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Quantifying the origin of inter-adsorbate
interactions on reactive surfaces for catalyst
screening and design†

Aravind Krishnamoorthyab and Bilge Yildiz*abc

The adsorption energy of reactant molecules and reaction intermediates is one of the key descriptors

of catalytic activity of surfaces and is commonly used as a metric in screening materials for design of

heterogeneous catalysts. The efficacy of such screening schemes depends on the accuracy of calculated

adsorption energies under reaction conditions. These adsorption energies can depend strongly on interactions

between adsorbed molecules in the adlayer. However, these interactions are typically not accounted for in

screening procedures that use DFT-based zero-coverage adsorption energies. Identifying the physical

mechanisms behind these interactions is essential to model realistic catalyst surfaces under reaction

conditions and to understand the dependence of adsorption energies on reaction parameters like surface

strain and composition. This article describes a method to quantitatively resolve the observed inter-

adsorbate interactions into various direct adsorbate–adsorbate interactions (i.e. Coulombic and steric) and

surface-mediated interactions (i.e. adsorbate-induced surface relaxation and change in electronic structure)

by combining density functional theory and cluster-expansion calculations of coverage-dependent

adsorption energies. The approach is implemented on a model catalyst surface of FeS2(100) reacting with

H2S molecules. We find that the adsorption energy of H2S molecules can be affected by over 0.55 eV by

the repulsive inter-adsorbate interactions caused primarily by the adsorbate-induced changes to the

electronic structure of the FeS2 surface. These interactions also show a strong monotonic dependence on

surface strain, being three times stronger on compressively strained surfaces than on surfaces under tensile

strain. The large magnitude of inter-adsorbate interactions as well as their strong dependence on lattice

strain demonstrate the need for using coverage-dependent adsorption energies for more accurate

screening, for example for strained catalytic systems like core–shell and overlayer structures.

Introduction

High throughput screening of materials for heterogeneous
catalysis is rapidly becoming an important part of the catalyst
selection and design process. In this paradigm, the Sabatier
principle and Brønsted–Evans–Polanyi scaling relations are used
to infer surface activity from the adsorption energy of reactant
molecules and reaction intermediates.1,2 This approach is espe-
cially attractive for identifying promising material combinations
for systems like core–shell and overlayer catalysts, where vari-
ables like surface strain and choice of alloying elements can be

used to systematically tune the adsorption energy and, therefore,
the activity of the surface. The efficacy of such screening
procedures depends on the ability to accurately model the
catalyst surface under reaction conditions and calculate the
appropriate adsorption energies. Usually, these adsorption
energies are calculated ab initio in simulation cells that contain
a single reactant molecule on a surface that is laterally large
enough to eliminate adsorbate–adsorbate interactions. This
simplistic ‘zero-coverage’ picture of the reacting surface differs
greatly from real catalyst surfaces that contain a finite surface
coverage of reactant molecules in that it does not include
interactions between adsorbed species in the adlayer.

Strong inter-adsorbate interactions have been observed
on a variety of reaction systems, such as H2O/TiO2(110),3

CO/Ru(0001),4 and O on the (111) surface of several transition
metals.5 These interactions result in effective adsorption energies
that are significantly different from values at zero-coverage and
are, in some cases, strong enough to cause surface restructur-
ing and roughening.6 These modified adsorption energies can
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not only alter the activity of surfaces along the Sabatier ‘volcano’
curve,7 but can also alter the shape of the curve itself leading to a
pronounced flattening near the peak activity.8 Previous studies
into the effect of inter-adsorbate interactions have been mostly
limited to quantification of the total magnitude of these inter-
actions.9,10 While such studies lead to a better representation
of the catalytic activity, the physical basis of these interactions
is under-investigated, without a quantitative understanding
of their dependence on variables like surface strain and
composition.

Ab initio calculations can help isolate the mechanism
behind inter-adsorbate interactions, but a very large configura-
tional sample space of adsorbed surface sites must be sampled
to identify ground-state configurations. Since a brute-force
sampling of the entire configurational space is computationally
intractable for all but the smallest supercells, past studies for
quantifying the magnitude of these interactions have typically
resorted to a random sampling of the configurational space9 or
using a more rigorous statistical sampling method like cluster
expansion.10 In both cases, efforts have focused on quantifying
the total magnitude of inter-adsorbate interactions rather
than on uncovering the dominant mechanism behind these
interactions, which is more useful in providing design rules for
catalyst surfaces.

