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ABSTRACT

A comprehensive set of surface phase diagrams addressing the catalytically relevant edges of the
(100) surface of MoS; catalysts is developed using dispersion-corrected density functional theory
and ab initio thermodynamic modeling. The results of the temperature-dependent, free energy-
based thermodynamic model are presented over the full range of catalytically relevant
temperatures and pressures, in addition to S- and H-coverages ranging from 0 — 100%. The
results of this work allow for a full thermodynamic analysis to be performed at the conditions
relevant to any promising reaction involving MoS,, ranging from hydrodesulfurization to
dehydrogenation to electrocatalysis. Several methodological recommendations are discussed and
implemented with the goal of improving the accuracy of the surface phase diagrams at minimal
computational expense. A library of the most stable S and H adsorption modes is also developed
so that linear scaling relationships can be used to correlate thermodynamic stability with kinetic
activity. Applying the results to C-H bond activation of methane with an S, oxidant, we predict
S-coverages near 100% on the Mo- and S-edges to be thermodynamically favored and S
monomers on edge sites with high S-coverages to be kinetically favorable. For H-abstraction on

surface S atoms, the Mo-edge is also predicted to be more active than the S-edge.
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INTRODUCTION

MoS, materials have been employed for decades as industrial lubricants and as catalysts for the
hydrodesulfurization (HDS) of crude oil and for sour water-gas shift reactions in the
petrochemical industry,'? but in the past several years MoS,-based catalysts have demonstrated
exceptional promise for a much larger number of applications. For instance, MoS, can act as an
effective catalyst for the hydrogen evolution reaction (HER),** non-oxidative conversion of
methane to ethylene,’ selective dehydrogenation of isobutane to isobutene,’ and dehydrogenative
coupling of neat alcohols.” For all of these X-H bond breaking/making reactions, it is essential to
understand the structure and composition of the catalytic active sites under experimentally-
relevant operating conditions. This is critical for both the construction of an appropriate model
system in computational studies and for a greater atomistic understanding of experimental data to
enable data-driven catalyst design.

Using density functional theory (DFT) and equilibrium thermodynamics, it is possible to
develop an ab initio phase diagram of the MoS; catalyst to identify the most favorable edge
structures at a given set of reaction conditions. The first such thermodynamic model was
developed by Raybaud et al.® and only considered the reversible reaction of an S adatom with
gas-phase H,. This model was improved by Bollinger et al.” and Lauritsen et al.'” to account for
the effect of adsorbed H atoms and later by Prodhomme et al.,'' who showed that the vibrational
contributions of the edge adatoms can greatly impact the surface phase diagram. These models
were developed in the context of specific operating conditions and pre-specified edge
configurations relevant to HDS. The experimental conditions for other reactions involving an
MoS, catalyst can be quite diverse, spanning the large range of temperatures and pressures

highlighted in Table 1. For reactions that are run at conditions different from these prior models,
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there is no clear way of predicting the most stable S- and H-coverages on the MoS, edge sites
based on the existing literature without ignoring potentially relevant surface coverages and
excluding the vibrational contributions to the free energy. This naturally limits the ability to
readily perform detailed, combined kinetic and thermodynamic investigations of novel reactions
on MoS; edge sites. In addition, much of the existing literature uses an “infinite stripe”” model for
the MoS, catalyst. For reactions where multilayer MoS; is expected to be catalytically relevant,
the transferability of phase diagrams previously developed for monolayer MoS; is not well-
established.

Table 1. Selected Reaction Conditions Involving MoS, Catalysts

Reaction Temperature (K) Partial pressures (bar)

Hydrogen evolution reaction> 300 pu, =0.1-1
Pu,s in equilibrium amounts*
Dehydrogenative coupling of 450 — 500 pu, = 1-10

ethanol’
Pu,s in equilibrium amounts*

Hydrodesulfurization' 600 — 700 py, = 1100
Pr,s =0.1-10
Alkane dehydrogenation® 600 — 900 py, = 0.01-0.1"

Pu,s in equilibrium amounts*

Methane conversion using S, 1000 — 1300 Pu,s/Pu, = 103 - 104
as the oxidant®

“For reactions where H,S is not a reactant or product of the desired reaction, py,s is expected
to be present in small amounts from the reaction of gas-phase H, with surface S atoms. This
equilibrium value of py, s is assumed to be small but is not readily measured. A prior HER study
by Tsai et al., for instance, assumed a low range of 10 — 10™ bar.'?

"Estimate based on the equilibrium conversion of 1 bar of isobutane using tabulated
experimental data"’ and assuming no side-reactions.
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In this work, we develop a detailed and general ab initio thermodynamic model of the MoS,
edge sites that explicitly includes S- and H-coverages from 0% to 100% and that can be used for
any temperature or pressure where the MoS; catalyst is stable. In developing the thermodynamic
model, we first identify the most stable configurations of S and H adatoms on the Mo- and S-
edges at various coverages. With the most stable adsorption modes identified, we then determine
the thermodynamically favorable edge structures at a wide range of temperatures and pressures.
The data used to generate the phase diagrams, including DFT-computed electronic energies and
all relevant vibrational frequencies, are reported so that the model can be easily extended to any
set of experimental conditions not explicitly considered in this work.

In this analysis, we also employ dispersion-corrected DFT, the first time such corrections have
been considered for the MoS; surface phase diagram. The inclusion of dispersion corrections
affects the computed energetics and resulting thermodynamics, as MoS; consists of alternatingly
stacked monolayers that are stabilized by weak van der Waals (vdW) interactions that are not
included in the standard Kohn-Sham formalism of DFT."* Prior benchmark studies suggest that
dispersion corrections greatly improve the structural properties of MoS, and can be crucial in

.. . . .. 15-18
accurately predicting adsorption energies on periodic surfaces.

