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DFT-D2 simulations of water adsorption and dissociation
on the low-index surfaces of mackinawite (FeS)

N. Y. Dzade,’® A. Roldan,? and N. H. de Leeuw'2P)
'Department of Earth Sciences, Utrecht University, Princetonplein 9, 3584 CC Utrecht, The Netherlands

2School of Chemistry, Cardiff University, Main Building, Park Place, CF10 3AT Cardiff, United Kingdom
(Received 4 February 2016; accepted 7 April 2016; published online 2 May 2016)

The adsorption and dissociation of water on mackinawite (layered FeS) surfaces were studied using
dispersion-corrected density functional theory (DFT-D2) calculations. The catalytically active sites
for H,O and its dissociated products on the FeS {001}, {011}, {100}, and {111} surfaces were
determined, and the reaction energetics and kinetics of water dissociation were calculated using
the climbing image nudged elastic band technique. Water and its dissociation products are shown
to adsorb more strongly onto the least stable FeS{111} surface, which presents low-coordinated
cations in the surface, and weakest onto the most stable FeS{001} surface. The adsorption ener-
gies decrease in the order FeS{111} > FeS{100} > FeS{011} > FeS{001}. Consistent with the
superior reactivity of the FeS{111} surface towards water and its dissociation products, our calcu-
lated thermochemical energies and activation barriers suggest that the water dissociation reaction
will take place preferentially on the FeS nanoparticle surface with the {111} orientation. These
findings improve our understanding of how the different FeS surface structures and the relative
stabilities dictate their reactivity towards water adsorption and dissociation. Published by AIP Pub-
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lishing. [http://dx.doi.org/10.1063/1.4947588]

I. INTRODUCTION

The reactions that occur at the mineral-water interface
are central to all geochemical processes. They affect a wide
range of important earth processes, including weathering and
soil formation, dissolution of minerals, biomineralization,
acid mine drainage, the fate of contaminants, nutrient
availability, metal corrosion, and heterogeneous catalysis.!=
Many important industrial catalytic processes also involve
the adsorption and dissociation or formation of water
molecules at solid surfaces, for example, the water-gas
shift reaction and reactions in fuel cells or other electro-
catalytic devices.*> Owing to the particular relevance of
the mineral-water interface to geochemical processes and
heterogeneous catalysis, considerable research efforts have
been dedicated to understanding its properties and there
are many catalyst materials currently under investigation
to facilitate the water dissociation process. One such
class of materials includes transition metal chalcogenide
compounds consisting of chalcogen anions (sulfur and
oxygen) and transition metal cations. Various experimental
studies have reported their synthesis and investigated the
properties of transition metal chalcogenides for a broad
range of applications, including electronics, optoelectronics,
photovoltaics, and photocatalysis.®°

Amongst the transition metal chalcogenides, those formed
by iron and sulfur (iron sulfides) are attracting significant
attention for potential applications in photovoltaic solar
cells,®1=13 solid state batteries,'*"> biomedicine,'®!” and
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heterogeneous catalysis, '8! owing to their low cost, natural

abundance, and remarkable electronic and physical properties.
Layered iron(ir) monosulfide mackinawite (FeS) and greigite
(FesS,) are increasingly considered to be the early catalysts for
a series of biochemical reactions that occur in hydrothermal
systems, making them relevant in origin of life theories.?*>~2
Mackinawite crystallises in the tetragonal structure (Figure 1),
with space group P4/nmm.?”?® The FeS structure is formed
by vertically stacked two-dimensional (2D) layers with strong
covalent bonding between Fe and S atoms within a given
layer and very weak van der Waals (vdW) bonding between
the adjacent layers.?’ Each iron atom is arranged in square-
planar coordination with neighbouring irons, whereas sulphur
atoms are positioned in an asymmetric one-sided four-fold
coordination with iron. Like other 2D layered materials, for
example, MoS,, FeS possesses a high specific surface area
ideal for catalysis. MoS,, for instance, is being widely used
as an efficient catalyst for hydrodesulphurization,*® oxygen
reduction,®! and hydrogen evolution®?** reactions. It was also
demonstrated to have an exceptional performance for water
splitting, approaching that of Pt-group metals.>*

