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ABSTRACT: In spite of the attractive interest of a-MoS, based nanomaterials, the amorphous nature of the MoS, phase
makes it challenging to control and understand its chemical reactivity. In particular, the type of the structural building
unit such as Mo, triangular vs. Mo chain is still debated, while the ambivalent interpretation of the nature of sulfur spe-
cies (S*, S,*) and Mo-Mo bonds leads to ambiguous interpretations of spectroscopic data and reactivity. By density func-
tional theory (DFT), we simulate the energetic, structural, and spectroscopic features of relevant oD-, 1D- and 2D-MoS,
triangular, chain-like polymorphs, including unprecedented ones (ring, wave and helix) and revisit the interpretation of
EXAFS, IR-RAMAN, and XPS experimental data. We analyze how Mo\S; clusters of a few k atoms may grow up to infinite
MoS, polymorphs (periodic replica). The evolution of the growth energy and the computed IR spectra within density
functional perturbation theory level suggest the coexistence of various polymorphs in the MoS, phase as a function of
sizes. Molecular dynamics simulations reveal how the small triangular Mo,S;, oligomers may transform into a more con-
densed MoS; patches resembling embryos of the 2D 1T’-MoS, phase. Finally, we discuss some plausible transformation

pathways from one polymorph to another.
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INTRODUCTION

Over the past few decades, amorphous MoS, (a-MoS,)
based nanomaterials have gained great attention from the
scientific community because of their versatile properties
valuable for industrial applications as well as for numer-
ous emerging applications in new energies. The a-MoS,
phase was shown to play a key role as electro-and photo-
chemical (pre-)catalysts for hydrogen evolution reaction
(HER).” It was also found to exhibit attractive capacity
and rate capability when used in electrodes materials for
batteries.*® The use of a-MoS, was also suggested to im-
prove the recovery of Hg capture from flue gas.*" Finally,
in the synthesis of industrial MoS, based catalysts used in
hydrodesulfurization (HDS), a-MoS, is known to be a key
precursor formed during the activation of the 2H-MoS,
nano-crystalline phase.™"

Many of these interesting properties of a-MoS, are sup-
posed to originate from its intriguing amorphous 1D- or
2D-nano-structure where Mo atoms are interconnected
by various types of sulfur atoms such as S* and S,” spe-
cies. These versatile species are suspected to improve the
reactivity towards the different key reactants involved in
the targeted applications: diffusion of cations in battery
materials®?, activation of H, in HER®*™® and HDS reac-
tion"”, and specific interaction with Hg.’

Nevertheless, in spite of these wide range of potential
applications of MoS,, challenging questions remain open
regarding its structural, electronic, and spectroscopic
features. Indeed, the amorphous nature of MoS,; makes it
difficult to precisely identify the type and local structure

of these active sulfur sites in order to better rationalize
their reactivity.

Since the early 70’ several experimental studies were de-
voted to the a-MoS, phase.® However, the atomistic
picture of a-MoS, remains uncertain. In particular, there is
historical and still vivid debate on the nature of the struc-
tural building block, either Mo, triangular”*** or Mo
chain-like,***%* and the oxidation states of Mo atoms
which also depends on the characterization techniques
used.

Earlier studies based on radial distribution function
(RDF), extended X-ray absorption spectroscopy (EXAFS),
magnetic susceptibility and X-ray photoelectron spectros-
copy (XPS) proposed a chain-like model along with the
Mo oxidation state five.””” EXAFS data suggested that
two types of Mo-Mo bonds would be present in a-MoS, :
one short bond at 2.74 A and one long at 3.14 A So
every metal atoms would be involved in a Mo-Mo pair
generating alternatively short Mo-Mo bond, and longer
Mo-Mo bond connecting each dimer. However, many
subsequent EXAFS studies identified only one short Mo-
Mo bond at 2.75-2.77 A*®*3*33° Based on an extensive
EXAFS study, Cramer et al. proposed two possible models
a chain-like and cyclic Mo, model with two possible oxi-
dation states Mo>*(S*),(S,”),. and Mo*(S*)(S,”) respec-
tively, admitting that they cannot be distinguished by
EXAFS.3° By combining low angle X-ray diffraction (XRD)
and theoretical models, Chien et al. preferentially sug-
gested a Mo’* chain like model with two Mo-Mo bonds:
one short at 2.80 A and a very long one at 3.40 A.”



A combined neutron diffraction study and reverse Monte
Carlo simulation method study by Hibble et al.*” contra-
dicted the previous studies by proposing a chain like
model of Mo*(S*)(S,”) with only one short Mo-Mo dis-
tance. This result was consistent with earlier XPS emis-
sion and absorption studies analyzing the nature of the
covalent nature of chemical bonding in MoS, and con-
cluding that Mo with formal oxidation state of +4 was
more plausible.’®

IR and Raman investigations on a-MoS, and poorly crys-
talline MoS, provided other interesting insights into the
features of MoS; phase.”” The characteristic peak at 522
cm” was assigned to S-S stretching present in MoS..
Based on XPS and IR analyses, Weber et al. proposed a
triangular model inspired by Mo, clusters also argued that
Mo has +4 formal oxidation state and identified the pres-
ence of various S species such as S* and S,” ligands. By IR
analysis, the main observed bands at 545, 520 and 470 cm’
" were assigned to (S-S)y,, (S-S), and (Mo-S),, on the basis
of a (NH,"),[Mo,S;”] reference compound. This interpre-
tation must be taken with care due to charge and over-
stoichiometry of [Mo,S,,]*” as we will discuss below.””