METHODOLOGY

Density Functional Theory

Plane-wave DFT calculations were performed using the Vienna ab initio simulation package
(VASP)"? v.5.4.1 with the electron exchange-correlation described by the Perdew-Burke-
Ernzerhof (PBE) functional.’! To account for vdW dispersion interactions, Grimme’s D3

dispersion correction with Becke-Johnson (BJ) damping was used for all calculations.”** The

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

kinetic energy cutoff for the plane-wave basis set was chosen to be 650 eV. A Monkhorst-Pack™*
4 X 2 X 2 k-point grid was used to sample the Brillouin zone for all MoS, edge structures, and
an 18 X 18 X 4 Monkhorst-Pack k-point grid was used during the bulk MoS, lattice parameter
optimization. Justifications for the energy cutoff and k-point grid for modeling MoS, are
discussed in Tables S1 and S2 of the Supporting Information. Gaussian smearing of the band
occupancies with a smearing width of ¢ = 0.05 eV was implemented. The value of o = 0.05 eV
was necessary to ensure that the total energies were converged in the extrapolated 0 K limit
under the finite-temperature local-density approximation. The VASP 5.4 projector augmented-
wave (PAW) pseudopotentials® were used for all calculations, where both the s and p semi-core
states were treated as valence for Mo, while the standard PAW pseudopotentials were used for
all other elements. The accurate-precision keyword was specified in VASP to prevent
wraparound errors, and a dipole correction”® along the z-axis was used to prevent spurious
interactions between periodic images of the unit cell. Calculation details regarding other isolated
and bulk molecules considered in this work can be found in the Supporting Information.

Ionic relaxations were performed using a conjugate gradient algorithm until the net force on all
individual atoms was less than 0.02 eV A”'. A convergence criterion of 10 eV was set for the
electronic energy minimization routine, except during the calculation of vibrational modes, in
which a stricter convergence of 10® eV was set. Vibrational analyses were performed using
central finite-difference approximations of the Hessian matrix with 0.01 A displacements in each
degree of freedom (DOF). The thermochemical calculations for all adsorbates were treated using

the harmonic approximation,”’ namely

DOF
&

U(T) = E + E*PE + Z — (D

i eksT —1
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DOF

& _ &
Sy =kp ). ——-h(1-eRT) | @
i \ kgT (em - 1)

F(T) = U(T) —-TS(T)  (3)

where E is the total DFT electronic energy, EZPE

is the zero-point vibrational energy, and ¢; is
the vibrational energy of harmonic degree of freedom i. Ideal gas statistical mechanics was used
for all gas-phase thermochemistry.*®

The Atomic Simulation Environment (ASE)* v.3.15.0 Python module was used to set up, run,
and interpret all VASP calculations and to calculate the thermochemistry. Virtual NanoLab® was
used to generate the molecular visualizations, and the Matplotlib Python library’' was used to

make the data visualizations.

MoS; Structural Parameters

The most stable polytype of MoS, exists in the space group P6s/mmc (no. 194) and has three
structural parameters to optimize within this constraint.”> Two of these are lattice constants: the
Mo-Mo distance (a) and the interlayer separation (c/2). The third parameter is an internal degree
of freedom describing the distance between Mo and S in an Mo$S, layer (¢, given in units of c).”?
All three parameters were optimized simultaneously, and the details of the optimization
procedure are shown in Figures S1 and S2 of the Supporting Information. The minimum energy
structural parameters were determined to be a = 3.15 A, ¢/2 = 6.07 A, and { = 0.129. These
parameters are in excellent agreement with the experimental values of a = 3.16 A, ¢/2 = 6.15 A,
and { = 0.129 from X-ray diffraction data.’* The interlayer separation only has a 1.5% deviation
from the experimental value, which is substantially better than the 10% error obtained using PBE
without the D3(BJ) dispersion correction. '

MoS; Model System
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The (100) surface of the hexagonal polytype of MoS, is well-accepted as the catalytically
active surface, with the basal plane assumed to be chemically inert for many reactions.**'***
Two chemically distinct edge types exist on the (100) surface: the (1010) edge and the (1010)
edge, referred to as the Mo-edge and S-edge, respectively. The S content on both edges is known
to strongly depend on the reaction conditions, often varying from the -crystallographic
configuration.®*!'3>=7

The crystallographic, as-cleaved (100) surface of bulk MoS, used as the starting structure in
this work is shown in Figure 1 and consists of 72 atoms (24 Mo and 48 S atoms). The MoS,
layers are alternatingly stacked in the y direction, and the edge sites are oriented in the z
direction for visual clarity. The simulation unit cell consists of 3 layers in the x direction, 1
bilayer in the y direction, and 4 layers in the z direction, as adopted in prior computational
studies.®*® During structural relaxations, the bottom two layers in the z direction are fixed to
mimic bulk constraints. To prevent artificial interactions with the neighboring periodic images,

10 A of vacuum space is added above and below the MoS, layers in the z direction for a total of

20 A of vacuum between each slab. The resulting unit cell has dimensions of 9.45 A x

5 y S-edge
X j—»
f E/
f (((l

12.13 A x 29.09 A.
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Figure 1. The crystallographic (100) surface of MoS, used as the simulation unit cell in this
work. The Mo atoms are represented by the larger teal spheres, and the S atoms are represented

by the smaller yellow spheres.