In this article, we report investigations into the nature and
strength of inter-adsorbate interactions, demonstrated on a
model system of H2S adsorbates on the pyrite FeS2(100) surface.
We use density functional theory (DFT) and cluster expansion
methods to calculate adsorption energies as a function of
surface coverage. We chose this model system because the
interaction of adsorbate species with the (100) surface of FeS2 is
of interest in several fields including heterogeneous catalysis11,12

and photovoltaics,13 and the importance of H2S as a reactant
species is well established in areas of corrosion14 and bio-
geochemistry.15 The rest of the paper is structured as follows.
In the first two sections, the methodology used to calculate
adsorption and interaction energies is briefly described followed by
the computational details. The next section is devoted to quantify-
ing the contribution of different types of forces, i.e. Coulombic and
Pauli repulsion, and different mechanisms, i.e. adsorbate-induced
surface relaxation and adsorption-induced change of surface elec-
tronic structure, to the overall inter-adsorbate interaction. In the
final section, the framework is applied to the study of adsorption
on biaxially strained FeS2(100) surfaces to extract adsorption ener-
gies under conditions of finite coverage and finite surface strain.
We conclude by listing briefly some implications of the current
work for the selection and design of strained and unstrained
catalyst surfaces.

Methodology

We briefly describe below the framework adopted16,17 to quan-
tify inter-adsorbate interactions from a calculation of adsorp-
tion energies at different coverage values, and introduce
some terms that are used frequently in the rest of the article.

This is followed by a discussion about the need for cluster
expansion sampling in obtaining these adsorption energies. We
then apply this framework to carefully chosen adsorbate/surface
systems, closely related to the H2S/FeS2(100) system, in order to
isolate the influence of individual mechanisms on the overall
interaction. The considered mechanisms include both direct
adsorbate–adsorbate and surface-mediated interactions.

On a catalyst surface containing M adsorption sites, the
cumulative adsorption energy of n adsorbates (defined as the
sum of adsorption energies of n adsorbates) of species X,

corresponding to a surface coverage of y ¼ n

M
monolayer, is

given by

Esum
ads y ¼ n

M

� �
¼ ES�nX � ES � n � EXð Þ (1)

where ES–nX is the DFT-calculated energy of the system contain-
ing n molecules of species X that are adsorbed to the catalyst
surface, ES is the energy of the bare catalyst surface, and EX is
the energy of an isolated molecule of species X. In the absence of
any interactions between adsorbates (direct or surface-mediated),
the cumulative adsorption energy will be a linear function of
the surface coverage. Therefore, one simple way to measure the
magnitude of inter-adsorbate interactions is to subtract zero-
coverage contributions from Esum

ads (y) to obtain the cumulative
inter-adsorbate interaction, Esum

inter(y) (eqn (2)).

Esum
inter(y) = Esum

ads (y) � (y�Eads(0)) (2)

For direct comparison with experiments, a more useful quantity is
the binding energy or the effective adsorption energy at a given
coverage, Eads y ¼ n

M

� �
, which can be derived from eqn (1) using

Eads y ¼ n

M

� �
¼

d Esum
ads ðyÞ

� �
dy

(3)

Calculating the adsorption energy using eqn (1) and (3) is not
straightforward because ES–nX is not unique for a given value of
n (n a 0, M), since there are several configurational arrangements
of adsorbates on the available adsorption sites each resulting in a
different value of ES–nX. Since adsorbates are highly mobile at
operating temperatures, of most interest to this study is the
configuration which results in the lowest ES–nX for a given surface
coverage. Identification of these a priori unknown ground states is
a challenging problem since a brute-force sampling of the entire
adsorbate configurational space is computationally intractable for
all but the smallest simulation cells, and a random sampling of
the configurations9 is not guaranteed to identify all ground states.
Instead, we implement the cluster expansion method,10,18 as
applied previously to other adsorbate systems like NO/Pt(111)19

and H/graphene,20 to construct a Ising-like Hamiltonian of the
adlayer using DFT-calculated energies of a subset of adsorbate
configurations. This Hamiltonian is then used to predict ground
state configurations at different coverages, whose energies are
explicitly calculated using DFT.

To measure the contribution of individual forces and mecha-
nisms to the overall inter-adsorbate interaction in the H2S/FeS2

system, Eads(y) and Esum
inter(y) are compared among closely related

adsorbate/surface systems. These related systems are created by
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altering one aspect of the original H2S/FeS2 system at a time, such
as the rigidity or strain state of the surface or replacing the H2S
adsorbates by H atoms. The different mechanisms investigated in
this work and the corresponding adsorbate/surface systems are
discussed in more detail in the Results and discussion section.