Within the context of HER, Tran et al.? provided recently
for the first time high resolution HAADF-STEM images of
the MoS,; structures highly dispersed on carbon materials.
This analysis suggested that there would be an oligomeric
arrangement of triangular Mo, cluster units in a one-
dimensional quasi-linear or branched chain.?

Most experimental investigations which attempted to
rationalize their observation refer either to the linear or
triangular building blocks without clear justification. At
the same time, there exists very few theoretical studies
devoted to the structural resolution and most of the exist-
ing ones also assumed one type of structure. Considering
quantum simulation dedicated on the MoS,; structure, Jiao
et al.” simulated four possible triangular Mo,S, structures
as empirically proposed earlier by Weber et al.”” It was
found in particular that the most stable structures signifi-
cantly reconstruct from the initial structure proposed by
Weber et al., while the corresponding formal oxidation
state of Mo shifts from +4 to +4.67. In the lowest energy
structures, short and long Mo-Mo distances are close to
EXAFS data. However, due to the strong distortion of the
clusters, it is difficult to compare the calculated vibra-
tional frequencies with the experimental IR spectrum.®
Other quantum simulations investigating the reactivity of
the MoS; phase assumed a Mo, triangular model, without
clear justification of it.>*°

As a consequence, there is a clear lack of accurate atomic
scale’s insights into the structural and spectroscopic
properties of the a-MoS, phase. Density functional theory
(DFT) provides a powerful formalism to revisit the empir-
ical proposals formulated since the 70’s.

In this work, by means of DFT calculations, we will inves-
tigate the previously proposed chain-like or triangular
structures of MoS,. Moreover, we will also shed light on

some unprecedented oD-2D-nano-structures of the MoS,
polymorphs. To validate the reliability of the newly pro-
posed structures, we will analyze first the various struc-
tures and compare them with available EXAFS data. Then,
the relative stability of the various polymorphs will be
determined as a function of sizes. Thirdly, we will simu-
late IR spectra of these models by density functional per-
turbation theory (DFPT) approach and compare them
with a reference experimental IR spectrum of bulk-MoS,.””
After a brief discussion of the corresponding XPS signals,
we finally propose the possible transformation of MoS,
polymorphs upon oligomerization.

COMPUTATIONAL METHODS

For all the calculation, density functional theory (DFT) as
implemented in VASP*™® has been used relying on the
Perdew-Burke-Ernzerhof (PBE)** functional within the
framework of generalized gradient approximation (GGA).
The long-range interactions were included through a
density-dependent dispersion correction (dDsC)**. The
projector augmented-wave (PAW) method* was chosen
to describe the electron-ion interaction. The kinetic ener-
gy cut-off for the plane-wave basis set has been fixed at
500 eV. Furthermore, for the minimization of the elec-
tronic energy, a Gaussian smearing with a width of 0.2 eV
was chosen, while a mixture of the blocked-Davidson
scheme and residual minimization method direct inver-
sion in the iterative subspace has been applied. Spin-
polarized calculations were performed to obtain the
ground state of the clusters. Brillouin zone integration
has been adapted as a function of each simulated system
either cluster or periodic structure.

To represent the MoS, polymorphs, we simulated two
types of molecular models: Mo,S; clusters of various
finite sizes and periodic structures of infinite size in one
dimension. A large vaccume has been used, to minimize
the spurious interections with neighboring images, along
the nonperiodic directions of the respective models. To
optimize the structures of the various polymorphs, the
conjugate gradient algorithm was used. Electronic and
geometric convergence cut-off has been set to 10°® eV and
0.02 eV/A, respectively. For the clusters’ geometry opti-
mization, a large cubic supercell was used to avoid the
spurious interactions of the clusters with its periodic
images. For the periodic structures, the ionic positions
and cell parameter along the periodic replica have been
optimized.

The exploration of some complex structures has been
refined by ab initio molecular dynamics (AIMD) with the
scaled velocity Verlet algorithm to solve Newton's equa-
tions of motions (time step of 5 fs and T = 1000 K).

For frequency calculations, the structures have been op-
timized with tighter convergence criteria such as 107 eV
for electronic properties and o.01 eV/A for geometry. To
calculate the frequencies and corresponding infra-red
intensities, the linear response method with density func-



tional perturbation theory (DFPT) has been used as im-
plemented in VASP.** We convoluted the IR intensity
peaks by normal distribution with the variance 8o ¢cm™ to
compare with the experimental IR.

To calculate the core-level binding energy (ABE), we use
Janak-Slater transition state approach®™, where half
electron is shifted to the lowest unoccupied molecular
orbital (LUMO) from its core rather than creating a full
core-hole. We compare this ABE with available XPS data.

For determining the thermodynamic stability of the vari-
ous oligomers, the following equation has been used to
calculate the relative growth energy AE at o K:

M03Sy = % M0Sy, (1)
3
AE =2 [E(MoyS3) — E(MosS9)]  (2)

where E(Mo,Ss;,) is the electronic energy of the Mo,Sy
cluster or periodic structure, and E(Mo03S,) is the energy
of Mo,S, cluster used as a reference. The effect of zero-
point energy, thermal corrections, and entropy, have be
included to calculate the free energy variation (details are
given in Supporting information SIL.3) :

AG =[Gy (M0yS31) — Grip (M0355)] (3)

We have assumed that the MoyS,, clusters or infinite
structures are immobile, and thus they have no transla-
tional and rotational contributions.

RESULTS
Structure Analysis

oD- and 1D-model of triangular oligomers (TO). In-
spired by the earlier experimental work by Weber et al.”,
we first optimized the numerous possible structures of
the Mo,S, triangular monomers. All these structures differ
by the nature, number and location of sulfur species:

e S,” dimers, either on top (also called p-S, in what
follows) or in bridging site (,-S,),

e S¥ atoms, either on top (y,-S), or in the bridging site
(p,-S) or in the hollow site (p,-S).

