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We use density functional theory based calculations to study the energetics of the oxygen evolution reaction on a
monolayer of MoS,. This material, a prototypical example of a layered transition metal dichalcogenide, is in-
tensely studied in the context of many important catalytical applications, in particular for the hydrogen evo-
lution reaction. The second half-reaction of the water-splitting process, the oxygen evolution reaction, is almost
never considered on this material, due to its low activity. Based on our calculations, we explain this experi-
mentally observed poor catalytic activity for the oxygen evolution by the weak binding of two key reaction
intermediates (hydroxyl and hydroperoxyl) to the substrate. We explore substitutional doping with oxygen and
phosphorous as means to facilitate the oxygen evolution on MoS, layers. The oxygen substitution slightly in-
creases the reaction’s overpotential, but does not significantly change the energetics. The doping with phos-
phorous, on the other hand, is not a promising way to promote the oxygen evolution on MoS, layers. We also
explore the role of the edges of MoS, layers. We find that while the adsorption energies of reaction intermediates
are strongly influenced by the presence of an edge, the final reaction overpotential remains nearly the same as on
a pristine monolayer, meaning that the presence of edges is not favoring the OER.

1. Introduction edges with respect to the water oxidation and proton reduction levels,

respectively.
Using sustainable sources of energy like solar or wind to replace The splitting of water,
fossil fuels is the most important step in any effort to reduce the release 2H, O— 2H, + O,, o)

of CO, into the atmosphere [1]. The intermittent nature of solar and

wind power calls for an efficient way to store the energy. Storage in the
form of chemical bonds is one possibility, for example by synthesis of
liquid hydrocarbons from CO, and H, [2,3]. One key ingredient for
such a scheme is an efficient way to split water into hydrogen and
oxygen, either by electrolysis or directly using sunlight in a photo-
electrochemical process. The “green” hydrogen which is thus produced
from sustainable energy can either be stored or used subsequently as
feedstock to produce hydrocarbons (in so-called power-to-liquids ap-
proaches [2]). Because of this central role which the hydrogen pro-
duction holds in a renewable energy landscape, a lot of research has
been devoted to the development of efficient catalysts for water split-
ting. Ideally, such a catalyst should consist of earth-abundant materials,
be stable under working conditions, and require only a small over-
potential for the desired reaction. Furthermore, it should exhibit large
carrier mobilities and suitably aligned valence and conduction band
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can be separated into two half-reactions, the hydrogen evolution re-
action (HER),

2H* + 2e~ —> H,, 2)
and the oxygen evolution reaction (OER),
2H, O— 4H* + 4e~ + O,. 3)

In a water splitting device, these two half-reactions typically take place
at the surface of two different materials which are connected elec-
trically and by an electrolyte which serves as transport medium for the
protons.

Four distinct proton-coupled electron transfer (PCET) steps are in-
volved in the OER, while only two such steps are needed in the HER.
For this reason, the OER is generally considered a much more difficult
reaction to catalyze than the HER.
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Many different kinds of materials have been investigated as poten-
tial catalysts for the electrochemical and photo-electrochemical split-
ting of water. While for the HER often platinum is used as electrode
material, many different classes of materials have attracted interest as
potential catalysts for the OER. Especially metal oxides have been used
to oxidize water, like for example Fe,O3 or WO3. The large band gap of
many oxides minimizes in a photo-electrochemical setup the available
portion of the solar spectrum. Also, poor carrier mobilities are reasons
to look for alternatives to oxides. In this context, two-dimensional
layers of transition-metal dichalcogenides (TMDs) [4,5] have recently
stirred interest as potential catalysts. Especially the sulfides have as
valence band maximum higher lying p-levels than the corresponding
oxides, which leads to better suited band gaps and level alignments
with respect to the water oxidation level. Furthermore, the two-di-
mensional nature of the TMD layers provides an easy path for carrier
transport and leads to an increased specific surface area with respect to
the bulk material.

