen release and water dissociation step”, we find that both Fe and Ni
tetrahedral sites contribute to the OER activity on the oxidized pentlandite
surface. These insights bring theory and experiment to a closer agreement,
clarify the electrocatalytic behavior of pentlandites, and also provide general
guidelines for the rational design of non-noble metal-based electrocatalysts
under anodic polarization.

Results

Three generations of surface structures

To comprehend the elementary steps of the OER on pentlandite (bulk
structure unit cell is shown in Fig. S1 in section S1 of the supporting
information), we performed density functional theory (DFT) calculations
using the computational hydrogen (CHE) framework® on three generations
of surface models, gradually incorporating an increasing degree of model
complexity. Further computational details are provided in the methods
section below.

The first-generation model is a pristine pentlandite (111) surface
without pre-adsorbed intermediates, shown in Fig. 1a, b. The surface is
similar to the model from refs. 16,29, and it is derived from the energetically
most favorable metal coordination in the bulk phase (Fig. S1) by additionally
taking stoichiometry and slab thickness (>10 A) requirements into account.
The stoichiometry requirement comprises the construction of a surface in
such a manner that both surface terminations are similar to avoid an arti-
ficial dipole moment, while the stoichiometry in the chemical formula
Fe, 5sNiy 5Sg is preserved.

The second-generation surface (Fig. 1c, d) is built upon the first one by
considering adsorbate coverage as a result of an applied electrode potential,
considering that the OER proceeds for an anodic bias of U>1.23 V vs. RHE
(reversible hydrogen electrode)'’. The inclusion of coverage effects allows an
improved description of the electronic structure and chemical environment
of the various Ni- and Fe-based active sites on the pentlandite surface. While
the surface coverage under anodic potential conditions is commonly
attributed to the formation of several M-OH and M-O intermediates
(M = Ni or Fe), the exact structure and composition of this coverage are
determined by the construction of a surface Pourbaix diagram'’. We refer to
the surface configuration observed at or slightly higher than the equilibrium
potential of UPER = 1.23 V vs. RHE as the Pourbaix coverage (PC). The
procedure for determining the PC for pentlandites is an iterative one, as
converged structures with lower surface coverage serve as a starting point to
determine energetically favorable configurations with higher coverage. This
iterative scheme is described in detail in our previous work'®, and the
resulting PC for pentlandites refers to a 20M-O surface configuration, where
a total of 20 oxygen adsorbates are attached to the different Fe, Ni, and S
surface sites of pentlandite’s computational cell.

In the present contribution, we introduce a third-generation model
that, in addition to surface coverage, takes surface reconstruction of the slab
and surface oxidation into account. The starting point of the third-
generation surface is the pristine slab, where the top two layers of sulfur (i.e.,
50% of all sulfur atoms in the computational cell) are substituted with
oxygen (Fig. 1d, e). The corresponding model is called surface-oxidized (SO)
pentlandite. There are two main reasons for this model choice: (a) The
replacement of sulfur by oxygen in the pentlandite bulk is exergonic, which
is further discussed in section S1 of the SI (cf. Table S1). (b) The sulfur-
oxygen exchange is corroborated by experimental work of Apfel and cow-
orkers, who indicated that this exchange occurs at sulfur atoms close to the
surface™: while the upper layers reconstruct, the lower layers are assumed to
maintain a conductive pentlanditic core. Hence, we considered both phases
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Fig. 2 | Free-energy diagrams (FEDs) for OER on different pentlandite models.
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(sub)surface-oxidized Pourbaix-covered surface, third-generation model; d Nie» 1
site of the (sub)surface-oxidized Pourbaix-covered surface, third-generation model.
In panels (b-d), the horizontal dotted line refers to the reference for the Walden-type
mechanisms and the vertical line to the start of the cycle.

in our slab model (pentlandite at the bottom and oxide on the top), although
the oxide phase could potentially be significantly thicker (~100 nm), as
reported for mixed metal oxides™. Such length scales are beyond the scope of
DFT-based methods; therefore, following a common model-system
approach in first-principles studies, we employ the half-oxidized slab to
capture the essential interplay between the pentlandite core and the oxidized
surface.