The most stable structure is shown in Figure 1 a), while
other metastable structures with relative energies are
given in Figure S1. This stable structure exhibits :

e two S,” dimers : one ,-S, and one ,-S,,
o four S atoms : two p,-S, two |1,-S and one p,-S.

None of the empirically proposed structures by Weber et
al.*” corresponds to the most stable one: their energy is at
least +0.65 eV higher than the one reported in Figure 1 a).
Weber’s proposals were made on the assumption of the
experimentally observed +4 oxidation state of Mo. Actual-
ly, our minimal energy structure of Mo,S, exhibits an
average formal oxidation state of +4.67 (assuming a for-
mal 2 e charge for the S-atom and S, dimers). Previous

DFT calculations also showed that Weber’s structures are
subject to strong reconstructions, and the resulting Mo
exhibits formal oxidation states higher than +4.* This
apparent discrepancy indicates that such Mo,S, triangular
monomers are not the dominant species in a-MoS;. Nev-
ertheless, they might co-exist with other oligomeric struc-
tures with an average oxidation state close to +4.

Triangular oligomers (TO)

(b)

Mo5S, M045Sas

(c) Open-ring (OR)  (d) Wave-like (WL)
A s

¢

Mo;,542

Y
M014S42

Figure 1(a) Various oD-MoS3 nano-structures: Triangular
monomer Mo,S, and triangular oligomers (TO) Mo,S,;, (c)
open ring (OR) conformer, (d) Wave like (WL), (e) Ring (R)
and (f) 1T"-MoS; (see text for explanation).

Interestingly, our most stable Mo,S, structure exhibits
two distinct types of Mo-Mo bond length: one short Mo-
Mo bond at 2.72 A and two long Mo-Mo bonds at 2.96 A
which are compatible with some experimental EXAFS
studies: 2.75 and 3.16 A, respectively,*° although we no-
ticed a slight underestimation of 0.18 A for the long Mo-
Mo bond. Also, the mean Mo-S bond length (2.35 A) is in
close agreement with the experimental value (2.41 A).

However, as suggested experimentally, a-MoS; could
actually consist of larger oligomers made of Mo,S, trian-
gular clusters interconnected by S species. >*7 Exploring
the size effects on triangular oligomers (TO) requires the
simulations of various TO conformers. For MogS,s this
revealed that the interconnection of two Mo,S, triangular
units occurs through one S, dimer and one S atom (ini-
tially p,-S) becoming p,-S (Figure S2). Hence, this inter-
connection does not involve only one or two S-atoms as
initially suggested,” but three S-atoms. This structural

trend is further confirmed for the larger oligomers Mo,S,,



Mo,,S;s and Mo,sS,; (Figure S3-a and Figure 1 b). The aver-
age formal oxidation state of Mo in these oligomeric
structures continuously decreases from +4.67 for Mo,S, to
+4.16 for Mo,;S,; TO. This evolution is due to the vanish-
ing contribution of p-S, species located at edges when
size increases. Note that in the following, we will call
“edges” the two terminal units of the chain like model.

To go beyond the oD structures, we have optimized the
corresponding 1D structure of TO systems. According to
the spatial rotation of each Mo,S, triangular unit along
the TO chain, the smallest periodic structure allowing the
chain interconnection between two neighboring super-
cells was found for Mo,S,, (Table Sz and Figure 2 a). For
this 1D TO-periodic (TO-P) chain, no p,-S species remains
as a consequence of periodicity. Moreover, the mean Mo
oxidation state reaches the limit of +4 for TO-P, while it is
4.1 for Mo,sS,,, both of which are very close to the exper-
imental value.”

Considering the local interatomic distances, the short and
long Mo-Mo and Mo-S bond-lengths slightly expand as a
function of the oligomer size (Table S2). For the Mo,S,,
TO-P structure, we determine these bond lengths (Table
1) by calculating the pair correlation functions (PCF, Fig-
ure S8). The short Mo-Mo bond length is about 2.76 A,
and the long Mo-Mo bond becomes 3.08 A which is in
closer agreement with the experimental EXAFS data (Ta-
ble 1).” As the size of TO increases, the long Mo-Mo bond
present in triangular monomers such as Mo,S, shortens
(Figure S4 a) while the long Mo-Mo bond is located at the
interconnection of two triangular monomers along the
chain. The mean Mo-S bond length also slightly expands
to 2.42 A with the size increase, in good agreement with
EXAFS.

At this stage, we must recall that many EXAFS studies do
not report the long Mo-Mo bond length®® which may raise
question about the precise assignment of the structure on
the basis of the Mo-Mo distance. Therefore, we also inves-
tigate alternative structures below.

oD and 1D-Chain like models: open-ring (OR), wave-
like (WL), linear (L) and helical (HL). Within the
chain-like models, two competing ones were initially
proposed: one strictly linear made of Mo®*(S*),(S,),,*
and one distorted made of Mo*(S*)(S,”).”” Hence, we
started by investigating two periodic structures of strictly
linear chain like models involving either Mo**(5*),(S,”),/
or Mo*(S*)(S,”). For the Mo’* model, the optimized
structure (Figure S7 b) confirm the presence of two Mo-
Mo bond lengths (2.70 and 3.28 A) compatible with Ref.”
while for the Mo*" model (Figure 2 b), the structure ex-
hibit one short Mo-Mo bond only (2.90 A) longer than the
one usually reported by EXAFS (Table 1).*® Moreover, the
DFT energies show that the Mo*" model is more stable by
oa1 eV per MoS, unit. This preliminary result may be
consistent with Hibble’s proposal.”’