Computational details

All DFT calculations21 in this study were performed with the Vienna
Ab initio Simulation Package22,23 using the spin-polarized PBE
functional24 and atomic potentials generated by the projector
augmented wave method.25 To correct for electronic self-
correlation effects commonly found in 3d transition metal
compounds, we adopt the DFT+U method,26 with a U–J value of
1.6 eV for the Fe 3d electrons, determined to be appropriate for
iron sulfide phases.27 Cluster expansion calculations were carried
out using the MIT ab initio Phase Stability28 code included as
part of the Alloy Theoretic Automated Toolkit.29 Adsorbate
configurations were sampled with 1, 2 and 3 points per cluster
and the one-removed cross-validation score is less than 0.03 eV
in the case of H2S adsorbates and 0.01 eV in the case of H
adsorbates, indicating good predictive power of the cluster
expansion to generate thermodynamically accurate ground state
adsorbate configurations.

All adsorption energies are calculated on 4 layer pyrite FeS2 slabs
of 2 � 2 unit-cell lateral size, separated by 10 Å of vacuum in a
periodic simulation cell. Each simulation cell contains 32 formula
units of pyrite. Wave functions are expanded in plane waves with
kinetic energies up to 350 eV and the reciprocal space was sampled
using 3� 3� 1 Monkhorst–Pack grids.30 This choice of plane-wave
energies and Brillouin-zone sampling grids leads to well-converged
adsorption energies over the entire range of surface coverage,
y A [0,1] (Fig. S4 and S5, ESI†). Total energies are converged to
within 5 � 10�5 eV in each self-consistency cycle and the forces
on ions were converged to within 0.05 eV Å�1.

We confirm the accuracy of the calculated adsorption energies
by using a program31 to perform a simulation of temperature
programmed desorption of H2S from the FeS2(100) surface. The
program generates the TPD spectrum by numerically solving the
differential equation describing the dependence of surface cover-
age on temperature in the first-order desorption process:

dy
dT
¼ �A

b
exp

EadsðyÞ
kBT

� �
y

where A is the Arrhenius pre-exponential factor (assumed to be
1013 s�1, in the limit of an immobile transition state during
desorption32), b is the experimental heating rate,33 kB is the
Boltzmann constant and T is the absolute temperature.

All images of crystal structures used in this article were
generated using the VESTA structural visualization program.34

Results and discussion

The non-dissociative adsorption of the weakly nucleophilic H2S
molecules occurs on the eight Fe ions exposed at the 2 � 2

FeS2(100) surface, where the LUMO of the pyrite surface is
localized.35,36 The resulting Fe–SH2 bond has a bond length of
2.30 Å (at all coverage values), which is similar to the Fe–S bond
lengths in the bulk of the FeS2 crystal (2.25 Å). H2S adsorption
saturates the dangling bond on the Fe ion by completing the
Fe–S6 octahedron, leading to a change of the electronic struc-
ture of the FeS2 surface.

While the adsorbed H2S molecule is free to rotate about the
rigid Fe–SH2 bond, the inter-adsorbate separation is determined
by the distance between the adsorption sites and is independent
of surface coverage (Fig. 1). On the FeS2(100) surface, this
results in a nearest-neighbor S–S distance of just 3.4 Å, which
is close to twice the van der Waals radius of sulfur (1.8 Å37),
indicating the presence of direct non-bonding interactions
between adsorbates.

In the following sections, we quantify the overall strength of
inter-adsorbate interactions between H2S molecules (Section I)
and identify both direct adsorbate–adsorbate as well as surface-
mediated mechanisms that contribute to the overall interaction
(Section II).

I. Coverage-dependent adsorption energy on FeS2(100)

The cumulative adsorption energy, Esum
ads (y) for the H2S adsor-

bate ground-state structures (Fig. 1) predicted by cluster expan-
sion can be well-fitted by the quadratic expression in Fig. 2a,
where a negative energy indicates exothermic adsorption and
the deviation towards positive energies indicates the presence
of repulsive interactions that lead to weaker binding at higher
surface coverages.