Since the second layer of sulfur is also relatively exposed and located
close to the top of the slab (cf. Fig. e, f), we chose two layers instead of one
for the substitution of sulfur by oxygen. Subsequently, we apply our recently
developed iterative scheme'® to determine the PC of the SO pentlandite
model. The data related to the Pourbaix diagram is condensed in Tables
S2 and S3 and Fig. S2 (cf. Section S2 of the SI). We obtain that a 2M-
OH + 6M-O surface configuration—the third-generation model of the
(sub)surface-oxidized Pourbaix-covered (SOPC) pentlandite—is energeti-
cally favored under OER conditions, as shown in Fig. 1g, h. Please note that
the total number of pre-adsorbed intermediates is lower in the third-
generation model compared to the second generation. This is mainly due to
the fact that the presence of sulfur in the second-generation model provides
additional adsorption sites for oxygen intermediates.

The relevance of the SOPC is not limited to the pentlandites discussed
in this work, but rather extends to all materials subject to intralayer processes
in the electrolyte when bias voltage is applied, such as pure metals (e.g., pure
Ir is oxidized to IrO, in an electrolyzer) or chalcogenides. The processes
involved in the formation of SOPC electrodes include, but are not limited to,

surface oxidation, surface reconstruction, and corrosion. A similar model
was constructed for the hydrogen evolution reaction on Pd, where H atoms
are introduced up to four layers deep into the metallic lattice™. Furthermore,
surface reconstruction has been shown to play a critical role in OER activity
of the Al-doped LagsSrg;CoO;ss and PrBagsSrgsCo, ,Fe,Osys
perovskites”” and in CO electroreduction on Cu (111) in acidic
environment™. Coincidentally, the inhibiting effect of surface sulfur on
oxygen evolution was shown for Li; ;Nig sMng,0, (LNMO), where OER
must be suppressed to preserve the material’s structural stability™.

Modeling the catalytic processes on pentlandites

In the next step, we investigate the elementary steps of the OER for the
different surface models of Fig. 1. Please note that different tetrahedral and
octahedral sites are available on the PC'® and SOPC pentlandite surfaces. To
identify which active sites are relevant for OER, we investigate the stability of
a single M-OOH intermediate on the pristine or SO surfaces, and only the
sites where the M-OOH intermediate is stable (Table S2 in section S2 of the
SI and ref. 16) are considered for a detailed investigation of the reaction
mechanism. The nuance for the PC pentlandite surface is that the precise
adsorption location of the reaction intermediates can be better described as
an interstitial site between Fe,; and Fe,.,; nevertheless, we denote it as Fe.,
for the sake of brevity. In addition, the Ni site plays a role in one of the
reaction mechanisms. The subtlety for the SOPC surface is that after the
derivation of the adsorbate coverage, the symmetry of the sites breaks and
the respective four Fee, and Niy, sites are no longer equivalent. Instead,
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there are two new Ni 1) sites and four new Feye, [1-4; sites (Fig. le, g), all
of which are considered for a detailed evaluation of the OER mechanism.

Regarding the mechanistic description, we consider the full mechanistic
breadth of OER™ to gain unprecedented insight into the electrocatalytic
activity and limiting steps. Besides the conventional mononuclear
mechanism™"’, we account for binuclear’”, oxide™, and bifunctional”****
descriptions, as well as Walden-type mechanisms'**"*****' with concerted
desorption-adsorption steps. For this reason, the set of reaction intermediates
goes beyond the known OER intermediates M-OH, M-O, and M-OOH by
including M-OO and neighboring oxygen sites *O, near the active center in
the analysis. A detailed description of the OER mechanisms and reaction
intermediates can be found in the methods section (cf. Equations (2) - (32)).