Ab initio Thermodynamic Model

Grand Potential Formalism

We consider a grand canonical ensemble wherein the number of particles can fluctuate and the
thermodynamically favorable edge structure is the one that minimizes the grand potential & at a
particular set of reaction conditions.” In the case of an arbitrary MoS,H, edge structure, the
grand potential can be evaluated as

Pwmos,H, (T, Umo*s Hs* Hu) = Fuos, i, (T) — Mot Mo — Nis* s — N+ Hpe (4)
where FMosty is the Helmholtz free energy of the edge structure under consideration, y;« is the

chemical potential of an adsorbate i, and n; is the number of atoms of species i. The value of
NMo*UMo* does not need to be explicitly computed for each configuration, as the number of Mo
atoms does not change between the structures considered in this work and so all relative grand
potentials will be independent of this term. For clarity, we also split the Helmholtz free energy
into two components: the DFT electronic energy Emos,H, and the vibrational contributions to the
Fvib

Helmholtz free energy MoS,H,, (including the zero-point vibrational energy). It can then be

stated that the grand potential of a given edge configuration is given by
Pros,n, (T, Hsts hu) = Entos,ny, + Fyigs,n, (T) — Nstis: — Ny (5)
In this analysis, the variations in surface coverages on the Mo- and S-edges are treated

independently, and the opposite edge is kept fixed at the crystallographic conditions: 8 = 0,
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0y = 0 for the Mo-edge and 65 = 1, 6y = 0 for the S-edge. It is also assumed that each edge
structure is in the electronic ground state and that the translational and rotational degrees of
freedom are negligible compared to the vibrational contributions. The configurational entropy is
not expected to significantly impact the relative grand potentials and is therefore not considered.

Vibrational Mode Analysis

The vibrational modes of the adsorbates must be included in order to capture the significant
thermal and entropic effects on the edge stability.'" This is in contrast with much of the prior

literature that assumed Fyos,hy, = Emos,h, in the expression for the grand potential or edge free

energy.”'**%*" Due to the lack of analytical frequency calculations in plane-wave DFT codes,
vibrational mode analyses are computationally expensive. Performing a detailed normal mode
analysis including multiple surface atoms on each of the ~60 structures in this work is therefore

undesirable.

Hinneman et al.* noted that the vibrational modes of H* on surface S atoms are independent of

both 85 and Oy. Under this approximation, the vibrational contribution to Fuos,n,, at a given

temperature is a constant that can be scaled by the number of H atoms. We confirmed this
finding and also found that this coverage independence holds for H* on surface Mo atoms as
well, although there are slight differences depending on the local coordination environment.
Based on a series of test calculations using the aforementioned DFT methodology, we define
four sets of vibrational modes for H adatoms depending on the local environment: 1) H* on a S
monomer directed toward the basal plane (595 cm™, 645 cm™, 2411 ecm™); 2) H* on a S
monomer directed along the edge (504 cm™, 603 cm™, 2538 cm™); 3) H* on a Mo-S-Mo

interstitial site (757 cm™, 1066 cm™, 1243 cm™); 4) H* on a Mo-Mo bridge site (550 cm™, 798

ACS Paragon Plus Environment
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cm™, 1116 cm™). These four modes are visually depicted in Figure 2. We further take advantage
of this simplification by hypothesizing that the change in Oy negligibly impacts the S*
vibrational modes so that the vibrational frequencies of S* only need to be calculated for 6y = 0.
The vibrational frequencies of S* for 85 = 0 — 1 and 0y = 0 can be found in the Supporting
Information. The effectively decoupled vibrational modes are likely due to the large mass

differences between H, S, and Mo.

Figure 2. Schematic showing four common adsorption modes of H* on surface Mo and S

atoms.

To summarize, with this set of vibrational frequencies, the vibrational contribution to the

Helmholtz free energy for a given edge structure, ngg’sty, can be calculated as

Fatas i, (T) = F&P(T) + nyg- FE(T)  (6)

where FYiP is the vibrational contribution to the Helmholtz free energy of the S adatoms at a

given Og (with 8y = 0), and F}‘{ib (T) is the coverage-independent vibrational contribution to the
Helmholtz free energy of a single H adatom. The accuracy of this decoupled, scaled approach for
calculating the vibrational contributions to the free energy compared to a full vibrational analysis
is reported in Table S3 of the Supporting Information for representative structures. The error is
below that expected from DFT and the harmonic approximation.

Expressions for ug- and py-
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When the MoS, catalyst is in the presence of H,, the S atoms on the catalytic edge sites can
reversibly react to form H,S via
S*+H; (g) @ HS(g) + + (7
where * denotes a S-vacancy. At thermodynamic equilibrium, the chemical potentials can be
equated such that
Us* = Uu,s — UH, (8)

Similarly, adsorbed H atoms can reversibly form gas-phase H, via
1
H o sH @+ ()
where * denotes an H-adsorption site. Under equilibrium conditions,

Uy = %.UHZ (10)
It is possible to write an analogous expression for ug: and puy+ in terms of other species that are
more suitable for a given reaction. In the case of isobutane dehydrogenation to isobutene,’® for
instance, it may be more natural to think of uy- as a function of y;c,y,, and y;c,u,, whereas for
methane coupling using gaseous S, as the oxidant,” g could instead be written as a function of
Us,. For consistency, we present the results in terms of uy,s and py,.