MoS, is a typical example of a TMD which has shown promise in the
context of many different catalytic reactions [6,7], ranging from CO,
reduction [8-10] to CO hydrogenation [11] and the HER [12-16]. It is
interesting to note that while many studies have concentrated on
monolayer MoS, as catalyst for the HER, it is only rarely mentioned as a
candidate for the OER. This is a priori surprising, as the valence band
edge of monolayer MoS, is more positive than the oxidation potential of
water (1.23 V vs. standard hydrogen electrode (SHE)), which should
enable this material to promote the OER [17-19]. This general lack of
experimental work on oxygen evolution on layers of MoS,, an otherwise
closely studied material [20-23], indicates that its potential is con-
sidered very limited for this particular reaction. And indeed, in a recent
experimental study Pesci and coworkers have focused on layers of MoS,
and WS, as OER catalysts [24], and found that while both materials can
evolve O, gas in an acidic environment, the activity of MoS, is much
weaker than that of WS,, while the efficiency of MoS,/WS, hetero-
junctions shows an increase by approximately one order of magnitude.
The authors ascribe this improved efficiency of the heterojunction to an
enhancement of electron-hole separation at the interface of the two
materials. In this paper we investigate, by means of density-functional
theory (DFT) based calculations, why monolayers of MoS, are not well
suited to promote the OER in spite of a favorable band alignment.

The remainder of this paper is organized as follows. In Section 2 we
describe the structure of MoS, monolayers and how we model them in a
periodic density-functional theory setup. In Section 3 we give details
about the theoretical approach, both for the electronic structure cal-
culations (Section 3.1) and how we model the PCET process (Section
3.2). Our results are shown and discussed in Section 4.

2. Structure of MoS, layers

MoS, has, like most group 4-7 TMDs a graphite-like layered struc-
ture. Each layer consists of three sheets: one Mo sheet that is sand-
wiched between two S sheets. This triatom-layer has a thickness of
3.14 A. Within the layer, the Mo and S atoms are bound covalently,
forming a hexagonal layer with a trigonal prismatic (D) structure [4],
also known as 1T. In bulk MoS,, the individual layers are bound by van
der Waals (vdW) forces, which allows for a relatively easy cleaving of
the material in individual monolayers. In Fig. 1(a) and (b) such a layer
of MoS, is shown.

In order to model a single monolayer of MoS,, we include 13 A of
vacuum between the periodically repeated layers. This amount of space
has been tested to effectively decouple the periodic images. Within each
layer, we use a 5 X 5 supercell, containing thus 25 formula units of
MoS, for a total of 75 atoms. In Fig. 1(a) four such unit cells are shown,
delimited by solid black lines.

The choice of a 5 X 5 supercell (with a side length of 15.84 A) en-
ables us to adsorb various reaction intermediates on the surface while
reducing to a minimum the spurious lateral interactions between an
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adsorbate and its periodic images.

We also consider the edges of MoS, monolayers. An infinite stripe
model [25-28] is used for the edge simulations. In practice, a 4 X 4
MoS; supercell is periodically repeated in one direction only, leading to
a stripe which exposes two inequivalent edges, as shown in Fig. 1(c).
The sulfur-edge exposes the outermost sulfur atoms of the hexagonal
lattice. Like for the sulfur atoms inside the monolayer, there are two S-
atoms stacked above and below the Mo-layer. Every S-atom is bonded
to two of the outermost Mo atoms, each of which is in turn bound to
four S atoms on the edge. The S-edge resembles therefore a simple cut
of the MoS; layer, apart from a slight relaxation of the edge atoms
which is due to the reduced coordination of the sulfur atoms. This edge
structure is also depicted in Fig. 1(e).

The molybdenum edge in its lowest energy configuration is covered
with half a monolayer of sulfur [26-28], i.e. also the Mo-edge in ter-
minated by S. As shown in Fig. 1(c), each one of the outermost Mo
atoms is bound to one single terminal S atom. Those edge-terminating
atoms lie in the plane of the Mo atoms (see Fig. 1(d)). Interestingly,
these outermost sulfur atoms bind pairwise to one S neighbour, with a
long bonding distance of 2.19 A. Therefore, the sheet’s Mo-edges are
covered by pairs of weakly bound S atoms. The distance between the
non-bound sulfur atoms on the edge is 4.20 A.