The need to study the interaction of water with the
low-index surfaces of FeS is indisputable. The origin of
FeS, along with other iron sulfides, is hydrothermal, where
water would have been present and may also have been
the necessary hydrogen source in CO, reduction reactions
catalysed by FeS. An understanding of the interactions of
water with the surfaces of FeS may also provide detailed
insights into the underlying reaction mechanisms of its
facile oxidation,>*® which remains a major problem that
severely limits the potential applications of these materials.
Earlier experimental’®*? and theoretical**° studies of the

Published by AIP Publishing.
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reaction of iron sulfides with water have focused extensively
on the pyrite surfaces. The catalytic dissociation of water
on the low-index surfaces of violarite, FeNi,S4, has also
been reported recently using density functional theory (DFT)
methods.*® A theoretical understanding of the fundamental
adsorption and dissociation processes of water on FeS
surfaces is, however, still lacking, although a detailed
understanding of this process and how it is affected by
different surface structures is essential for the development of
FeS catalysts.

In this paper, we have used first-principles calculations
to conduct a comparative investigation of water adsorption
and dissociation (H,O — OH™ + H*) mechanisms, in terms of
thermodynamic stability, active sites, and activation barriers on
the {001}, {011}, {100}, and {111} surfaces of FeS. First, the
geometries and active sites for water adsorption were studied
for four surface terminations of FeS. Next, the activation
energy barriers for the water dissociation reaction on each
surface were determined using the climbing image nudged
elastic band (CI-NEB) methodology. The results are expected
to aid in identifying which of the four crystallographic
surfaces considered in this work is the most efficient for
water adsorption and dissociation.

Il. COMPUTATIONAL DETAILS

The optimized structures were determined using plane-
wave density functional theory (PW-DFT) calculations within
the Vienna Ab initio Simulation Package (VASP code).*’
The interactions between the valence electrons and the ionic
core were described with the projected augmented wave
(PAW) method>®®! and the electronic exchange-correlation
was treated using the Generalized Gradient Approximation
(GGA) with the PW91 functional.*>>* Long range nonlocal
effects such as van der Waals (vdW) forces, which are
essential for the accurate description of the interlayer
interactions in FeS,'”* were accounted for through the
Grimme DFT-D2 functional®> An energy cutoff of 400 eV
for the plane-wave basis set was tested to be sufficient
to converge the total energy of the bulk FeS and the
different surface slabs to within 0.0001 eV. The on-site
potential, GGA + U, was not considered for these calculations

FIG. 1. The layered structure of mack-
inawite (a), with the tetragonal unit cell
highlighted by dash lines. The elec-
tronic density of state showing the total
and projection on the Fe d-states and
S p-states are shown in (b). (Colour
scheme: Fe = grey, S = yellow.)

as previous studies using VASP on “FeS” have shown
that due to delocalization of the d-electrons, considering
the +U correction term provides inadequate structural
optimizations.’” Geometry optimizations were performed
using the conjugate gradient minimization algorithm until
the magnitude of the residual Hellman—Feynman force on
each relaxed atom reached 0.01 eV/A. The equilibrium
cell parameters for the bulk FeS were obtained using a
Monkhorst-Pack®® K-point mesh of 11 x 11 x 11 to sample
the Brillouin-zone integrations and all calculations were
non-spin polarized. The resulting cell parameters were
a=3.587A,c=4908A, andc/a = 1.368 A, which compare
closely with those measured experimentally (a = 3.674 A,
¢ =5.033 A, and ¢/a = 1.370).333* The metallic character is
also accurately reproduced as shown in Figure 1(b), with the
electronic states of the Fe d-orbitals dominating the regions
around the Fermi level, in agreement with previous DFT
results,’’%" as well as the experimental results of Vaughan
and Ridout.%!