The chemical potential of a gas-phase species i is given by

wy = f + kT In (j’:—) (11)

where y; is the reference chemical potential of the gas, f; is the fugacity of the gaseous species,
and f° is the reference fugacity (chosen to be 1 bar). At low to moderate pressures where the
gas-phase species can be assumed to be ideal, the gas-phase fugacity approaches the partial
pressure p;. We present all phase diagrams in terms of fugacity for generality, but the fugacity

can be assumed to be approximately equal to p; for all the reaction conditions listed in Table 1.
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Even for high-pressure HDS conditions, the fugacity coefficient for 100 bar of H, at 650 K is
1.02 as calculated from the Peng-Robinson equation of state, indicating nearly ideal behavior.
With these thermodynamic relations, pug+ and pup+ can be written as the following under

equilibrium conditions:

. o fH,s
Hs* = Hp,s — Mp, T kBTln( - (12)
fu,

1
e = 5 lugz + kgTIn (%)l (13)

The reference chemical potentials u} were calculated from’

pi =H;(T)—H;(0K) + EFPE + E; — TS;(T)  (14)

where H; is the standard molar enthalpy, EZPE

is the zero-point energy, E; is the energy obtained
from DFT, and S; is the standard molar entropy. The extended Shomate equation with
experimental parameters from the NIST chemistry webbook*” were used to express H; and §; as
a function of T, and the standard state enthalpies at 0 K were obtained from the NIST-JANAF

EZPE were obtained from the

thermochemical tables.*' Vibrational frequencies used to calculate
CRC Handbook.*

In prior literature on the MoS; surface phase diagram, the absolute chemical potential g« is
written with the DFT electronic energy (per S atom) of the orthorhombic a-phase of bulk S used
as a reference. While reference states are commonly the most stable pure allotrope at 1 bar and
298 K, this choice is arbitrary. For the sake of DFT calculations, Eg (,,1x) can be a problematic
reference state for pg+, as a-S consists of Sg rings stabilized by vdW interactions, which are

known to not be properly described by DFT. Any error introduced in the choice of reference

state will exponentially impact the accuracy of calculating the fugacities from equations (12) and
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(13) that correspond to a given chemical potential. We instead use H,S and H as the reference
state such that

Aus = ps- — (En,s — En,) (15)
which will generally be more accurate to calculate regardless of the choice of density functional.

The reference state for calculating Auy+ is chosen to be gas-phase H; as in prior studies such that

1
Apgs = py — EEHZ (16)

MoS; is only stable within a certain range of chemical potentials. The lower and upper limits
of Aug+ represent the transition to forming bulk Mo and bulk S, respectively. Using the same
methodology described previously,” this corresponds to approximately —1.26 eV < Aug- <
0.13 eV. Similarly, the upper-bound on Auy+ is approximately 0 eV, corresponding to the point
where the formation of gas-phase H, is preferable over H*. The lower-bound for Auy+ is
configuration-dependent and corresponds to the limit where H atoms will adsorb on the MoS;
edge.” For data presentation purposes, we set the lower-bound to be the Auy- value that

corresponds to fy,/f° = 107, representative of ultrahigh vacuum (UHV) conditions.

RESULTS AND DISCUSSION

Stable Adsorption Modes

We first determine the preferential S* adsorption sites at various 85 values while no H atoms
are on the surface. Using the most stable S* configurations at each 65 value, we then consider the
addition of H atoms and determine their preferential adsorption sites. This stepwise procedure is
done to ensure that the structures are at — or at least close to — the global minimum of the

potential energy surface.
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The most stable S* configurations at different values of 85 were computationally investigated
by Raybaud et al.® nearly two decades ago using the PW91 functional” and ultrasoft
pseudopotentials. To test whether the same results are found using the computational details in
this work, the relative stabilities for different S* configurations on both the Mo- and S-edges
were reinvestigated using the set of proposed S-adsorption modes by Raybaud et al.® as well as
those investigated by Prodhomme et al.'' for 100% S-coverage on the S-edge. The value of 5 on

a given edge is defined as

Ng
Os = 17
=g (D)

where ng represents the number of terminal S atoms and ny, represents the number of Mo atoms
on the edge (of which there are 3 in the simulation unit cell).

With the most stable S* configurations known, we consider the sequential addition of H atoms
and determine the most stable adsorption modes at varying 65 and 8y. The value of 8y is defined
as

n
Oy = — (18)
nMo

where ny is the number of adsorbed H atoms, as previously adopted by Tsai et al.'> We
considered the set of possible adsorption sites identified by Kronberg et al.** as well as select
additional configurations on the S-edge. The definition of 6y was chosen so that it is with respect
to the same quantity for each edge structure (i.e. ny, = 3). As a result, some edge structures (e.g.
the S-edge with 85 = 1) have S adatoms that are not fully saturated by H atoms at Oy = 1.
However, these high H-coverages are not expected to be thermodynamically favorable within the

stable range of Auy-.
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The most stable adsorption sites and the corresponding DFT electronic energies are shown in
Table 2 for the Mo-edge and Table 3 for the S-edge (the energy and coordinates of ~150 tested
structures are included in the Supporting Information). The most stable S* configurations are in
agreement with the previously calculated results of Raybaud et al.® Focusing on the S-edge with
05 = 1, Prodhomme et al.'' predict that an alternating sequence of S monomers/dimers is 0.99 eV
lower in energy than the full monomer configuration, at least for monolayer MoS,. As shown in
Table S4 of the Supporting Information, we instead find the full monomer configuration to be
more stable by 0.17 eV for bulk MoS,. It is also noted that due to the periodicity of the
simulation unit cell, the S-edge with 85 = 0.5 does not have a complete zig-zag configuration as
noted by Schweiger et al.,* although this is not expected to influence the results, as justified in
Table S5 of the Supporting Information.