3. Methods
3.1. DFT calculations

All our calculations are performed in a plane-wave (PW) and
pseudopotential (PP) framework, as implemented in the Quantum ESP-
RESSO suite of electronic-structure programs [29,30], in particular
using the PWscf code in version 6.4. This program employs DFT to solve
the electronic many-body problem, while the nuclei are treated classi-
cally. Inherently, this approach relies on periodic boundary conditions
at the edges of the simulation cell. For this reason a slab geometry with
vacuum and a supercell within the MoS, layer has been adopted, as
explained in Section 2.

The electronic exchange and correlation functional is approximated
using the generalized gradient approximation in the parametrization of
Perdew, Burke, and Ernzerhof (PBE) [31]. Because of the importance of
vdW forces in physisorbed systems and the known problems with such
interactions in the standard semilocal DFT approximations, we also
include a dispersion correction, known as Grimme-D3 [32].

The Kohn-Sham (KS) orbitals are represented using PWs up to a
kinetic energy cutoff of 45 Ry, and the electronic density with PWs up
to 360 Ry. The two-dimensional Brillouin zone (BZ) has been sampled
with a single shifted k-point, leading to three nonequivalent by sym-
metry k-points in the full BZ. In the case of the one-dimensional stripe,
the BZ has been sampled with a grid of four shifted k-points in the
direction of the stripe. Convergence with respect to the cutoff energies
and k-point sampling has been carefully checked. We use an unrest-
ricted spin-polarized formalism throughout.

The occupations of the KS are fixed using an efficient smearing
scheme due to Marzari and Vanderbilt [33], using a fictitious electronic
temperature of 13.6 meV. This smearing is introduced here merely to
facilitate the convergence of the self-consistent field scheme. In contrast
to the infinite monolayer, the edge structures do not have an electronic
band gap. Therefore we use a larger fictitious electronic temperature of
136 meV for the calculation of the infinite stripe, which is necessary to
converge the electronic structure in these open-shell edge structures.

The electron-ion interactions are modeled using Vanderbilt’s ul-
trasoft PPs [34]. The PPs have 14, 6, 6, 5, and 1 valence electrons for
Mo, S, O, P and H, respectively. All PPs can be found in the Standard
Solid-State Pseudopotentials (SSSP) database [35,36].

Minimum energy configurations of all structures are found using
structural relaxations with a Broyden-Fletcher—Goldfarb-Shanno
(BFGS) algorithm. The geometries were relaxed until the residual forces
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Fig. 1. Structure of a MoS, monolayer and its edges. (a) Top view of the infinite monolayer, the black lines indicate the size of the computational supercell used. (b)
Side view of the infinite layer. (c) Infinite stripe model for the edge structures. The black lines indicate the 4 x 4 cell which is repeated periodically in the direction of
the stripe. The top edge is the Mo-edge, covered by half a monolayer of S (see text). The bottom edge is the S-edge. (d) Side view of the Mo edge. (e) Side view of the S

edge.

on all atoms were below a threshold of 25 meV/A.
3.2. Proton-coupled electron transfer