(a) Triangylar oligomers periodic (TO-P) (b) Linear periodic (c) NbS; ribbon

IR s

(

Figure 2 : Various MoS, nanostructures : a) Triangular oligo-
mers Mo,S,, (TO-P), (b) Linear periodic Mo,S¢ (L-P), (c)
NbS,-ribbon (Mo,S,,) (d) Mo,S,s Wave-like (WL-P), and (e)
Mo,,S,, Helical (HL-P). Direction perpendicular to the blue
lines is the direction of periodicity.

Releasing the periodic constraint, any attempt to stabilize
a finite size Mo, Sy clusters of Mo**(S”),(S,”),/, formal unit
relaxed into a curved chains of Mo*(S*)(S,”) : open-ring
(OR, Figures 1 ¢ and S3 b) and wave-like (WL, Figures 1 d
and S3 c¢). The observed curvatures are induced by the
relative position of two successive S, dimers. In OR, the
relative tilting angle of two successive dimers is always
~60° (Figure S5). When this alternate tilting of two suc-
cessive S, dimers is locally broken at a chain’s point, the
chain curvature changes which leads to a WL-type struc-
ture (Figure 1 d). In the extreme case of a linear chain, the
relative tilting angle between two successive dimers is
~90° (Figure Ss).

As for TO polymorphs and linear chain, we explore the
construction of 1D-periodic structures for the curved
structures. One original structure directly inherited from
OR, is the closed ring (R) represented for Mo,,S,, in Figure
1 e, which resembles MoS, nanotubes.> In that case, OR is
locked by bridging the two edges through Mo-S-Mo
bonds involving the dangling S and S, species at OR edg-
es. Nevertheless, this lock of the cycle only occurs for an
even number of Mo atoms because of the tilting alterna-
tion of the S, dimer invoked before. The cycle tension
depends on the size and, hence, the relative stability of R
models depends on their sizes (Figure S3 e). OR and R
structures exhibit one type of short Mo-Mo bond length
(about 2.72-2.79 A) with very small variation according to
size (Table S2).



Table 1 : Mo-Mo and Mo-S bond lengths (in A) for various types of MoS, polymorphs.

Bond TO-P Ring WL-P HL-P L-P 1T’-like EXAFS* EXAFS**
Mo-Mogport 2.76 2.75 2.77 2.76 2.90 2.79 2.75 2.75
Mo-Mogng 3.08 - -- - -- 3.16 3.16 --
Mo-Sghort 2.27 2.29 2.30 2.31 2.31 2.33 - --
Mo-Sjgng 2.46 2.46 2.45 2.46 2.46 2.47 - --
Mo-S,, 2.42 2.39 2.39 2.40 2.40 2.44 2.44 2.44

*according to Ref36  ** according to Ref*®

1D periodic structures (WL-P) containing various num-
bers of Mo per unit cell depending on the wave amplitude
were optimized (Figure S6 and Figure 2 d). Finally, a more
complex structure consists of a helical periodic (HL-P)
structure as shown in Figure 2 e, which results from 3D
distortion of the R structures induced by the change of
the relative orientation of successive S, dimers. Interest-
ingly, these more complex 3D structures are very similar
to the one proposed by Hibble et al.*” Table 1 shows that
these periodic structures also exhibit one short Mo-Mo
bond (about 2.76-2.77 A) as for OR and R structure. The
Mo-Mo PCF analysis (Figure S8) reveals that the structur-
al feature of this polymorph family clearly differs from
TO. The mean Mo-S bond length is ~2.40 A, while the S-S
bond length in S, bridging dimer is ~2.05 A (whatever the
size, except for the smallest constrained MogS g ring, Table
S2).

Comparing the Mo-Mo and Mo-S bond-lengths of various
explored structures with EXAFS data (Table 1), we observe
that all the chain like structures (linear, WL, WL-P, HL-P
and R) have only one Mo-Mo bond in contrast with TO.
This type of polymorph would thus explain the fact that
EXAFS data do not identify the longer Mo-Mo distance in
some experimental MoS; samples, whereas it may exist in
other ones which would be of TO type.”®

MoS, patches with 1T-MoS, like structure. Ab-initio
molecular dynamics (AIMD) was performed to explore if
new possible structures can be revealed. Starting AIMD
from TO metastable conformers identified at o K after
geometry optimization (such as the one highlighted for
MogS;s in Figure S2), the system explored rapidly a large
configurational space. The structural evolutions of the
Mo¢S,s and Mo,S,, oligomers (Figures S9 and Si0) show
that the triangles rapidly interconnect by one ,-S, spe-
cies plus one p;-S species as we found by static optimiza-

tion. Moreover, the dynamic evolution proceeds further
and reaches, after a few picoseconds, more condensed
rearrangements exhibiting respectively 4 and 8 adjacent
triangular clusters interconnected by p1,-S species. Figure
S3 illustrates the final products obtained after quenching
at o K both MogS,s and Mo,S,, condensed structures. For
Mo,,S;, the corresponding optimized structure is repre-
sented in Figure 1 f. The structural patterns of these trian-
gular Mo, in MogS,s, Mo,S,, and Mo,,S,s are very similar to
the one found in the 1T” polymorph of MoS,, where p.,-S
atom are located in hollow sites of Mo, triangles, with an
alternate position either above or below the Mo plane.
Note, however, that the edge/surface ratio needs to be
appropriate to keep the nominal MoS; stoichiometry.
Indeed, as discussed below, a nanoribbon with similar
stability satisfies this constraint. Actually, the PCF analy-
sis of Mo,,S,¢ reveals that two main Mo-Mo distances are
observed: one short at 2.79 A and one long at 316 A (Ta-
ble 1 and Figure S4). This implies that the Mo,,S;s con-
densed structure is actually closer to the 1T” phase of MoS,
with specific ordering of the contracted and expanded
Mo, triangles within the structure, whereas one single
long Mo-Mo bond is reported for the 1T phase.” Interest-
ingly, the NbS, structure could also exhibit a nano-ribbon
made of two infinite Nb rows arranged in similar way as
in MogeSs cluster.>*® The simulation of an analogous 2D-
periodic MoS, nano-ribbon (Figure Su) reveals the pres-
ence of short Mo-Mo distances co-existing with signifi-
cantly longer one.