To analyze the electrocatalytic activity of the different mechanisms for
the surface models of Fig. 1, we apply the activity descriptor G, ()"
based on the energetic span model**, where 5§ = U — USER refers to the
applied overpotential of OER. In the analysis, we choose an applied elec-
trode potential of U = 1.53 V vs RHE ( = 0.30 V), since # = 0.30V is
related to typical OER overpotentials to achieve a current density on the
order of 10mA/cm’® *. Further details on the derivation of the G, (1)
descriptor can be found in the methods section. Please note that the G, (1)
descriptor is inversely correlated with the electrocatalytic activity, and the
heuristic threshold for an active site/mechanism combination is set to
Gpnax(0.30 V) <0.55 eV based on previous work on a similar topic'. In Fig,
2, we compile free-energy diagrams (FEDs) for the different models from
Fig. 1 by focusing on the most active mechanistic descriptions using
Grax(0.30 V) <0.55 eV, although the pristine pentlandite surface corre-
sponding to the first-generation model does not show sufficient OER
activity (Fig. 2a). Details for all investigated mechanisms and FED plots for
other pathways and surface sites are provided in Tables $4 and S5 and Fig. S3
of the SI, respectively (cf. section S3).

While for the pristine pentlandite surface only the mononuclear
mechanism was investigated (Fig. 2a)'¢, it was concluded that the first-
generation model is overall inactive for OER due to the unreasonably high
G, (0.30 V) value, which contradicts the experimental data™”. If we
distinguish between Fe and Ni as active sites for the pristine pentlandite
surface, we conclude that the Nig, site is the most active
with G,,.(0.30 V) = 0.93€V.

The situation drastically changes once we take the PC in the second-
generation model into account'®, as depicted in Fig. 2b. In this case, while the
Ni,erp remains relatively inactive for OER (G, (0.30 V) = 0.64 eV), the
Feyer site demonstrates remarkable activity with G,,.(0.30 V) = 0.40eV
and 0.17eV for the mononuclear and mononuclear-Walden mechanisms,
respectively (for more details, see Table S4 in section S3 of the SI). Note that
the mononuclear-Walden mechanism has the potential to be more active
than its traditional counterpart only in case the elementary step of M-
OOH — M + O, (g) is present in the rate-determining span (i.e., the largest
span in the FED or, equivalently, the span that defines the G, (#)
descriptor) of the mononuclear mechanism. This condition is met on the
Fe, of the PC surface, and due to the exergonic nature of the transition M-
OOH — M-O0 + H" + ¢ on this site, the mononuclear mechanism is
outperformed by its Walden counterpart. As is evident from the
Gnax(0.30V) values from Tables S4 and S5, and FEDs from Fig. S3 in
section S3 of the SI, the other mechanisms are proven to have only a limited
impact on the OER activity.

The discussion of the reaction mechanism and electrocatalytic activity
is even more nuanced and complex on the third-generation SOPC surface.
Instead of one distinguished active site on the surface as in previous cases,
now there are two sites of two different metal species, indexed as Fee 5 (Fig.
2¢) and Nip; (Fig. 2d), competing with each other under anodic polar-
ization. This represents a significant change in the OER description over
pentlandites compared to the first- and second-generation models. Another
shift is observed by comparing the rate-determining spans between panels b,
c of Fig. 2: it changes from M-OH — M + O, (g) and M-OH — M-OOH to
M-O — M+ 0, (g) and M-OO — M-OH + O, (g) for the mononuclear
and mononuclear-Walden mechanisms, respectively. Furthermore, the

mechanistic variety becomes more diverse, with mononuclear, bifunctional
I and Walden-type mechanisms being active on the Fe, 5 site, whereas
mononuclear, mononuclear-Walden, and bifunctional II mechanisms are
prevalent on the Nie, ; site. Finally, for the SOPC, Nijer,,; was found to have
a higher activity (G,,,,(0.30 V) = 0.22 eV for all three active mechanisms)
than the Fee, 5 (lowest G, (0.30V) = 0.36 V) site, albeit both values are
slightly higher than for the mononuclear-Walden mechanism on the PC
surface. Although the activity described by G,,,.(0.30 V) remains similar
between the PC and SOPC surfaces, the activity of the latter might be higher
due to the higher density of active sites, as both Fe and Ni species contribute
to the formation of gaseous oxygen.