The evolution of one O, molecule from two water molecules re-
quires four distinct PCET steps. In each step different reaction inter-
mediates are involved. Those intermediates are adsorbed to the cata-
lyst. Since the over-all water splitting reaction is energetically an uphill
process, an external source needs to provide energy for the splitting to
proceed. This energy transfer needs to be such that each one of the four
PCET steps is energetically favorable. In practice, this energy is pro-
vided either by an electric potential on the electrode (in electrolysis) or
from excited electrons or holes in the case of photo-electrochemical
water splitting. The same external energy is provided by each one of the
four electrons (or holes) involved, while the four different inter-
mediates will generally bind with different strength to the catalyst.
These different binding energies lead to different external energy re-
quirements for each one of the four PCET processes. It is the en-
ergetically highest one of the four steps which determines the required
external energy. Thermodynamically, the evolution of one O, molecule
requires an energy of 4.92 eV. For this reason, an ideal catalyst should
lead to reaction steps of 1.23 eV for each one of the four PCETs. In this
case, all the externally provided energy could be used for the desired
reaction. The difficulty in finding a good OER catalyst comes from the
fact that four different reaction intermediates will need to have suitable
binding energies on its surface, and the steps should be as close to
1.23 eV as possible. The difference between the largest energy step and
the ideal step leads to the so-called overpotential which is the energy
lost in the form of heat during the other three steps.

The PCETs involved can generally be written as

(AH)* - (A* + H" + e, (€]

where A and AH are reaction intermediates, the * indicates binding to
the catalyst, and on the right hand side the proton is in solution and the
electron moved to the electrode. In order to estimate the energy step of
this reaction, it is necessary to know the energy of a proton in solution
and of an electron. Since these two quantities are difficult to extract
from a simulation [37], we employ the method of the “computational
hydrogen electrode” (CHE) pioneered by Ngrskow and collaborators
[38]. In this approach, the two energies are not determined separately,
but one makes use of the fact that under standard conditions the free
energy of (H* + e™) is equal to the free energy of 1/2 H,. This fact
allows one to obtain the energy required for a general PCET reaction

like (4). It is important to note that the CHE approach only provides
energy differences between the various reaction intermediates (which
we call “step heights” here). It does not provide the reaction paths and
therefore the barriers for each one of the steps. This is because the
gradual solvation of desorbed protons is not explicitly simulated, and
neither is the charging with an electon. For an approach to simulate
such processes explicitly, we refer the reader to Ref. [37].

The four PCET steps involved in the OER are schematically re-
presented in Fig. 2 as steps A to D. A water molecule adsorbs to the
MoS, layer and loses one proton and one electron in step A, leading to a
surface hydroxyl group. That group is further deprotonated and loses a
second electron in step B. The second water molecule adsorbs and one
further PCET happens in step C, leading to a surface bound hydroperoxy
group. The final step D sees the desorption of an oxygen molecule and
the final PCET, leading thus back to the starting configuration of the
cycle.

4. Results and discussion
DFT calculations with structural relaxations as described in Section

3.1 have been performed for the bare MoS, layer as well as for the layer
with the three reaction intermediates HOx, Ox, and HOO=. All the
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Fig. 2. Schematical representation of the four PCET steps and the reaction in-
termediates of the OER. Grey, yellow, red and blue balls represent Mo, S, O, and
H atoms, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Table 1
Adsorption geometries on a MoS, monolayer. All distances in A.
System Intermediate
d(s-0) d(O-H) d(S-O(H))
0+HO# 1.510 1.012 1.702
Undoped HO:« - 0.980 1.854
O 1.488 - -
d(P-O(H)) d(0—H) d(s—O0) d(P—0)
0#HOs 1.611 1.003 1.510 -
P-doped HO: 1.628 0.977 - -
O - - - 1.502
d(s-0) d(0-H) d(s-O(H) d(0-0)
OxHO: 1.494 0.981 1.803 -
O-doped HOx - 0.981 - 2.332
O 1.488 - - -

intermediates are found to bind stably to the catalyst, with geometries
as given in Table 1. The adsorption geometries are also depicted in
Fig. 3. All intermediates bind to sulfur atoms, the binding to Mo is
energetically not favorable or even impossible in all cases considered.
Note that the most stable binding of the hydroperoxy group is dis-
sociative, where one oxygen and one hydroxyl group bind to neigh-
bouring sulfur atoms (see panel (c) in Fig. 3). We call this configuration
OxHO: in the following.