This structural analysis indicates that if EXAFS reports
the presence of two types of Mo-Mo bonds (short or
long), it is difficult to discriminate whether they are due
to the formation of one single polymorph or a mixture of
polymorphs. To go beyond, we evaluate in what follows
the relative stability of these various polymorphs.



Energetics analysis. Figure 3 reports the growth energy
(at o K, without ZPE corrections) as a function of the size
of the various polymorphs described in the previous sec-
tion. The impact of ZPE and temperature is reported in
Figure S12 which shows that it is more pronounced for the
larger size clusters as compared to smaller size ones. In
most of the cases, entropy and thermal corrections stabi-
lize the clusters for higher temperature. However, these
thermal and entropic effects influence only moderately
the main energetic trends, so we present the results con-
sidering o K energies in what follows.
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Figure 3: Growth energies of (a) 5 relevant types of MoS,
polymorphs as a function of size (reference energy is the
Mo,S, triangular cluster), (b) corresponding periodic struc-
tures: L-P, TO-P, WL-P, HL-P and NbS,-like MoS; ribbon.

On the growth energy diagram (Figure 3), as expected all
curves (except the one of R) exhibit a continuously de-
creasing trend as a function of size, with a continuously
decreasing slope. However, even for large sizes considered
in the present study (up to 16 Mo), a plateau in energy is
not yet reached and the asymptotic limit value for infinite
size can only be estimated of the polymorphs placed in
periodic supercells as described before for L-P, TO-P, WL-
P and HL-P.

The OR and WL polymorphs share a similar internal
structure. Hence, they are nearly iso-energetic and their
relative energy remains constant as a function of the size.
Nevertheless, WL is slightly less favored compared to OR
due to the point defects induced by the change in the
tilting angle of the S, dimer (as described before).

The relative energies between other families of MoS, pol-
ymorphs of different types are, however, size dependent.
Considering first the oD TO and OR structures, the ener-
gy values of the smallest Mo,S, and MogS,, clusters reveal
that TO is strongly stabilized with respect to OR by ~1 eV

for Mo,S,. By contrast, the infinite TO-P polymorph is less
stable than WL-P and HL-P. The inversion of stability
between TO and OR or WL occurs for 9-12 Mo atoms. For
larger oligomers, OR or WL are more stable.

If we consider the lowest energy L-P model (pink in Fig-
ure 3), it is obvious that it is significantly less stable than
all other polymorphs and cannot be considered relevant
for the a-MoS, phase. Our more stable models preferen-
tially exhibit curved or bent chains such as found in
OR/WL/HL. This is in qualitative agreement with Hib-
ble’s bent chain models exhibiting numerous elbows.*”

The most striking energetic result concerns the R model.
Indeed, for size greater than 8 Mo the R models emerge as
the thermodynamically most stable arrangement except
for the HL-P polymorph which is competitive with the
lowest energy R structure reached at 14 Mo. The R models
are strongly stabilized with respect to OR due to the ab-
sence of edge energies after ring closure. This edge effect
is generally stronger for OR/WL than for TO which ex-
plains also the higher energies of OR/WL for small sizes.
In agreement with these considerations, the stabilization
of the periodic TO-P system with respect to the larger TO
is less pronounced than for WL. The periodicity in WL-P
also enables to wipe this edge effect out. So the stability of
WL-P may compete with R, when the ring-strain is non-
negligible.

As we have explained in the previous section, OR may
grow in a helical structure HL/HL-P, which has the lowest
energy we could identify for MoS; models. This stabiliza-
tion is induced by the close proximity of two helical rings
which supplements Van-der-Waals interactions, not pre-
sent in any other periodic system.

Finally, Figure 3 demonstrates that the stability of the 1T’-
like MoS, polymorph, including the NbS,-like nano-
ribbon, strongly competes with many other phases. This
result is also consistent with the AIMD simulation which
highlighted the fast transformation from TO into 1T -like
MoS, clusters. For sizes up to 12 Mo atoms, 1T’-like MoS,
clusters are more stable than OR/WL and TO. For the 1D
structures, the MoS; nano-ribbon is slightly more stable
than TO-P but less stable than WL-P. Hence, here again
this would mean that size effect will modulate the relative
stability of this polymorph which would be favored at
small sizes.

Spectroscopic analysis

IR spectrum of TO and 1T-MoS, polymorphs: As a
preliminary important analysis detailed in Supplementary
Information Sl.4, the empirical IR assignment of MoS,
based on (NH,"),[Mo,S,;]*" reference compound™ must be
questioned due to the effects of the 2e” charge and S/Mo
over-stoichiometry involved in this reference compound.
Weber et al.*”” have assigned the two characteristic peaks
at 520-525 cm” to p,-S, and 545-555 cm™ to p,-S,. While
the simulation confirms that in [Mo,S;]*" the two charac-
teristic peaks at 520-525 cm™ and 545-555 ¢cm” can be



assigned to p,-S, and to ,-S, respectively, the S-S vibra-
tional frequencies of these two species cannot be easily
distinguished anymore in the neutral [Mo,S,]° due to the
significant shift of the S-S frequency in p,-S, with or with-
out charge. Moreover, |1,-S or ,-S species exist in [Mo,S,]°
as well as in the larger TO previously identified, while
they are not present in [Mo,S,;]*.
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Figure 4: (a) IR spectra of Mo,S, (pink line), TO Mo,S,s
(black line) and 1T"-MoS; cluster (blue line). Coloured arrows
point the contributions of the various S species as defined in
the structural models of (b) triangular Mo,S, and (c) TO
Mo,sS,s. All simulated spectra have been renormalized while
keeping the highest intensity peak fixed. Experimental IR
spectrum (dashed line) from ref.*’