Active sites of pentlandites under anodic polarization

In Fig. 3, we provide an evolution of the OER description and active sites on
pentlandites as we move across three generations of surface models. It
clearly demonstrates the need to consider both the adsorbate coverage and
surface oxidation, as the conclusions for pristine, PC, and SOPC surfaces
shift from “no activity” to “Fe species is active” to “Niand Fe are active sites”,
respectively. While both the PC and SOPC models align with the experi-
mental data regarding a qualitative assessment of OER activity, the SOPC
further improves the description, which we relate to the experimentally
observed change in OER activity with different Ni:Fe stoichiometry: with
increasing Ni content, OER activity increases®. Thus, the simplest expla-
nation for that would be that Ni must contribute to the activity and provide
active surface sites, and only the SOPC model confirms this finding. Note
that this does not mean that Fe is inactive; rather, both species contribute to
activity.

Regarding the mechanistic description, we find that Walden-type
mechanisms consistently improve OER activity or stay on par with their
non-Walden counterparts. A similar observation was made previously for
electrochemically formed single-atom centers of MXenes'’ and for Co;O4™:
there, the Walden-type mechanisms showed higher activity or remained at
the same level, even if the condition that the elementary step M-
OOH — M + O (g) is part of the rate-determining span was not fulfilled.

Mechanistic pathway and elementary step contributions to the
overall current density
To further comprehend the mechanistic details of the OER on the SOPC
surface, we apply the concept of degree of span control (DSC), as recently
introduced by ref. 20. While the discussion of the electrocatalytic activity in
computational studies is often based on the identification of a single ele-
mentary reaction step using the notion of the potential-determining step”,
several reaction mechanisms and elementary steps can contribute to the
reaction rate to varying degrees depending on the applied overpotential. The
DSC analysis takes this fact into account by means of a potential-dependent
sensitivity analysis reminiscent of Campbell’s degree of span control**”,
although the DSC concept does not require the calculation of transition
states and remains on the level of thermodynamic considerations. Further
details on the DSC concept are provided in the methods section.

The DSC concept is exerted on the two active sites of the SOPC surface.
For Fe 3, bifunctional I, bifunctional-Walden, and mononuclear-Walden
mechanisms are shown to be active (Fig. 4a), which is consistent with the
previously defined activity threshold of G, (0.30V) <0.55 eV (except for
the mononuclear mechanism, which does not appear in the plots due to the
exponential nature of DSC and its slightly higher G,,,). For the active
mechanisms, two different free-energy spans are limiting the OER activity,
namely M-OO — M-OH + O,(g) and M-OO — M + O,(g) for Walden-
type and bifunctional mechanisms, respectively (Fig. 4b). Please note that
the partial contributions to the DSC,,, (m = mechanism) and DSC; (j = span)
descriptions flatten and become horizontal once all three mechanisms are
controlled by a single electron transfer step; this is observed at about
U ~ 1.62V vs RHE. While the Walden step M-OO — M-OH + O,(g)
mainly limits the electrocatalytic activity of the Fe, 3 site, it becomes evi-
dent that the notion of a single limiting reaction step is not fulfilled at high
overpotentials (Fig. 4b).
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Fig. 3 | Visualization of the OER on the three
generations of surface models. Brown spheres—Fe
atoms, gray spheres—Ni atoms, yellow spheres—S$
atoms, red spheres—O atoms, white spheres—H
atoms. a The pristine pentlandite surface, first gen-
eration. b Pourbaix-covered surface, second gen-
eration. ¢ (Sub)surface-oxidized Pourbaix-covered
surface, third generation.
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site to the current density, DSC; indicates the contribution of different spans based
on the preferred reaction mechanisms to the current density. a DSC,, on the Fe., 3
site; b DSC; on the Feerp 3 site; ¢ DSC,,, on the Nip 1 site; d DSC; on the Nig, ) site.

A similar correlation between the FEDs and DSC plots is observed for
the active Ni, ; site, where the DSC,,, plot is governed by mononuclear,
mononuclear-Walden, and bifunctional II mechanisms, all of which have
equal contributions to the reaction rate for U>1.30 V vs RHE (Fig. 4c).
For all three mechanisms, the formation of surface oxygen—M-OH — M-
O—is identified as the limiting one for U>1.30V vs RHE (Fig. 4d),

indicating that the picture of a single limiting step is fulfilled for the active
NitetZ,l site.