In Fig. 4 we show the corresponding energy diagram for the four
PCET steps discussed above. Let us first concentrate on the perfect MoS,
monolayer, shown as the black line in Fig. 4. It is immediately clear that
this diagram is far from an ideal “staircase” scenario where each sub-
sequent PCET step corresponds to an increase in energy of 1.23 eV.
Indeed, the highest step is A, amounting to 2.36 eV. In this scenario, we
obtain a prohibitively large overpotential of 1.13 V for the OER to
proceed. This high step is a consequence of the relatively high energy of
the HO« configuration with respect to what would be ideal for an OER
catalyst. The negative step height for reaction B is a sign of the same
fact: The energy level of the O« intermediate would be close to ideal,
because with 1.90 eV it is not far from the ideal value of 2.46 eV.
However, the high energy of the HO* intermediate leads to a negative
step height for B.

The second highest step in this cycle is C, which amounts to 2.18 eV.
Also here, the reason for this high step is the relatively weak binding of
the O«HOx reaction intermediate.

From the above considerations we can answer the question raised in
the title of this publication: the ideal MoS, monolayer is a poor catalyst
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Fig. 4. Energy diagram for the four PCET steps of the OER on a monolayer of
MoS,.

for the OER reaction because two intermediates, HOx and OxHOx,
while stable on the monolayer, have a weak binding energy, leading
thus to huge overpotential for the water splitting.

This finding points into the direction of how one might potentially
improve the catalytic activity of this material: if the binding of the two
intermediates can be strengthened while leaving the binding energy of
the Ox intermediate unchanged, the overpotential would be reduced.
We have investigated two possibilities for such an improvement: a
substitutional doping with either O or P in the place of sulfur.

The case of the iso-electronic oxygen substitution is shown in Fig. 4
as a red line. It is immediately clear that, while not changing drastically
the picture with respect to the perfect monolayer, the change is not
favorable: step A is even higher in this case, amounting to 2.78 eV, an
overpotential of 1.55 V.

The situation is much more drastic when the valency of the sub-
stitutional atom is changed. The case of P doping is shown as a green
line in Fig. 4. Here, the binding of the HOx intermediate is much
stronger, leading to a negative step height for process A. The exceed-
ingly strong binding on the P doped monolayer which affects conse-
quently all three intermediates manifests itself in the 4.42 eV high step
D. Indeed, in the case it is the empty P-doped layer which has a very
high energy (and reactivity) due to the dangling bond present there.

It is not realistic to assume that a P-doped monolayer in contact with
the electrolyte would remain pristine. Instead, it would be energetically

Fig. 3. Adsorption geometries of reaction intermediates for the OER cycle on a pristine MoS, layer. (a) The Ox intermediate, (b) the HOx intermediate and (c) the

OxHO=* intermediate.
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Fig. 5. Energy diagram for the four PCET steps of the OER. (a) On a monolayer of MoS, with substitutional P doping. Two distinct PCET cycles are considered (see

text). (b) At the two edges of a MoS, stripe.

favorable for the system to saturate the dangling bond with a proton
from the electrolyte, leading to a partially protonated state. We have
also considered this possibility, where the OER cycle would be slightly
different than shown in Fig. 2. Starting from a protonated active site,
steps A and B remain the same as in the original cycle: adsorption of a
water molecule together with a deprotonation, followed by the second
deprotonation in step B. In the alternative cycle, step C is the third
deprotonation, leading to an O reaction intermediate. In the final step
D the second water molecule is adsorbed, together with the final de-
protonation and the release of an oxygen molecule. The energy levels
corresponding to this alternative cycle are depicted in Fig. 5(a) where
also the new reaction intermediates are indicated (blue lines and la-
bels). While this more realistic cycle for the P doped monolayer indeed
shows a somewhat smaller height for step D, it is with 3.60 eV still to
high for any conceivable application.