The {001}, {011}, {100}, and {111} families of surfaces,
which are the dominant growth surfaces expressed in the
morphology of the FeS nanocrystals,'*%% were created using
the METADISE code®® from the fully relaxed bulk in
order to avoid unrealistic strains in the surface calculations.
Surface terminations were chosen to generate non-polar
supercells (Figure 2), avoiding dipole effects under periodic
boundary conditions.® The {001} and the {111} surfaces are
S-terminated, the {011} is Fe-terminated, and the {100}
termination contains both S and Fe in the surface plane. The
schematic representations of the relaxed surface structures
are shown in Figure 2. The Fe sites on the {011}, {100},
and {111} surfaces are three-fold coordinated with sulfur
compared to the tetrahedral coordination on the {001} surface
and in the bulk. Convergence tests with respect to slab
thickness were performed such that surface energies were
converged to within 0.01 J/m? The {001} surface slab
was constructed with two FeS unit layers (i.e., 6 atomic
layers) whereas the {011}, {100}, and {111} surface slabs
were made up of three FeS unit layers, consisting of 6, 9,
and 9 atomic layers, respectively (side views of Figure 2).
In each simulation cell, a vacuum region of 15 A was
tested to be sufficient to avoid interactions between periodic
slabs. The order of increasing surface energies, and therefore
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FIG. 2. Schematic illustration of the top (top row) and side (bottom row) views of the relaxed structures of the (a) {001}, (b) {011}, (c) {100}, and (d) {111}
surfaces of FeS. A (2x2) unit cell size used for the adsorption calculations is highlighted by dashed lines. (Colour scheme: Fe = grey and S = yellow.)

decreasing stability of the FeS surfaces, was determined to be
{001} < {011} < {100} < {111}," which is consistent with
the results obtained from selected area electron diffraction
(SAED) analyses of FeS nanocrystals.®> The {001} surface
was by far the most stable surface of FeS because its creation
only involves breaking the weak vdW interactions between the
sulfide layers, with negligible relaxation of the surface species.
Consistent with its relative stability, the {001} surface is the
most highly expressed plane in the equilibrium morphology
of FeS, which grows in thin tabular crystals with the edges
composed mainly of the {011}, {100}, and {111} planes.'*®?
The relative stabilities and the structures of the different FeS
surfaces may have important implications for their chemical
reactivity towards adsorbing species.

In modelling the interactions of water and its dissociation
products with the different FeS surfaces, the atoms of each
adsorbate and the three topmost layers of the slab were
allowed to relax unconstrainedly until residual forces on
all atoms had reached less than 0.01 eV/A. The surface
geometry optimizations were performed using 5 x5 x 1 K-
points meshes. Bader charge analysis was carried out for all
the adsorbate-substrate systems, using the code implemented
by Henkelman and co-workers® to quantify charge transfer
between the surfaces and adsorbates. The evaluation of
minimum-energy reaction paths (MEPs) and transition states
(TSs) was performed using the climbing image nudged
elastic band (CI-NEB) method.%®%” Typically, six images
were produced between the states of reactant and product in
each elementary process as the initial guesses for the reaction
coordinates. The saddle point between the reactant and product
is confirmed by vibrational frequency calculations, in which
only one imaginary frequency is obtained corresponding to the
reaction coordinate. The reaction energy (AE) is calculated
as the total energy difference between the final state and the
initial state, and the activation barrier (E,) is defined as the
total energy difference between the initial state and the saddle
point.