Discussion
In the present work, we highlight the importance of surface oxidation for the
modeling of electrodes relevant for proton-coupled electron transfer steps,
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using a pentlandite model in the oxygen evolution reaction as a prototypical
example. To reach this stage, we compare the results of three generations of
computational surface models and compare them to the available experi-
mental data. While the first-generation model is based on a pristine pen-
tlandite slab, the second- and third-generation models consider the
adsorbate coverage as well as the surface oxidation and adsorbate coverage,
respectively.

While the results of the pristine surface model indicate that pentlan-
dites are inactive for OER, both second- and third-generation models
confirm that pentlandite is an active electrocatalyst, which is consistent with
experiments. The main difference between the second- and third-
generation models concerns the identification of active sites under anodic
polarization. While the second-generation model shows that tetrahedral Fe
appears to be the unique active site, only by considering surface oxidation
can we show that both tetrahedral Fe and Ni sites contribute to OER activity.
The identification of both surface Fe and Ni as active centers for OER agrees
with experimental data when considering activity trends with different Ni:Fe
stoichiometry: higher Ni content leads to higher activity. Therefore, the
second-generation model, which omits surface oxidation, underestimates
the density of active surface sites and identifies a different reaction
mechanism than the third-generation model.

The proposed methodology of incorporating surface coverage, surface
oxidation, and multiple reaction mechanisms into the analysis of proton-
coupled electron transfer steps is key to bringing theoretical models closer to
experimental investigations, although the exact surface structure in oper-
ando remains unresolved. Surface oxidation —and other effects such as
corrosion and surface reconstruction—has so far received little attention in
computational works on electrocatalysis. We believe that the present work
can stimulate the application of improved computational surface models to
unambiguously identify active sites, reaction mechanisms, and limiting
reaction steps under applied bias voltage.

Methods
Computational details
We performed electronic structure theory calculations in the density
functional theory (DFT) framework as implemented in VASP*. Table S6 in
section S4 of the SI summarizes the computational details to obtain the
presented results. For the complete setup, we refer to the data repository,
which contains all the necessary information to fully reproduce our
calculations™.

Potential-dependent Gibbs free energies for surface configurations are
calculated using the computational hydrogen electrode (CHE) method®:

G = Eppr + Ezpg — TS — n,eU (1

Here, n, denotes the number of electron transfers in the reaction mechanism
preceding the reaction intermediate, e is the elementary charge, and Uis the
applied electrode potential on the RHE scale (reversible hydrogen elec-
trode). All surface calculations of Eppp were performed using the RPBE
functional’>*® with the D3 correction to account for van der Waals forces ™,
and only the positions of the bottom slab layer were fixed and not allowed to
relax. The E,py and TS are only considered for the gas-phase molecules H,O
and H,, E,pp is calculated via the finite-difference method in VASP at
Eypp(H,0) = 0.55€V and Egpp(H,) =0.19€V, and the TS term is
sourced from standard thermodynamic tables at TS(H,0) = 0.67 eV and
TS (Hz) = 0.40eV*’. In order to maintain computational resources, we
assume that the E,p; and TS terms approximately cancel out between
reaction steps and do not impact the qualitative picture. This assumption is
justified based on the data shown for the PC surface in Table S5 (cf. section
S4 of the SI).

Spin polarization effects were neglected, as pentlandite is not known to
exhibit magnetic behavior”’. The Hubbard U correction, which is often
applied to mitigate the self-interaction error present in GGA-type func-
tionals such as RPBE and to improve d-electron localization, was also
omitted. This choice aligns with previously benchmarked adsorption energy

results that did not employ a Hubbard U correction®™”. Although the
importance of the Hubbard U correction was demonstrated for constructing
precise Pourbaix diagrams®, its general applicability is still debated”' and is
hard to validate for pentlandites, which are metallic*’. Moreover, our test
calculations indicated that including spin polarization or the Hubbard U
correction substantially slows down geometry relaxations™.