The dashed straight-line in Fig. 2a describes the expected
behavior of a system with no inter-adsorbate interactions, as
represented by the second term in RHS of eqn (2). Subtracting
this from the DFT-calculated energy, we get a measure of the
total inter-adsorbate interaction energy, Esum

inter(y) in Fig. 2b.
For comparison with experiments, the corresponding binding

Fig. 1 (a) Atomic structure of the FeS2(100) surface showing 8 non-equivalent
adsorption sites, Fe2+ ions (brown) and 16 S� ions (yellow). (b–i) Adsorption
configurations at increasing surface coverage values in steps of 12.5% predicted
by cluster expansion.

PCCP Paper

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
01

5.
 D

ow
nl

oa
de

d 
on

 0
4/

01
/2

01
7 

16
:2

5:
28

. 
View Article Online

http://dx.doi.org/10.1039/c5cp03143e


22230 | Phys. Chem. Chem. Phys., 2015, 17, 22227--22234 This journal is© the Owner Societies 2015

energy or the effective adsorption energy per molecule, Eads(y)
is calculated by taking the derivative of Esum

ads (y).

EadsðyÞ ¼
@ Esum

ads ðyÞ
� �
@y

¼ �0:76þ 0:56y eV (4)

To validate the adsorption energy calculated in eqn (4) we
simulated the outcome of a temperature programmed desorption
(TPD) experiment for H2S adsorption on the defect-free pyrite
(100) surface. We choose simulation parameters like the initial
dosing temperature (79 K) and the heating rate (8 K s�1) to be the
same as the experimental conditions used by Guevremont et al.
for the TPD of H2S from the (100) surface of pyrite.33 In comparing
the simulated TPD results with experimental data of Guevremont
et al., we find that the adsorption energies derived from the cluster-
expansion approach generates a desorption spectrum that is well-
matched with the experimental one in terms of reproducing the
broad width of the peak. In contrast, if a single value of adsorption
energy (obtained for zero-coverage) is used throughout the TPD, a
very different, narrow peak shape is predicted (Fig. 3).

Simulated TPD using adsorption energies from the cluster-
expansion method is also in better agreement with the experiment
than the TPD calculated using adsorption energies derived from a
random sampling of the adsorbate configurational space (Fig. S3,
ESI†). This result demonstrates the importance of identifying
finite-coverage ground state configurations rigorously using cluster
expansion, and the reliability of the cluster-expansion procedure for
calculating coverage-dependent adsorption energies.

II. Mechanisms responsible for inter-adsorbate interactions

It can be seen that the cumulative adsorption energy in Fig. 2
increases, i.e. becomes less negative and exothermic, with increas-
ing surface coverage, indicating a repulsive effective interaction
between H2S adsorbates. More significantly, the cumulative
adsorption energy depends quadratically on the surface coverage.
This quadratic dependence has previously been observed in lattice
gas model Hamiltonians that include pair-wise interactions

between adsorbed species.38 Depending upon the adsorbate/
surface pair, several physical mechanisms have been shown in
literature to be responsible for pairwise inter-adsorbate inter-
actions. We consider four mechanisms here.

1. Coulombic repulsion between charged adsorbates, as
seen in O/Pd(111),39

2. Through-space steric interactions between adsorbates, as
observed in the NO/Pd(111) system,40

3. Adsorbate-induced surface-stresses resulting in surface-
mediated elastic interaction between adsorbates, as seen in
Cl/Au(111),41 and

4. Adsorbate-induced altering of the electronic structure of
neighboring adsorption sites, such as in S/Rh(001).42

Fig. 2 (a) The sum of adsorption energy deviates from ideal linear behavior at higher coverage values, indicating the presence of repulsive inter-
adsorbate interactions (shaded region). (b) Removing the linear component from (a) reveals the quadratic form of the inter-adsorbate interaction
energy, Esum

inter.

Fig. 3 The calculated TPD spectrum based on coverage dependent
adsorption energies deduced by the cluster expansion method has a
much closer fit to the experimental spectrum compared to the calculated
TPD spectrum based on adsorption energies that do not consider inter-
adsorbate interactions. The comparison is made both in terms of the onset
temperature for desorption and the temperature range for the desorption
process. The curves are normalized by the area under the curve.
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It is likely that a combination of the above mechanisms is
responsible for the observed inter-adsorbate interactions on the
FeS2(100) surface. In the following sections, the magnitude
of each contribution is quantified by calculating Esum

ads (y) and
Esum

inter(y) for different adsorbate-surface systems that allow us to
isolate the effect of each mechanism.