lll. RESULTS AND DISCUSSION
A. HyO adsorption on FeS surfaces

As a first step, active sites were investigated for the
adsorption of the one water molecule per (2 X 2) simulation
cell of the {001}, {011}, {100}, and {111} surfaces, which
have surface areas of 5.14 nm2, 8.72 nm?, 7.04 nm?, and
11.19 nm?, respectively (Figure 2). In order to interpret the
adsorption cases explicitly and conveniently, a monolayer
(ML) is defined as one water molecule for every surface
cation site. Thus adsorption of a single water molecule on
the {001}, {011}, {100}, and {111} surfaces corresponds to
the coverage of 1/8, 1/4, 1/4, and 1/8 ML, respectively. The
adsorption energy of water on the various FeS surfaces can be
calculated using the equation

ey

where Ejgsorbate/surface 18 the total energy of the adsorbate—
substrate system in the equilibrium state, Egyface 1S the
total energy of the substrate alone, and E,gsorbae 1S the
total energy of the isolated adsorbate. By this definition,
a negative value of FE, indicates an exothermic and
stable adsorption, whereas a positive value indicates an
endothermic and unstable adsorption. Although different
initial adsorption configurations and binding sites were
explored for the individual chemical species that are involved
in H,O dissociation on each surface, only the lowest-energy
structures for each surface were characterised via vibrational
frequency analysis and discussed in detail. In this work, all
of the reported energies were corrected by the zero-point
energy (AZPE),%® calculated as the difference between the
ZPE correction for the adsorbate on the surface and in the gas
phase, according to the equation as follows:

Eads = Esurface+water - (Esurface + Ewater),

3n hUi 3n hvi
AZPE = (Z 7) - (Z 7) , )
surf gas

i=1 i=1
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FIG. 3. The optimized structures of the most favorable binding conforma-
tions of H,O on (a) FeS{001}, (b) FeS{011}, (c) FeS{100}, and (d) FeS{111}
surfaces. The inserts represent the side views of the structures. (Colour
scheme: Fe = grey, S = yellow, O = red and H = white.)

S

where & is the Planck constant and v; are the vibrational
frequencies.

The optimised adsorption geometries of water on the
different FeS surfaces are shown in Figure 3, and the calculated
adsorption energies, optimized geometry parameters, and
vibrational frequencies are listed in Table I. On the FeS{001},
we considered different high-symmetry sites and found that
the water molecule interacts very weakly with the hydrogen
atoms pointing toward surface sulfur atoms,’*”> releasing
an adsorption energy of 0.15 eV. The contribution from the
dispersion correction to this adsorption energy is 0.13 eV,
which is about 87% of the total value, highlighting the
importance of dispersion forces on stabilising the water
molecule on the FeS{001} surfaces. The shortest S-H
interatomic distance is calculated at 2.679 A. Consistent
with the weak interaction, we observe no significant changes
in the geometrical parameters of the adsorbed water molecule
compared to the gas phase (Table I). Compared to the {001}
surface, on the {011}, {100}, and {111} surfaces, the water
molecule oriented itself with the O atom closest to the
surface cation sites, thereby producing strong interactions.
The adsorption energies and the corresponding dispersion

J. Chem. Phys. 144, 174704 (2016)

contributions (E,qs, Evqw), in absolute values, are calculated
at (0.63, 0.10), (1.00, 0.16), and (1.50, 0.20) eV on the
{011}, {100}, and {111} surfaces, respectively, indicating
that the interaction of water is strongest at the {111} surface
and weakest on the {001} surface. This order is consistent
with the trend generally observed for the thermodynamic
stabilities of the surfaces, where the less stable surfaces are
more reactive towards adsorbing species.®” The O-H bond
lengths calculated for water on these surfaces (Table I)
were slightly larger than that of a free HO molecule
(0.972 A) in vacuum, indicating that the O—H bonds are
weakened when the molecule is adsorbed on the FeS
{011}, {100}, and {111} surfaces, which was confirmed via
our calculated O-H bond stretching vibrational frequencies
presented in Table I. The order of increasing lengths, and
therefore decreasing strengths, of the O-H; bonds is {001}
< {011} < {100} < {111}, whereas for the O-H, bonds, it
is {001} < {111} < {011} < {100}. Consistent with the fact
that shorter (stronger) bonds have higher vibrational modes
than longer (weaker) bonds, we found that the symmetric
vibrational modes decrease with increasing O—H/ bond lengths
in the order {111} < {100} < {011} < {001}, whereas the
asymmetric modes decrease with increasing O-H, bond
lengths in the order {100} < {011} < {001} < {111}. The
change in the vibrational modes and bond strengths is related
to the electron density between the surface and the adsorbed
water molecule (Figure 4), and therefore provides insight into
the anisotropy on the different surfaces.