In addition, solvent effects were not explicitly or implicitly modeled.
This decision was based on prior benchmarks', which showed that simple
solvation models—either implicit representations or those including one to
two explicit water molecules—have only minor effects on the adsorption
free energies relevant for catalytic activity. To truly capture the solvation
effects, the structure of the first solvation shell and an appropriate number of
explicit water molecules are required, which is beyond the scope of the
present work.

In order to qualitatively support the 3rd generation model, we per-
formed the Bader charge analysis™ (section S5 of the SI), which shows a
higher charge on active species of the 3rd generation model compared to the
second. This increase in charge clearly indicates a generally higher surface
charge in the third-generation system, qualitatively aligning it more closely
with the experimentally observed +III or even +IV oxidation states of Fe
and Ni under OER conditions in non-pentlandite materials®.

OER mechanisms

In Egs. (2)-(32), we provide the mechanistic descriptions for the
mononuclear”, bifunctional I??, bifunctional IT*"***, binuclear’®”’, oxide>,
mononuclear-Walden'”?****-*! and bifunctional-Walden'"”’ mechanisms.
Walden-type mechanisms have been gaining importance recently, as they
were demonstrated to be relevant for IrO,"". In the following equations, M
denotes an active surface site, i.e., Fe or Ni, and AG,, ; denotes the corre-
sponding free-energy change of mechanism m (abbreviated) at index .

a) Mononuclear mechanism™"

M +H,0 - M-OH+ H* + e~ AG,,,, )
M-OH — M-O+H*' + e~ AG,,, (3)
M-O +H,0 — M-OOH + H" + ¢~ AG,,; (4)
M-OOH — M + 0,(g) + H" + e~ AG,,,, 5)

b) Bifunctional mechanism I**
M+*04 +H,0 > M-OH + "0, + H" + ¢~ AGy, (6)
M-OH +*0, = M-O+ "0, + H" + ¢~ AGy, 7)
M-O+*0, + H,0 > M-00 +*O,H+H" +¢ AGy; (8)
M-O0+*0,H > M+*0, 4+ O,(g) + H  + ¢~ AGyg, (9)

22,38

¢) Bifunctional mechanism II*"
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M+ "0, +H,0 - M-OH +*0, + H" + ¢~ AGyq, (10)
M-OH +*0, — M-O+ "0, + H" + ¢~ AGyy, (11)

M-O +*0, 4+ H,0 — M-OOH + *O,H AGyq (12)
M-OOH +*O,H — M-OOH +*O, + H" + ¢~ AGyy;,  (13)
M-OOH +*0, — M+ "0, + 0,(9) + H" + ¢~ AGyy;  (14)
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d) Binuclear mechanism™*’

M+ M +H,0 - M-OH+ M+ H" + e~ AG,,, (15)
M-OH + M + H,0 — M-OH + M-OH + H" + ¢~ AG,,, (16)
M-OH+ M — OH — M-O + M-OH+H" + ¢~ AG,,; (17)
M-O + M-OH — M-O 4+ M-O + H* + ¢~ AG,,, (18)
M-O + M-O — M+ M+ O,(g) AGy, 5 (19)

e) Oxide mechanism®
M-O + M-O +H,0 - M-OOH + M-O+H" +¢~ AG,,, (20)

M-OOH + M-O + H,0 — M-OOH + M-OOH + H' + e~ AG

ox,2

@D

M-OOH + M-OOH — M-OOH + M-O0+ H" + e~ AG,.; (22)

M-OOH 4+ M-00 — M-00 +M-00 + H" + ¢~ AG,,, (23)
M-00 + M-00 — M-O + M-O + O,(g) AG,y s (24)

f) Mononuclear-Walden mechanism'****~"!
M-OH — M-O +H* + ¢~ AG,,,, (25)
M-O + H,0 — M-OOH + H" 4+ ¢~ AG,,, (26)
M-OOH — M-00 + H' + e~ AG,,,; (27)
M-00 + H,0 — M-OH + H" 4+ ¢~ 4 0,(g) AG,,,, 4 (28)

g) Bifunctional-Walden mechanism'*”