Table 2. Stable S* and H* Adsorption Modes on the Mo-edge and Corresponding DFT

Electronic Energies as a Function of 65 and 6y

GH =0 GH = 0.33 9H = 0.67 GH =1
AEy = -0.89 AEy =-0.78 AEy =-0.41
AEs =-2.91 AEy = -0.60 AEy =-0.20 AEy = 0.03
65 = 0.33 !E(EE, EE( Ez, QE&EZr EE;E ir
& &/
AEg=-2.37 AEy =-0.19 AEy =0.15 AEy =0.12
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1

2

3 « < « « « « < « « € « <
4 : 4 L 4 ) :
5

6

; Es=-0.93 = -0.64 AEy = 0.22 AEy =0.17
9 <

10 0s = 0.67

11

12

13

14 AEs=-0.21 g =-0.77 AEy =0.14 AEy =0.49
15 « « « € « P < < « « <
17 b ,
18

19

20 =-0.08 =0.03 AEy =0.02 AEy =-0.17
21

22 s =1

23

24

25

26 AEg =-0.36 AEy =0.34 AEy =0.15 AEy =0.43
27

28 “AEjg is the differential S-adsorption energy (in eV) to go from MoS,.H, to MoS,H,, and AEy
29 is the differential H-adsorption energy (in eV) to go from MoS,H,..; to MoS.H,

30

31 Table 3. Stable S* and H* Adsorption Modes on the S-edge and Corresponding DFT Electronic
32

;i Energies as a Function of 8g and 6y“

35

36

37 = Oy = 0.33 Oy = 0.67 =

38

39

40

41

42

43 g =-1.55 AEy =-1.63 AEy =-0.71
44

45 s = 0.17 { L ]

46

47

48

49 AEg =-3.84 =-1.06 AEy =-1.00 AEy =0.09
50

51 fs = 0.33 ) (

52

53

54

55 AES =-361 AEH =-0.86 AEH =-0.17 AEH =0.13
56

57

58

59 .
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fs = 0.5 [ (! 5 i., ll,ilg EE ’ ! &!.g (EE ! ,L! f " §)

AEg =-231 AEy =-0.28 AEy =-0.36 AEy =-0.34
6s=067 (LG TEg & § Lol {LLef
’ v ‘ v v B . B

AEg = -0.98 AEy = -0.55 AEy =-0.42 AEy =-0.50
QS=0-83 i(l L (((L ‘/l(,L “/«(VC‘
v \ v

AEg =-1.05 AEy =-0.41 AEy = -0.65 AEy =-0.59

65 = 1 Eé E E E & (¢ & & & < Lo
9 ’ v

AEg =-0.94 AEy =-0.73 AEy =-0.57 AEy =-0.51

“AEjg is the differential S-adsorption energy (in eV) to go from MoSy.;Hy to MoS,H,, and AEy
is the differential H-adsorption energy (in eV) to go from MoS,H,.; to MoS.H,

In terms of H-adsorption, H atoms are predicted to adsorb to bare Mo sites before adsorbing to
terminal S atoms on the surface of the Mo-edge. We also find that it is energetically unfavorable
for H atoms to adsorb and break an S-S dimer present on the Mo-edge unless it is the only
remaining adsorption site. Similarly, for the case of 85 = 1 on the Mo-edge, the lowest energy
H-adsorption mode is on the Mo-Mo bridge sites as opposed to the dimerized S-S bridge sites. It
has been previously reported that it is energetically favorable to break the S-S dimer for g = 1
on the Mo-edge only after significant reconstruction of the surface adatoms,* although the
barrier for this bond cleavage is greater than 0.8 eV.'? As a result, H-adsorption on S-S dimers
followed by significant surface reconstruction was not considered in the present study for the

Mo-edge with 05 = 1.
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On the S-edge, it is also found that H atoms tend to adsorb to bare Mo sites first. One
exception is for 85 = 0.67 at 8y = 0.33, although the energy difference between the structure
shown in Table 3 and the structure with H* on an interstitial Mo site is only 0.11 eV. On the S-
edge with 65 > 0.5, H atoms on surface S atoms preferentially orient toward the adjacent basal
plane rather than an on-top adsorption mode, in agreement with prior studies.'"'> The favorable
adsorption modes on the Mo-edge are generally consistent with those identified by Kronberg et
al.,** while most of the favorable structures on the S-edge shown in Table 3 were not investigated
in this prior work.

The differential S-adsorption energies (at 8y = 0) defined as

AEs = Emos,n, * En, = Emos, 1, — En,s (19)

and the differential H-adsorption energies defined as

AEy = Emos,n, — Emos,H,_, — %EHZ (20)
are also reported in Table 2 and Table 3. Using these definitions, AEg at 85 = 0.33, for instance,
refers to the energy to go from 85 = 0.17 to 5 = 0.33 (an analogous interpretation holds for the
definition of AEy). For the H-free surface, we find that S-adsorption is always energetically
favorable on both the Mo- and S-edges. Unlike the findings of Raybaud et al.,t S-adsorption
between 65 = 0.5 — 0.83 on the Mo-edge is not found to be endothermic, although the process is
less energetically favorable than at lower S-coverages. This trend of continuously favorable S-
adsorption is attributed to the inclusion of dispersion corrections. The electronic energies of the
geometry-optimized structures using the PBE functional without the D3(BJ) correction are
analogous to those reported by Raybaud et al. (in this case, endothermic adsorption for 65 =
0.67 — 1). As shown in Figure S3 of the Supporting Information, using the dDsC dispersion-

correction scheme™ instead of the D3(BJ) scheme does not change the reported trends. In terms
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of H-adsorption, we find that as the H-coverage increases, H-adsorption tends to become weaker
for many of the surface coverages on the Mo- and S-edges. No clear overarching trends are
observed as a function of fg.