Given that the surface of the monolayer is not favorable for cata-
lyzing the OER, we have also examined the two most stable edge con-
figurations of this material. On the Mo-edge, covered by half a mono-
layer of S, all reaction intermediates bind to the edge sulfur atoms.
When this happens, the weak dimer binding between two adjacent S
atoms is broken and the distance between the previously paired sulfur
atoms increases. The neighbouring sulfur dimers on the edge are not
dissociated in this process. The structures of the bound reaction inter-
mediates are depicted in Fig. 6(a)-(c), and the corresponding geome-
tries are given in Table 2. As it is the case for the binding on the surface
of the monolayer, also in this edge configuration the OOH reaction
intermediate binds dissociatively as O«HOx, see Fig. 6(c).

A similar picture emerges for the binding on the S-edge. Also here,
the OOH reaction intermediate dissociates and binds as OxHO=x, see
Fig. 6(f). Both the oxygen atom of this configuration and the O reaction
intermediate, see Fig. 6(d), bind in a bridging position between one of
the edge-S and one of the outermost Mo atoms. The HOx reaction in-
termediate directly binds on-top of an edge-S atom.

(a) v (b) )

o 0

rrv;r:_

Table 2
Adsorption geometries at the edges of a MoS, monolayer. All distances in A.
System Intermediate
d(S-O(H)) d(0-H) d(s-0)
0xHOx 1.704 0.979 1.481 -
Mo-edge HOx 1.702 0.980 - -
O - - 1.480 -
d(S-0(H)) d(0-H) d(s-0) d(Mo-0)
O*HOx 1.661 0.985 1.606 2.171
S-edge HO= 1.664 0.986 - -
O - - 1.605 2.168

The energetics of the OER cycle in these two edge-configurations is
shown in Fig. 5(b). In contrast to what happens on the surface of the
monolayer, the edge configurations both lead to a staircase-like en-
ergetic order for the four PCET steps. This is desirable, but the highest
step still amounts to 2.38 eV (3.15 eV) on the Mo-edge (S-edge). This
corresponds to an overpotential of 1.15 V and 1.92 V, respectively. The
lower one of these overpotentials is nearly the same as on the pristine
monolayer, where we have found it to be 1.13 V (see above).

These findings show that the presence of edge sites of MoS, layers
does not improve the catalytic behaviour of this material for the OER.

5. Conclusions

We have employed DFT based calculations to investigate the OER
on a monolayer of MoS,. This material is actively investigated for
various catalytic applications, and has also shown to be able to evolve
0O, [24], albeit with a very low activity. The alignment of the material’s
energy levels with respect to the relevant redox levels of the electrolyte
is favorable, so the question arises about the reasons for this low ac-

© b 9
r— Yy r
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Fig. 6. Adsorption geometries on the edges of the MoS, layer. (a)-(c) Mo-edge (d)—(f) S-edge.
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Here we show that the low catalytic activity is due to the weak
binding of the HO+ and HOO: reaction intermediates with respect to
the O« intermediate, which leads to a high overpotential of 1.13 V. This
overpotential is the reason for the observed trends.

We have investigated substitutional doping with oxygen or phos-
phorous as possible ways to alter the binding energies and thus to po-
tentially reduce the overpotential for the OER. While such substitutions
indeed alter the rate determining steps in the catalytic cycles, none of
them is able to lead to a more favorable situation for the OER. Similarly,
we have examined the situation at the edges of MoS, layers. The two
most common edges, namely the sulfur-edge and the molybdenum
edge, covered by half a monolayer of S, have been considered. The
coordination of Mo and S atoms at the edges varies with respect to the
pristine layer. Consequently we find that the adsorption energies of the
four PCET reaction intermediates are altered. However, these different
adsorption energies do not lead to a more favorable situation for the
OER: the overpotential is found to be 1.15 V at the Mo-edge, a value
nearly identical to the overpotential on the pristine MoS, monolayer.
On the S-edge, the overpotential is considerably higher (1.92 V) which
makes that edge configuration even less favorable for the OER.

Future investigations of this class of materials will focus on het-
erojunctions of MoS, with different TMDs which, as has recently been
shown experimentally [24] can lead to promising results for the evo-
lution of oxygen in a photo-electrochemical context.
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