The simulation of IR spectra performed (e.g. Figure 4 a),
are compared with the a-MoS, bulk IR spectrum provided
in Ref.”’, similar to other published spectra.>* Since the
region below 400 cm™ involves mixed vibrational modes
of Mo-S and Mo-Mo, we focus in the following on the
region 400-600 cm”. As we expect from the preliminary
analysis of Mo,S,, all modes involving S, dimers such as
1L,-S, or ,-S, appear between 535-558 cm™ (Table S4). For
TOs larger than Mo,S, (including Mo,;S,; in Figure 4), two
types of 1,-S, exist: one located on each triangular cluster
(545-558 cm™) and the one at the interconnection of two
triangles (535-539 c¢m™). Furthermore, p,-S, appears in
between two types of 1,-S, (538-546 cm™) and exhibits the
highest intensity of the S, species. Since the frequencies of
IL-S, and p,-S, are very close, they produce a single broad
peak in this spectrum region. Thus, considering only
these two S species, it is impossible to explain the origin
of the two high intensity peaks revealed in the 500-575
cm™ region of the experimental IR spectrum. However,
the two p,-S, species of the triangular Mo,S,, give rise to
two high intensity peaks at 512 cm™ and 532 ¢m™ which
may thus contribute to the region observed in the exper-
imental data at about 525 cm™. This interpretation has
never been proposed in the experimental literature due to
the use of the (NH,"),[Mo,S,,”] reference, which does not
contain ,-S, species. Figure S13 illustrated the effect of TO
size on the evolution of the IR spectra: the intensity of the
first p,-S, high intensity peak decreases with increasing
size because -5, are located at TO edges.

Finally, in the broad region between 425 and 475 cm™, the
simulation reveals a contribution of three types of species:

¢ 1,-S on each triangular cluster at ~430 cm’,

e 1,-S at the interconnection of the triangular clusters at
~425 cm’,
® 1,-S species on each triangular cluster at 446-475 cm™.

Increasing the size of TO up to the infinite TO-P enhanc-
es the intensity of this broad low wave number region
with respect to the 500-575 cm™ region (Figure S13).

However, considering one single type of TO polymorph
makes it difficult to recover the experimental IR spec-
trum. As the previous energetic analysis showed that TO
polymorphs are less stable for large size than chain like
ones (OR, R, WL) or 1T’-MoS, clusters, we investigate
their spectroscopic features next.

IR spectrum of chain like (OR, R and WL) poly-
morphs. The simulated spectra of chain like models OR
and R reveal that they exhibit all very similar features
(Figures Si4 and Si5): as an example, R Mo,,S,, is also
reported in Figure 5. It is important to recall that no p,-S,
species are present and that p,-S, and ,-S are predomi-
nantly located in the internal chain (Figure 1). Thus, the
simulated spectra are dominated by one intense region
between 531 to 547 cm™ due to p,-S, species (Table Ss).
Increasing the size of OR and R induces a slight shift to
higher frequencies of the p,-S, region. This trend is corre-
lated to the slight increase of the S-S bond length (from
2.053 A to 2.067 A) when the size increases. OR also con-
tains 4 ,-S at edges with a peak at ~508 cm™, which in-
tensity decreases with increasing size due to the loss of
edge effects. Finally, the p,-S modes contribute to the
broad region 450-475 cm™, depending on sizes (Table Ss).
Due to the absence of the p1;-S contributions and the IR
intensity quenching interaction between 1,-S species, this
low frequency region is much less intense for the chain-
like models than in TO polymorphs.

WL exhibits a similar trend as TO for the regions due to
H,-S, and p,-S contributions (Figure S16). In addition, the
4 W,-S at edges imply the appearance of a marked shoulder
around 515 cm™ for the small sizes. As for OR, this edge
effect vanishes for very large and infinite size, such as in
WL-P. Here again, the broad region 450-475 cm™ exhibits
a very weak intensity. To enhance this region, one should
break the high symmetry of the R, WL and OR systems by
generating a helical system as shown for HL-P in Figure 5.
In this case, the 3D-distortion of the chain enhances the
contributions p,-S which are not located all perfectly
located in the plane of the circular region of HL.
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Figure 5: IR spectrum of R, HL-P, HY, and 1T’-MoS; poly-
morphs (solid lines). All simulated spectra have been renor-
malized while keeping the highest intensity peak fixed.
Dashed curve : experimental IR spectrum from ref.”’

Finally, Figure 5 reports the simulated IR spectrum for the
1T’-MoS, cluster (Mo,,S;6) revealing that the predominant
1,-S, species and the 2 p,-S, present at edges exhibit a
slightly broad region at about 550 cm™, which matches
well the high frequency region of the experimental spec-
trum.

DISCUSSION

Our revisited assignment of the IR spectrum of MoS,
reveals that the higher region at 545-555 cm™ is assigned
to both p-S, and p,-S, when they exist as in TO poly-
morphs (with at least 6 Mo), or to ,-S, only as in chain
like models (R, OR, WL, HL), or to edges of 1T-MoS,. The
IR region at 520-525 cm™ is reproduced only if p,-S species
are present either at edges of the chain like and TO mod-
els or on the triangular Mo,S,.