With this extensive library of MoS, edge structures and corresponding energies, the phase

diagram for the MoS, edges can be generated by calculating CDMosty (T) over a range of ug+ and
Uy~

MoS; Edge Phase Diagrams

We first consider the MoS, edge phase diagram at 300 K, as shown in Figure 3. For brevity,
we use the abbreviation “6Os/0y” (e.g. Mo-50/33 for 85 = 0.5, 8y = 0.33 on the Mo-edge) to
denote a given edge coverage. On the Mo-edge, we find that even at low Aug+ values, the surface
does not exist in the crystallographic 685 = 0 state. Over the range of physically accessible Aug-
values, the Mo-edge can exist with 8 = 0.33 —1 and tends to have low H-coverages of
Oy = 0 — 0.33. On the S-edge, much of the accessible portion of the phase diagram results in
fully saturated surface Mo atoms with 85 = 1 and an H-coverage that is strongly dependent the
pressure of Hy. Only at very low values of Aug+, far below most kinetic studies involving an
MoS; catalyst, can the S-edge exist with 85 < 1. We also investigated 85 = 1 on the S-edge with
higher H-coverages than those shown in Table 3 and found that 6y >1 is not

thermodynamically favorable for the stable values of Apy-.
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Figure 3. Calculated MoS; surface phase diagrams showing the most thermodynamically stable
edge configurations at 300 K as a function of the chemical potential of adsorbed sulfur Aug:,
chemical potential of adsorbed hydrogen Auy+, and fugacities f; of gaseous H,S and H,. The

reference fugacity f° is 1 bar. (a) Mo-edge. (b) S-edge.

HER studies and many forms of characterization, such as scanning tunneling microscopy
(STM), X-ray photoelectron spectroscopy, and Fourier-transform infrared spectroscopy, are
commonly done around 300 K, so it is worth briefly considering the most stable edge structures
for these conditions. For HER, the definitions of uy+ and ug+ can be readily modified to include
an additive term for the applied potential based on the computational hydrogen electrode model
if needed.*’ For simplicity, we consider the case of low overpotential where this factor does not
need to be included.'” In the operating regime for HER (refer to Table 1), the Mo-edge is most
stable as Mo-50/33, while the S-edge is most stable as S-100/100. This is essentially the same as
what Tsai et al. previously proposed.'? During STM imaging (and many other characterization
techniques), the catalyst is studied under UHV. Based on the thermodynamic analysis, it is

expected that the catalyst under UHV conditions would exist with full S-coverage on the S-edge
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and either full S-coverage or 50% S-coverage on the Mo-edge depending on the ratio of H,S to
H,. This is in direct agreement with experimental STM images of hexagonal MoS, monolayers.'

By considering a larger range of surface coverages than prior STM-focused studies for HDS
catalysis,”'? the present model suggests a few additional yet notable regions of stability at 300 K.
When there is a low ratio of H,S to H,, sub-50% S-coverage is likely to be stable on the Mo-
edge. At Hj partial pressures slightly higher than those used in STM imaging, we also predict
that a combination of S monomers and S-S dimers (i.e. 85 = 0.67) can be present on the Mo-
edge. The stable S-coverages on the S-edge are similar to those proposed in prior models,”"°
although this is the first time that the theoretical phase transitions between low and high H-
coverages have been identified.

The phase diagrams at 650 K for the Mo- and S-edges are shown in Figure 4. On the Mo-edge,
it is possible to have an edge configuration with 85 = 0.5 and 8y = 0 without resorting to UHV
conditions, in contrast with the 300 K phase diagram. At common pressures for HDS, we find
that the most likely Mo-edge configuration is Mo-50/33 or Mo-67/33 depending on the
experimental conditions. While this goes against much of the older literature that suggested
s = 1 is most stable,** it is in reasonable agreement with the results of Prodhomme et al. who
suggest that Mo-50/50 is favorable.'' The model of Prodhomme et al. only accounted for
65 = 0.37 — 0.5 on the Mo-edge,11 so the present model also uniquely highlights the large
region of stability for the Mo-100/0 edge when the partial pressure of H,S is at least as high as
the partial pressure of H,. On the S-edge, we predict that the S-100/100 edge is most stable under
HDS conditions. This is in agreement with the model developed by Bollinger et al.’ but less so

with other studies that suggest s = 0.5 is likely.*!" When calculating Es (bulk)» W€ found that

the energetic contribution from the D3(BJ) dispersion correction was approximately -0.2

ACS Paragon Plus Environment

22

Page 22 of 38



Page 23 of 38

oNOYTULT D WN =

18 > —0.4 7

T
22 < 33/0 50/0 100/0

The Journal of Physical Chemistry

¢V/atom with the PBE functional, which changes the corresponding fy,s/fu, ratio by 2 orders of
magnitude at 650 K. Incorporating this correction in prior models (or, preferably, using Ey,s —
Ey, as the energy reference for pig-) almost entirely accounts for the underestimated 85 values on

the S-edge in prior studies of HDS conditions.
logyg (frys/ fry) logyg (frps/ fr,)
a) —6 —4 9 0 2 b) -6 —4 -2 0 2
100/100
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Figure 4. Calculated MoS, surface phase diagrams showing the most thermodynamically stable
edge configurations at 650 K as a function of the chemical potential of adsorbed sulfur Aug:,
chemical potential of adsorbed hydrogen Auy+, and fugacities f; of gaseous H,S and H,. The

reference fugacity f° is 1 bar. (a) Mo-edge. (b) S-edge.