M-OH +*0, — M-O 40, + H" + ¢~ AG,,, (29)
M-O +*0, + H,0 - M-O0 +*O,H+H" +e~ AG,,, (30)
M-00+*O4H — M-00 + *O, + H* + ¢~ AG,,,;  (31)

M-00 +*0, + H,0 — M-OH +*0, + H" + ¢~ 4 0,(g) AG,,,
(32)

The free energy change for the elementary step can be expressed by the
free energy of the reaction intermediates—G,, ,—involved. Note that m
refers to a specific mechanism (see Egs. (2) - (32)), and i denotes the index of
the respective elementary step in this mechanism. As evident from the
above, 1<i<4 for the mononuclear and bifunctional I mechanisms,
including their Walden descriptions, while 1 <i<5 holds for the bifunc-
tional II, binuclear, and oxide pathways due to a chemical step in the cat-
alytic cycle.

AGm.i = Gm.i - Gmﬁ(i—l) (33)

calculated with DFT, but rather we apply the concept of gas-phase error
corrections™* to meet the experimental equilibrium potential of OER:

e —1
AG,, =492- Y AG,, (34)
i=1

Finally, we note that the reaction mechanisms above represent an
acidic environment rather than an alkaline one. In the framework of a
descriptor-based analysis using the CHE approach, the free-energy changes
do not depend on pH®, as this would require a grand canonical formalism,
which is beyond the scope of this work.

Activity descriptor G ., (1)
The activity descriptor G, (#7) ***’ based on the energetic span model for a
given mechanism is defined in its compact form as follows"":

i=l
Grnaxm (17) = max{SmJ} = max{z AGW} (35)

i=k

It is selected as a more precise alternative to the conventional ther-
modynamic overpotential, 7, °. While the latter is defined as the largest step
in the free-energy diagram at the equilibrium potential, the former is a
potential-dependent proxy of the electrocatalytic activity based on the
energetic span model, and thus is more suitable for the description of non-
equilibrium electrochemical processes such as OER. Here, S,,,; denote all
possible free energy spans of that mechanism, which are calculated based on
all possible combinations of the free energy changes of the elementary steps.
In case of 1 < i <4 (mononuclear, bifunctional I, mononuclear-Walden, and
bifunctional-Walden mechanisms), the number of total spans (j.)
amounts to 10, whereas for 1 <i<5 (bifunctional II, binuclear and oxide
mechanisms), we observe j=15. The largest free energy span at a given
overpotential 7 is reconciled with the G,y . (1) descriptor of mechanism
m. Note that the applied OER overpotential is defined as 7 = U — UJER
with UQPR = 1.23 V vs RHE (reversible hydrogen electrode).

Degree of span control (DSC)

In the Tafel regime, the partial current density j, of each reaction
mechanism m based on the G, ,,, (17) descriptor for that mechanism can be
expressed as follows'”:

(36)

The total current density j corresponds to the sum of all partial current
densities for all mechanisms :

i) = julm)

(37)

The degree of span control for a particular mechanism m, denoted
DSC,,,, is defined as its relative contribution to the overall current density:

DSC, () = I (1)

Please note that the last free energy change of each mechanism cor- i (38)
responds to the formation and release of gaseous oxygen. This step is not i(n)
npj Computational Materials | (2026)12:61 7
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To determine the contribution of individual spans §,,; for a given
mechanism m, we introduce the term DSCm‘j:

(2549

LI DSC, ()
Sew(“p2)
]

DSC,,;(n) = (39)

Based on Eq. (39), we can determine the impact of each span j among
all mechanisms m to the current density by using the relation in Eq. (40):

DSC; =Y | DSC,;(n) (40)

DSC,, and DSC; are used to investigate the contribution of the different
mechanisms and spans for the active Fe and Ni sites of the third-generation
pentlandite model in Fig. 4.

Data availability

All data supporting the findings of this study are available at the following
URL: M. Sokolov, Kai S. Exner, Data repository and scripts for the OER on
pentlandite DFT calculations. https://doi.org/10.5281/zenodo.17554150.
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