Moreover, the energetic analysis showed that TO models
are thermodynamically stable only for the smallest size as
Mo,S,, whereas for larger sizes, the chain like (OR, R, WL,
HL) or the 1T"-MoS, cluster become more stable. Hence,
the MoS, phase is actually constituted of various poly-
morphs as a function of the size of the oligomers. This is
reflected in the IR spectrum resulting from the contribu-
tion of these various polymorphs. At this stage, we can
propose the two following possible combinations of pol-
ymorphs:

e Triangular Mo,S, (contributing to the region 520-525
cm”) and 1T-MoS; cluster such as Mo,,S;s or even
NbS,-ribbon for larger size (contributing to the region
545-555 cm”)

e Triangular Mo,S, (contributing to the region 520-525
cm™) and larger chain like models such as OR, R, WL
or HL (contributing to the region 545-555 cm™ and to
the region 520-525 cm™ when ,-S species are present
at edges).

To further investigate the combination of Triangular
Mo,S, with chain like models, we simulated a Hybrid
(HY) structure combining both one OR structure with
two triangular Mo,S, clusters located at its edges (Figure
S3 d). As expected, this mixed structure recovers the two
high frequency regions (Figure 5) of the experimental
spectrum. The ,-S species of the triangular Mo.S, give
rise to a broad region at 520 cm™ (Figure S17). In addition,
one p,-S, of the triangular Mo,S, and 1,-S, of the triangles
and of the OR chain gives rise to the upper part of the
experimental spectrum (533-552 c¢m”). With increasing
size this upper region gains relative intensity due to more
numerous [,-S, contributions with respect to p,-S. Simi-
larly, the lowest broad region between 450 and 500 cm™ is
also increasingly visible due to the increased number of
p,-S within the chain (Figure Si4). To enhance the inten-
sity of this region 450-500 cm™, 3D-chain distortion as in
HL is required.

XPS experiments of MoS, usually reveal two species ,-S,
and p,-S, in the S 2p region with respective binding ener-
gies of 162.9 and 161.6. In other words, the corresponding
relative binding energy, ABE=BE(y,-S,)-BE(p,-S,), is +1.3
eV.”” The DFT calculation of the core level shift between
H1,-S, and ,-S, species yield a ABE of 1.55 eV in 1T"-MoS,
and 1.57 eV in TO Mo,S,, (Table S3). Given the DFT accu-
racy, this value is in reasonable agreement with experi-
ment.

However, in chain like models, p,-S, are present instead of
S, which may raise question about the coherence with
XPS. Our DFT calculations show that ABE=BE(p,-S,)-
BE(p,-S) fluctuates between 1.14 and 1.65 eV for various
WL and OR models. So, these models remain also com-
patible with the S 2p XPS spectrum, i.e., XPS does not
allow to discriminate between these different models.

Regarding the ,-S species present at edges of TO, WL
and OR, the question of the compatibility with XPS must
be also addressed. Here, ABE=BE(}1,-S,)-BE(p,-S) is shifted
to significantly higher energy: +2.84 eV in TO Mo,S,s,
+2.31eV in WL (Mo=14) and +2.23 eV in OR (Mo = 15) also
meaning that the binding energy of |,-S, is significantly
greater than the one of p,-S. However, these 1,-S species
are not identified in the S 2p XPS spectrum. As a conse-
quence, if these p,-S exist, they must be present in very
low concentration, i.e., significantly smaller than the
other S species. This low concentration of ,-S does not
contradict the IR spectrum since we noticed that in our
proposed models, their number is comprised between 2
and 4 per polymorph. For the model Mo,SS,,, this repre-
sents less than 10% of S species. Since the bulk MoS,
phase is constituted by a distribution of polymorphs of
various sizes going beyond Mo,S,;, this percentage is
certainly much lower. Due to the higher sensitivity of IR
to these p,-S species, their low concentration does not
prevent them to be visible in IR spectra, while they are
not seen by XPS.
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Figure 6: Possible transformation pathways of the MoS; polymorphs and correspondingly free energy change.

In both aforementioned combinations of MoS; poly-
morphs, the Mo-Mo bond length should exhibit the short
(~2.72-2.75 A) and long (2.96-3.16 A) contribution as re-
ported by some EXAFS analysis.>* Depending on the pro-
portion of triangular Mo,S,, we may suspect that the long
Mo-Mo bond vanishes and the short one only becomes
predominant. This could explain that other EXAFS analy-
sis reported this short Mo-Mo bond only.>*®®3° These
different observations may also originate from the genesis
(synthesis pathway) of the MoS, phase which may result
in atomically different a-MoS; phases depending on the
experimental conditions.

As illustrated by the thermodynamic energy plot (Figure
3), the triangular Mo,S, is the most stable one for the
smallest size. If the nucleation of MoS, starts from such
triangular clusters, it is highly improbable that it trans-
forms into chain like OR Mo,S, because of the high reac-
tion endergonicity (AG~1 eV at T=298.5 K, Figure Si2).
Concomitantly, if the nucleation generates OR Mo,S,, the
reverse reaction to TO is exergonic. For larger TO, the
transformation into chain like oligomers (OR, R, WL, HL)
would be thermodynamically favored (Figure Siz). Alt-
hough further investigations are needed, it is strongly
suspected that kinetic limitations of breaking several Mo-
S and Mo-Mo bonds to open the interconnected triangu-
lar Mo,S, clusters will prevent the transformation from
TO into the chain like polymorphs. Hence, the formation
of chain like polymorphs would need to be promoted

during the genesis of the Mo,S, embryos through specific
reaction conditions (precursors or even support effects).