The electrostatic interactions between the H,O molecule
and the different surfaces were further confirmed by Bader
charge analysis.®> Charge analysis was focused on the atoms
of the H,O molecule and the surface atoms nearest to the
adsorption location. The S and O atoms in all systems
had negative effective charges, while the Fe and H atoms
had positive effective charges, which helps to explain the
earlier noted repulsion between the O atom of the H,O
molecule and S atoms of the {001} surface, whereas surface
Fe atoms attract the O atom. This is one reason why the
{001} surface does not strongly interact with H,O molecules
as the layer of negatively charged S atoms shields the
inner Fe atoms. In order to further study the interaction
between the H,O molecule and various FeS surfaces and any
possible charge transfer, we have plotted the charge density
difference Ap as shown in Figure 4. Here, Ap = p(surface
+ H,0) — (p(surface) + p(H,0)), where p(surface + H,0)
and p(surface) are the charge densities of the surface with and
without adsorbed H,0, respectively, and p(H,0) is the charge

TABLE I. Molecular adsorption energies (Ejyqs) and structural parameters of H>O on the {001}, {011}, {100},
and {111} surfaces of FeS. E,qs values in parenthesis include ZPE correction. dgyf-ads is the shortest distance
between any atom of the adsorbate(s) and any surface atom, |g| is the absolute value of charge on the adsorbed
species, and vo_g is the O—H bond asymmetric and symmetric (bracket) stretching vibrational modes.

Surface E 4 (eV) d(O-(H,Hy)) (A) “OHO (deg) d(surf-ads) A) lgl (e=)  v(O-H) (cm™)
H,0 (g) 0.972,0.972 104.7 3713 (3623)
{001} —-0.17 (-0.15) 0.974, 0.974 104.0 4.158 0.00 3857 (3695)
{011} —-0.68 (-0.63) 0.981, 0.977 105.3 2.185 0.01 3653 (3555)
{100} —1.10 (-1.00) 0.992, 0.991 101.9 2.092 0.03 3396 (3292)
{111} —1.58 (-1.50) 1.028, 0.976 107.7 2.197 0.07 3734 (2647)
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(a)-FeS{001} (b)-FeS{011}

(d)>-FeS{111}

o

-y >

FIG. 4. Isosurfaces of the charge density difference (Ap) for HyO molecule
adsorbed on (a) FeS{001}, (b) FeS{011}, (c) FeS{100}, and (d) FeS{111}.
The positive and negative isosurfaces are in green and red, indicating regions
of charge gain and loss, respectively.

density of the isolated H,O molecule. The {011}, {100} and
{111} surfaces displayed a greater charge redistribution than
the {001} surface, and there appears to be a slight charge
transfer to the HyO molecule, which ends up with a small
negative overall charge (0.01-0.04 ¢7) as shown in Table I. The
large regions of charge loss between the H,O molecule and
the S atoms for the {001} surface points to the repulsion felt
between the O and S atoms. On each of the {011}, {100}, and
{111} surfaces, the charge is redistributed within the newly
formed bond regions in the FeS—H,0O system, indicating a
strong interaction between the H,O molecule and the surface
Fe atoms.