The phase diagram at 1000 K is shown in Figure 5. At such a high temperature, the Mo-33/0
edge effectively becomes unstable, and the Mo-edge exists with either g = 0.5 or 65 = 1 for
most of the phase diagram. Similarly, the intermediate S-coverages on the S-edge become less
likely under equilibrium conditions, with 85 = 1 taking up most of the accessible phase diagram.
Even without knowing the exact partial pressure of H,S and H; in the system, the phase diagrams
shown in Figure 5 significantly narrow down the possible S-coverages on both the Mo- and S-
edges. To summarize the results from 300 K to 1000 K, the thermodynamically favorable surface

coverages over the wide range of reactions conditions listed in Table 1 are presented in Table 4.
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Figure 5. Calculated MoS; surface phase diagrams showing the most thermodynamically stable
edge configurations at 1000 K as a function of the chemical potential of adsorbed sulfur Aug:,
chemical potential of adsorbed hydrogen Auy+, and fugacities f; of gaseous H,S and H,. The

reference fugacity f° is 1 bar. (a) Mo-edge. (b) S-edge.

Table 4. Predicted Stable 85 and 6y on the Mo-edge and S-edge for the Range of Experimental

Reaction Conditions Outlined in Table 1.

Reaction Mo-edge (05/0y) S-edge (65/0y)
Hydrogen evolution reaction  50/33 100/100
Dehydrogenative coupling of 50/33 100/100

ethanol

Hydrodesulfurization 50/33, 67/33 100/100

Alkane dehydrogenation 33/0, 50/0, 50/33 50/0, 100/33, 100/67
Methane conversion using S, 100/0 100/0

as the oxidant

Considering the phase diagrams over this large range of temperatures, a number of

generalizations can be made. Increasing the temperature has two major consequences. The first is
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a direct result of the definitions of the chemical potentials: as T increases, the range of fugacities
corresponding to a given range of chemical potentials decreases. At 300 K, a range of Auy-
values spanning 0.4 €V corresponds to a range of fy, values spanning nearly 12 orders of
magnitude. At 1000 K, this same 0.4 eV range corresponds to just 4 orders of magnitude in fy, .
Because of this, at high temperatures the MoS, edge sites have 0% H-coverage over a much

larger range of fy,. The second consequence of changing T is the effect of Fl\‘flig’sty on CDMosty

and thereby the boundaries of the phase diagram at a given range of chemical potentials.
Increasing the temperature from 300 K to 1000 K causes the phase boundaries to shift by as
much as -0.4 eV in Aug-. A similar phenomenon can be inferred from previously published
HDS-relevant free energy diagrams.'' This shift in the phase boundaries is what results in the
inaccessibility of the Mo-33/0 and S-50/0 regions at high temperatures, greatly increasing the
likelihood that both edges have high S-coverages. There is less of an impact on the phase
boundaries in the Auy+ dimension: going from 300 K to 1000 K generally results in a -0.1 eV
shift in the phase boundaries, although the phase transition between Mo-67/33 and Mo-100/0
shifts by approximately 0.2 eV. Interestingly, changing the temperature does not seem to
introduce new stable edge configurations. For instance, the Mo0-83/0 and S-67/0 edges do not
appear to be thermodynamically favorable at any temperature. In addition, the Mo-edge cannot
exist with 85 < 0.17, and the S-edge cannot exist with 85 < 0.33 regardless of temperature.
There are no upper-limits on 85 for either edge, and 6y can take on any value between 0% and
100% depending on the operating conditions.

The applicability of the thermodynamic data extends beyond predicting the most stable surface
structures for the aforementioned reactions. Any set of temperatures and pressures can easily be

investigated using this thermodynamic model, as the Supporting Information contains all
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relevant energies and vibrational frequencies along with a Python script to quickly perform the
thermodynamic calculations. For convenience, phase diagrams for the Mo- and S-edges from
300 K — 1000 K in increments of 100 K are also reported in Figure S4 of the Supporting
Information.

Structure-Property Relationships

In addition to providing insight into the thermodynamic stability of different edge structures,
the free energies reported in this work can be combined with known catalytic structure-property
relationships to provide significant insight into the reaction kinetics. For instance, it has been
previously reported that Brensted-Evans-Polanyi relationships exist for H, and H,S associative
desorption,'' that HER activity is correlated with the Gibbs free energy of H-adsorption via the
Sabatier principle,”® and that the barrier for activating the C-H bond of methane is inversely
related to the binding strength of surface S atoms on metal sulfides.” From these examples, we
consider the catalytic conversion of methane to ethylene in the presence of gaseous S; to
highlight how the data in the present study can be used to quickly predict which edge structures
may be catalytically promising for the conversion of methane (and potentially other reactions
involving a similar mechanism for H-abstraction).

In the combined experimental and theoretical work of Zhu et al.,5 it was shown that MoS, can
activate the C-H bond of methane, forming a surface-stabilized CH; species. The CHj
intermediate can go through further H-abstractions, and it was hypothesized that the coupling of
nearby CHj; radicals on MoS; edge sites can result in the production of ethylene. Among the four
metal sulfides tested for this reaction, MoS, had the highest methane conversion but the lowest
selectivity to ethylene. The authors found that the M-S bond strength (M = Mo, Pd, Ru, Ti) is

directly correlated to the barrier for C-H activation of methane.
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The M-S bond strength is equivalent to the differential S-desorption energy and is calculated as
the energy lost when a surface S atom reacts with H, and leaves as H,S. Focusing on MoS,, the
standard Gibbs free energy at 1000 K for this process is shown in Figure 6 as a function of 8s.
The Mo-S bond energies are based on the most stable H-free edge sites shown in Table 2 and
Table 3. Additional Mo-S bond energies are reported in Table S6 of the Supporting Information.