Assuming that the triangular Mo,S, clusters are first
formed, they could grow by connecting one to each other
to form TO oligomers of increasing sizes. Nevertheless, as
we have shown by AIMD, the small TO intermediates
MogS,s, Mo,S,, and Mo,,S,s are prone to be further trans-
formed into 1T’-MoS; clusters through a condensation
step (Figure 6). This striking dynamic behavior reveals
that metastable TO conformers might readily transform
into a 1T"-like MoS, polymorph.

The TO into 1T’-MoS, transformation is exergonic (AG~-
0.56 to -0.73 eV for the three MogS,s, Mo,S,, and Mo,,S;6
clusters). As revealed by the AIMD simulation, this con-
densation mechanism occurs if the relative positions of
the various dimeric and monomeric S species are optimal
(supplementary information SI.2). Otherwise, it is
blocked and the oligomerization of the triangular species
can continue. Once the first embryos of the 1T’-MoS,
phase are generated in the form of the structures identi-
fied by our AIMD, they could probably follow a sintering
process to produce larger MoS, ribbons inspired by the
NbS, structure.”®* Note that the transformation of TO-P
into MoS; ribbons (NbS;-like) is also exergonic.

In the present AIMD simulations (constant chemical
composition), the obtained 1T’-like phase is thus over-
stoichiometric with respect to 1T’-MoS, and the excess S
atoms are located at the edges of the 1T’-nanostructure.



Similarly over-stoichiometric triangular or hexagonal
nanostructures have been reported for 2H-MoS,.5%” The
removal of the excess sulfur from the edge sites in the
presence of H, as it is usual in sulfo-reductive conditions
may lead to 1T’-MoS,” which can further transform into
2H-MoS,.”*® The easy formation of the 1T’-MoS, cluster
also justifies the above proposal of coexistence of triangu-
lar Mo,S, and 1T"-MoS; clusters to recover the experi-
mental IR spectrum.

However, we cannot exclude that right from the early
stage the nucleation forms a chain like cluster (if stabi-
lized by support effect or nature of precursor) which rap-
idly grows by adding “linearly” other Mo atoms before
transforming into TO that is energetically preferred in the
gas-phase for small clusters. Furthermore, if the growth of
OR proceeds further, cyclisation process from OR to R
would be likely considering the significant free energy
gain (AG~-0.89 eV at T=298.15 K, for Mo,S;s). The fact
that such ring structures have not been yet reported so
far, may indicate that the first scenario is common. How-
ever, we propose that the improvement of synthesis or
characterization methods could allow to identify the R
structures. Alternatively, the a reconstruction of the ter-
minal units of the OR structures could result in the HY
structures where triangular clusters and a chain are inter-
connected. We have shown above that the simulated IR
spectrum of these HY polymorphs is also compatible with
the experimental one.

CONCLUSIONS

By means of DFT calculations, the present work provided
a detailed analysis of the structural, energetic and spec-
troscopic properties of the a-MoS; amorphous phase. The
challenging question of the amorphous nature of this
phase was addressed by identifying several structures of
possible conformers such as chain-like and triangular
oligomers either previously invoked in the experimental
literature or newly proposed. By simulating cluster mod-
els and periodic structures, we showed how size effects
impact the relative stability of these various polymorphs.

We first ruled out the strictly linear models of Mo**(S™
).(S.7),.2 and of Mo*"(S*)(S,”) which are both signifi-
cantly less stable than triangular models or curved chain.
The curvature is induced by specific orientation of S,
dimers as found in open-ring (OR), ring (R), wave-like
(WL) or helical (HL) structures.

For small sizes, the triangular Mo,S, is more stable than
the chain like models. Nevertheless, the free energy rapid-
ly becomes favorable to chain-like models when increas-
ing size. In particular, for the largest oligomers studied
here (Mo,S,;), OR and R becomes more stable than TO,
while the periodic structures such WL-P and HL-P con-
firm that chain like models are favored.

To the best of our knowledge, the stable ring structures
were never observed experimentally. So, as a first perspec-
tive to favor the formation of this appealing ring struc-
ture, we suggest that experimental studies may explore
alternative synthesis pathways to prevent the formation

of triangular clusters and to prompt the cyclisation pro-
cess.

We proposed possible transformation pathways for the
MoS, oligomers: from their nucleation to growth accom-
panied eventually by condensation and cyclization steps.
In particular, AIMD simulation revealed the easy trans-
formation of the MoS; TOs into a so-called “1T’-MoS,”
phase with the typical structural pattern of the 1T-MoS,
phase. The corresponding periodic structure should be
MoS,-ribbon inherited from the NbS; phase.

Our large variety of explored structures allowed to revisit
the interpretation of experimental EXAFS, IR and XPS
spectra. The DFPT simulation of IR spectra highlighted
the particular contribution of Mo-S mode of p,-S species
in the 525 cm™ region, while the S-S modes of p,-S, and -
S, contribute to the 550 cm™ region. The core level shift
calculations reveal the XPS compatibility of all S species,
excepting p,-S species present at the edges of the chain
like model or in the triangular Mo,S, which, therefore,
should at most exist in very low concentrations. To recov-
er the IR spectrum, we proposed relevant combinations of
polymorphs. These combinations of polymorphs may also
explain why EXAFS data report either one or two types of
Mo-Mo bond lengths depending on the relative concen-
trations of each polymorph. The curved chain-like model
contains only one short Mo-Mo bond, whereas the TO
model contains one short and one long Mo-Mo bond
length.

This in-depths theoretical study provides a rational un-
derstanding of the amorphous MoS; phase which could
be useful for improving its reactivity as well as the genesis
of MoS, phases (1T or 2H) used in many applications :
hydrotreatment, hydrogen evolution reaction, storage
materials...
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