B. H>O dissociation on FeS surfaces

The results presented above show that the H,O adsorption
process itself results in O—-H bond stretching, suggesting
that these molecular states are likely precursors for H,O
dissociation. We now seek to determine how the differences
in surface structures may dictate the reactivity of the system
with respect to H,O dissociation (H,O — OH + H). The main
optimized structures of the initial predissociation state (IS),
transition state (TS), and the final dissociated state (FS) and
the calculated energy diagrams for the different surfaces are
shown in Figures 5-8. When the water molecule is dissociated,
the OH species interact preferably with the iron sites via the
oxygen atom on all the surfaces considered except for the
{001} surface, with the H atom binding at sulfur or iron sites,
depending on the surface (FS in Figures 5-8). We observed
from our Bader population analyses that in contrast to the
small net charge gained by molecular water, the dissociation
products gain significant charge from the interacting surface
species. At the FeS{001} surface, the OH species draws a

J. Chem. Phys. 144, 174704 (2016)

TS: OH*---H#
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FS:OH* + O*
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— 1 (@]

FIG. 5. Calculated reaction energy profile of H,O dissociation on the
FeS{001} surface. The inserts show the structures of the initial (IS), transition
(TS), and final (FS) states. The asterisks (x) denote the adsorbed species.

charge of 1.02 ¢~ from the interacting S ion, causing it to
be significantly oxidized and positively charged (+0.24 e—)
compared to the negative charge of —0.83 e— computed for
the non-interacting surface S ions. The dissociated H atom on
the other hand loses 0.06 e~ to the surface S atom it is bound
to. At the {011}, {100}, and {111} surfaces, we found that
both dissociation products, OH and H, gained a net charge
from the interacting surface species; the assigned (OH, H)
charges are (0.51, 0.22), (0.56, 1.22), and (0.62, 1.26) e,
respectively. Further analysis reveals that the higher charge
gained by the dissociated H species on the {100} and {111}
surfaces causes significant oxidation of the interacting surface
S atoms; they become positively charged (+0.73 e~ on the
{100} and +0.75 e~ on the {111}) compared to the negative
charge of —0.83 ¢~ computed for the non-interacting surface S
ions. These results suggest that the dissociation of water at the
{100} and {111} may lead to the formation of surface-bound
OH™ and SH™ species. The SH™ species thus formed could
serve as a precursor to the formation of —SH, upon further
proton attachment and acts as the starting point of surface
oxidation.”®

o
o0

o
o

Energy (eV)
o o
[\) E=N

ARTAIA
A ntg' )

RJ A
\g
| |
FIG. 6. Calculated reaction energy profile of H,O dissociation on the

FeS{011} surface. The inserts show the structures of the initial (IS), transition
(TS), and final (FS) states. The asterisks (*) denote the adsorbed species.
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FIG. 7. Calculated reaction energy profile of H,O dissociation on the
FeS{100} surface. The inserts show the structures of the initial (IS), transition
(TS), and final (FS) states. The asterisks (+) denote the adsorbed species.

Relative to the predissociation state on the {001} surface,
the dissociation of water is found to be a highly endothermic
process with calculated thermochemical energy of +1.52 eV
and a high activation energy barrier of 2.19 eV to be overcome.
The high activation barrier and the endothermic reaction
energy calculated on the FeS {001} surface are similar to
those previously calculated on the MoS, S100-edge at 2.31 eV
and 1.40 eV, respectively.®> The calculated reaction energies
on the other surfaces show that the water dissociation reaction
is slightly exothermic (AE = —0.10 eV) on the {111}, slightly
endothermic (AE = +0.16 eV) on the {011}, and endothermic
(AE = +0.49 eV) on the {100} surfaces. The activation energy
barriers calculated on the {011}, {100}, and {111} surfaces
were significantly lower than for water dissociation on the
{001} surface; they are calculated at 0.67, 0.83, and 0.62 eV,
respectively. The lowest activation energy barrier of 0.62 eV
calculated on the FeS{111} surface compares with the energy
barrier of 0.54 eV calculated at the Mo-edge of MoS,.%