a. Coulombic repulsion. Chemisorption of H2S on FeS2(100)
is accompanied by charge transfer between the adsorbed mole-
cule and the surface, which may result in Coulombic inter-
actions between the adsorbates. To quantify this interaction,
the partial charge present on adsorbates was identified by
performing a Bader charge analysis43 on adsorbed and isolated
H2S molecules. We found that the adsorbed H2S molecules are
nearly electrically neutral with residual charge of 0.06 � 0.02 e�

compared to isolated molecules (Fig. S1, ESI†). To identify
if Coulombic interactions are a source of significant inter-
adsorbate interactions in the H2S/FeS2(100) system, we compare

it to interactions in the atomic H/FeS2(100) system. This is
useful because atomic H adsorbates have a Bader charge of
�0.13� 0.01 e�, and are therefore expected to exhibit Coulombic
interactions of similar magnitude to H2S molecules. Unlike the
H2S adsorbates, atomic H adsorbates show no observable inter-
adsorbate interaction (Fig. 4). Therefore, the contribution of
Coulombic repulsion to the overall interactions among H2S
adsorbates is expected to be negligible.

b. Through-space steric interactions. Spatially large mole-
cules also sterically block the adsorption of other molecules on
neighboring adsorption sites by penalizing the non-bonding
overlap of the electron clouds of nearby adsorbates. This
mechanism is also operative in the H2S/FeS2 system, where it
is observed that the electronic charge in the adlayer is redistri-
buted away from an incoming H2S adsorbate (Fig. 5a).

To quantify the effect of Pauli repulsion, Esum
inter(y) was calcu-

lated for systems in the absence of the FeS2(100) surface. Since
this eliminates the possibility of any surface-mediated effects,
the only interactions captured in these calculations are through-
space steric effects (Coulombic effects do not come into play
because the molecules are identically uncharged). It was found
that steric effects account for a measurable, but still a minor part
(E10%) of the overall inter-adsorbate interactions between
adsorbed H2S molecules (Fig. 5b).

c. Adsorbate-induced surface stresses. Adsorbates can also
induce local surface stresses that lead to relaxation of neigh-
boring adsorption sites, potentially affecting the adsorption
energy of subsequent adsorbates. To understand this effect,
inter-adsorbate interaction energies, Esum

inter(y), are compared for
two related systems; one where the Fe and S atoms in the
surface are allowed to relax in response to H2S adsorption and
another one where they are held in fixed positions. The latter
system does not contain any adsorbate-induced surface stress
within the FeS2. Therefore, a difference in the Esum

inter(y) between
these two systems gives us a measure of the contribution of
elastic interactions on the catalyst surface towards the overall

Fig. 4 H2S and atomic H adsorbates that have the same charge around
0.1 e�, show very different interaction strengths within their corresponding
adlayers. This indicates that Coulombic interactions (which scale with
adsorbate charge) are only minor contributors to the inter-adsorbate
interaction in the H2S adlayer.

Fig. 5 (a) Electron density isosurfaces indicate that Pauli repulsion is responsible for redistributing electrons (green) away from the newly adsorbed H2S
molecule creating a region of depleted electron density (blue). (b) Pauli repulsion contributes to only about 10% of the overall inter-adsorbate interaction
seen in the H2S/FeS2(100) system.
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inter-adsorbate interaction. Although H2S adsorption causes
noticeable relaxation of the FeS2(100) surface, the observed inter-
action energies are very similar for both the rigid and relaxed
surfaces, indicating that the contribution of surface-mediated elastic
interactions within FeS2 is not significant in this system (Fig. 6).

d. Adsorbate-induced change of surface electronic structure.
In addition to charge transfer, formation of the adsorbate-surface
bond alters the electronic structure of the surface, which, in turn,
affects the adsorption energy of the subsequent adsorbates. To
quantitatively capture this influence on the effective inter-
adsorbate interaction, two pieces of information are required.

i. A metric that measures the change in electronic structure
due to increasing H2S coverage, and

ii. A dependence of the H2S adsorption energy on this
surface electronic structure metric.

We perform a two-part calculation to obtain these pieces of
information. Since H2S molecules adsorb on the Fe2+ sites on the
pyrite surface, we use the distance between the Fe 3d band and the
Fermi level calculated from the Density of States as a metric to
represent the electronic structure of the surface, as prescribed by
the widely adopted d-band theory.44 In the first step, we calculate
the Density of States at different H2S coverages and observe the
dependence of this metric on surface coverage. In the second step,
to understand how the surface electronic structure affects H2S
adsorption, the surface electronic structure metric is systematically
and controllably varied by imposing lateral strain on the FeS2(100)
surface and the corresponding zero-coverage adsorption energy is
calculated. A product of these two dependencies (Fig. S2, ESI†)
quantifies the contribution of adsorbate-induced electric structure
change on the overall inter-adsorbate interaction (eqn (5)).

dEads

dy
¼ dEads

dEDBC
:
dEDBC

dy
(5)

where EDBC is the electronic structure metric derived from the
d-band theory and Eads and y have their usual meanings as
previously described.