Overall, similar trends are observed on both the Mo- and S-edges: as S atoms are lost as H,S
from the MoS; surface, the Mo-S bond energy tends to increase. Based on the Mo-S bond energy
descriptor and the energies reported in Figure 6, it is likely that the S adatoms on edge sites with
higher S-coverages are among the most active for breaking the strong C-H bond of methane.
From the equilibrium phase diagram at 1000 K shown in Figure 5, 65 =1 is the most
thermodynamically stable S-coverage on the Mo- and S-edges at the high Aug- values associated
with using S; as an oxidant. This implies that the most thermodynamically stable edge structures
may also have S adatoms that are the most active for H-abstraction, an inherent requirement for
the observed conversion of methane. One possible exception is the case of S-S dimers on the
surface of the Mo-edge at high S-coverages, as an H-abstraction mechanism requiring the

simultaneous cleavage of an S-S bond is unlikely to result in a low activation energy.
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Figure 6. Mo-S bond energy as a function of g for the S-edge (red lines) and Mo-edge (blue
lines). The value at a given Og refers to the energy difference (dashed line: electronic energy,
solid line: standard Gibbs free energy at 1000 K) associated with removing a surface S atom as

H,S at that S-coverage.

In the context of oxidative coupling of methane to ethylene, too low an Mo-S bond strength
results in large barriers for CH, coupling as a consequence of the Sabatier principle.’ Decreasing
the S-coverage on either edge to below half a monolayer by decreasing the partial pressure of S,
is hypothesized here to increase the otherwise poor selectivity to ethylene that was
experimentally observed with an MoS, catalyst, albeit with a significant decrease in methane
conversion.” By the same logic, we predict that S adatoms on the Mo-edge are generally more
active for the C-H bond activation step, whereas the S-edge is more active for CH, coupling to
ethylene. It then becomes clear that there are significant structure-property relationships that can
be used to finely tune the conversion and selectivity by modifying the local surface coverage and
edge type. This type of combined thermodynamic and kinetic analysis can be readily performed
48

for other reactions as well, so long as linear scaling relationships are known.

CONCLUSIONS

We have developed a comprehensive set of surface phase diagrams of the Mo- and S-edges on
the (100) surface of MoS; using density functional theory with dispersion corrections. We first
determined the most stable S* and H* adsorption modes and their corresponding electronic
energies for 05 and Oy from 0 — 100%. The vibrational modes of S* and H* were then
considered in the development of the thermodynamic model to improve the accuracy of the

predicted phase boundaries as a function of temperature.
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Using the stable structures, electronic energies, and adsorbate vibrational modes, surface phase
diagrams were developed over the full range of relevant operating conditions for several
important catalytic reactions. We found that increasing the temperature does not result in the
emergence of new stable coverages, although it does shift the phase boundaries by as much as -
0.4 eV in Aug-. This reduces the thermodynamic stability of lower S-coverages at higher
temperatures, making the 85 < 0.33 region on the Mo-edge and 65 < 0.83 region on the S-edge
thermodynamically unfavorable at 1000 K. In terms of adsorbed H atoms, the Mo-edge is most
stable with either 6y = 0 or 8y = 0.33 depending on Aug+, whereas the S-edge can exhibit a
wider range of H-coverages depending on Auy+. This is true across the full range of temperatures
considered in this work, as the phase boundaries generally shift by -0.1 eV in the Auy-
dimension when the temperature is increased from 300 K to 1000 K.

In constructing the ab initio thermodynamic phase diagrams, the inclusion of vibrational
degrees of freedom was found to be necessary for capturing the boundaries for each of the phase
transitions, particularly as a function of Aug:. In materials like MoS, where the large mass
differences between H, S, and Mo result in nearly decoupled vibrational modes of H adatoms
and their S or Mo adsorption sites, only a few additional calculations are required. This is
especially true if the vibrational frequencies associated with H-adsorption are independent of
surface coverage, as we confirmed for MoS,.

We considered a few operating conditions as examples to highlight the utility of the phase
diagrams presented in this work. For HER at 300 K with low overpotential, the Mo-50/33 and S-
100/100 edges are most stable. For UHV conditions at 300 K (e.g. STM imaging), the S-
coverage is either 50% (S monomers) or 100% (S-S dimers) on the Mo-edge and 100% on the S-

edge. For HDS, the most stable coverages were found to be Mo-50/33 or Mo-67/33 (depending
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on the pressure of H,) and S-100/100. Finally, applying the results to an example involving
MoS; for the conversion of methane to ethylene, we predict that 100% S-coverage is the most
stable for both the Mo- and S-edges and that S-monomers at high S-coverages are optimal for the
conversion of methane when using Mo-S bond strength as a descriptor for the C-H activation
barrier. In addition, for H-abstraction via surface S atoms, the Mo-edge is expected to be more
active than the S-edge.

With the data presented in this study, the MoS, surface stability analysis is extended beyond
the commonly studied conditions and edge configurations of the HDS catalyst so that it can be
more generally applied to any reaction involving surface S* and H* atoms. The comprehensive
phase diagrams and tabulated energies presented in this work open up the possibility to readily
perform a full thermodynamic analysis for new reactions involving an MoS; catalyst and can
provide preliminary insight into structure-property relationships relevant to experimental trends
in catalytic activity.
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