Whether water will desorb or will dissociate on the
various FeS surfaces can be ascertained from comparison

\ \ : x———Hx*
%} 5§ TS: OHs——-H
LA
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©
o

FIG. 8. Calculated reaction energy profile of H,O dissociation on the
FeS{111} surface. The inserts show the structures of the initial (IS), transition
(TS), and final (FS) states. The asterisks (+) denote the adsorbed species.
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of the activation energy barriers for water dissociation on
the four surfaces considered (Figures 5-8) and of the water
adsorption energies on the corresponding surfaces (Table I).
The adsorption energy of the water molecule on the FeS
{001} and {011} surfaces is clearly smaller in absolute value,
particularly on the {001} surface, than the energy barrier
required for water dissociation and dissociation is hence
not expected on the FeS {001} and {011} surfaces without
the presence of promoters, e.g., OH and O species, on the
surface. It is therefore expected that water will desorb from
the FeS {001} and {011} surfaces, as is found for other
iron sulfides.*>*6 However, a different picture emerges for the
adsorption and dissociation of water on the FeS {100} and
{111} surfaces. There, the absolute values of the adsorption
energies are larger, i.e., by 0.17 and 0.88 eV on the {100}
and {111} surfaces, respectively, than the energy required
to dissociate the molecule into the OH and H fragments;
hence, water dissociation is suggested to occur on FeS
surfaces with these Miller indices. However, the positive
reaction energy (AE = +0.49 eV) for water dissociation on
the FeS{100} surface points to unfavourable thermodynamics,
which therefore suggest that water dissociation might be
difficult to obtain at low temperatures. The negative reaction
energy (AE = —0.10 eV) for water dissociation on the {111}
shows the thermodynamics to be favourable, whereas the
low activation barrier points to accessible kinetics. Water
dissociation is therefore suggested to occur primarily on the
FeS {111} surface, in tandem with the superior capacity for
water adsorption on this surface.

Compared with earlier DFT results of water dissociation
on violarite (FeNi,Sy4) surfaces, we found that the calculated
activation energy barriers on the FeS {011}, {100}, and
{111} surfaces are all lower than those calculated at 1.28 eV
for FeNi;S4{001} and 1.11 eV for FeNi,S4{011}.# They can
also be compared to the activation energy barrier of 0.71 eV
calculated for water dissociation on iron oxide Fe;04{111}.7
While activation at low coverage was required for water
on iron oxide surfaces, at high coverage water was shown to
dissociate readily, due to hydrogen bonding effects, suggesting
that pre-adsorbed water has a strong synergistic effect on the
dissociative chemisorption of another water molecule.”®">
However, the size of the super cells used in this work results in
a distance of at least 5 A between the hydrogen and oxygen of
neighbouring water molecules (i.e., between periodic images)
on each surface. This distance is much larger than the typical
hydrogen-bond length in water, which is 1.97 A3 Hence,
hydrogen-bonding is not expected to be important in the
models studied here.

IV. SUMMARY AND CONCLUSIONS

Water adsorption and dissociation were investigated on
the low-index {001}, {011}, {100}, and {111} surfaces of
FeS, using density functional theory calculations, corrected
for long-range dispersion interactions (DFT-D2). We have
shown from our calculated adsorption energies that water and
its dissociation products adsorb most strongly onto the least
stable FeS{ 111} surface and most weakly onto the most stable
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FeS{001} surface; the adsorption energy for H,O decreases in
the order FeS{111} > FeS{100} > FeS{011} > FeS{001}.
An inspection of the reaction paths for H,O dissociation on the
various FeS surfaces shows that the lowest activation barrier
and most favourable thermodynamics are found on {111}
surface. Water dissociation is therefore likely to occur only
on the {111} surfaces, whereas on the other surfaces, it will
remain adsorbed molecularly. Future works will investigate
higher water loadings on the surfaces to study any synergistic
effects on pre-adsorbed water on the dissociation process.
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