A summary of contributions from all the individual forces
and mechanisms considered in this study (Fig. 7) clearly

demonstrates that the altered surface electronic structure is the
largest factor to the observed dependence of adsorption energy
on surface coverage. Since the independently computed contri-
butions very nearly sum up to the overall observed interaction
(denoted by the thick line in Fig. 7), any forces not considered in
this study (i.e. van der Waals) are expected to be relatively minor
contributions.

III. Inter-adsorbate interaction on biaxially strained surfaces

The dependence of the ‘zero-coverage’ adsorption energy on the
strain state of the catalyst surface is well-established, and elastic
strain is understood to be an important variable in several
catalytic systems.45–47 However, the impact of lattice strain on
the interactions within the adlayer has not been explored so far,
to our knowledge. Quantifying the role of strain on inter-
adsorption interactions and understanding its impact on the
different interaction mechanism that were presented above can
allow us to exploit lattice strain accurately as an important
parameter in catalyst selection.

To elucidate the role of strain, the cumulative inter-
adsorbate energy, Esum

inter(y) is calculated as described in the
Methodology section for H2S adsorbates on FeS2(100) surfaces
under biaxial strains, e (=exx = eyy) ranging from �0.05 to 0.05 in
steps of 0.025. Fig. 8a shows that inter-adsorbate interactions
strengthen monotonically with closer packing of adsorption sites as
the lattice strain is varied from 0.05 (tensile) to�0.05 (compressive).
Quantitatively, interactions on the most compressively strained
surface are three times stronger than on the most tensile strained
surface. This increasing interaction translates to a greater depen-
dence of adsorption energy on surface coverage with increasing
compressive strain. The most immediate implication of this inter-
play is that the variation of adsorbate binding energy with elastic
surface strain is significantly different at finite coverage values than
at zero coverage. For instance, the difference in adsorption energies
of a H2S molecule on the unstrained and 5% tensile strained FeS2

surface is less than 0.05 eV at zero coverage but expands to over
0.30 eV at 1 monolayer coverage (Fig. 8b).

Fig. 6 The magnitude of inter-adsorbate interaction remains largely
unchanged regardless of the relaxation of the surface, indicating that the
surface-mediated elastic effects contribute only marginally to the overall
inter-adsorbate interaction for the H2S/FeS2(100) system.

Fig. 7 Adosrbate-induced changes to surface electronic structure are
largely responsible for the coverage dependence of adsorption energy in
the H2S/FeS2(100) system. Both the surface elastic relaxation and Pauli
repulsion are minor contributions to the overall inter-adsorbate interaction.
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Summary and conclusion

We quantified the magnitude of inter-adsorbate interactions by
using DFT and cluster expansion method, and by selected
modifications of the surface to allow for isolating the magnitude
of each interaction mechanism. The coverage-dependent adsorp-
tion energies and the contributing mechanisms were demon-
strated for H2S molecules on the FeS2(100) surface. We further
resolved these interactions into contributions from direct steric
and Coulombic repulsion among the adsorbates, as well as
indirect interactions due to adsorbate-induced change of electro-
nic structure and surface relaxation.

On the FeS2 surface, repulsive interactions between H2S mole-
cules, arising mainly from changes in the surface electronic
structure were found to affect the H2S adsorption energy by over
0.55 eV. Inter-adsorbate interactions also show a strong depen-
dence on the biaxial strain on the surface, with compressively
strained surfaces exhibiting the strongest inter-adsorbate interac-
tions. The large magnitude of these inter-adsorbate interactions
as well as their strong dependence on experimental parameters
like surface strain highlight the need for moving beyond ‘zero-
coverage’ adsorption energies in the material screening process,
especially for strained catalyst systems. Towards this end, the
identification and quantification of individual contributions to
the inter-adsorbate interactions described in this work can help
understand how adsorption energies on realistic surfaces vary
with experimental conditions, enables more accurate surface
reaction kinetic models, and provides for better-informed screen-
ing of materials for heterogeneous catalysis applications.
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