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Rearrangement and decomposition pathways of
bare and hydrogenated molybdenum oxysulfides
in the gas phasef
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Molybdenum sulfides and molybdenum oxysulfides are considered a promising and cheap alternative to
platinum as a catalyst for the hydrogen evolution reaction (HER). To better understand possible
rearrangements during catalyst activation, we perform collision induced dissociation experiments in the
gas phase with eight different molybdenum oxysulfides, namely [M0,0,S612~, IM0205S6]~, [M0,05,S512~,
[M0,02S5]7, [M020,S417, [HM0,0,S6]7, [HM0,0,S5]™ and [HMo,0,S4]", on a Fourier transform ion
(FT-ICR) identify fragmentation channels of the
molybdenum oxysulfides and their interconnections. Together with quantum chemical calculations, the
results show that [Mo,0,S,4]” is a particularly stable species against further dissociation, which is reached

cyclotron resonance mass spectrometer. We

from all starting species with relatively low collision energies. Most interestingly, H atom loss is the only
fragmentation channel observed for [HMo,0,S4]™ at low collision energies, which relates to potential
HER activity, since two such H atom binding sites on a surface may act together to release H,. The
calculations reveal that multiple isomers are often very close in energy, especially for the hydrogenated
species, i.e., atomic hydrogen can bind at various sites of the clusters. S, groups play a decisive role in

rsc.li/pccp

Introduction

Hydrogen plays a major role in sustainable energy economy
schemes, e.g. for the storage of renewable electricity from solar
or wind farms or for transportation, either directly or via power-
to-gas processes.” Water electrolysis is crucial for these plans,
and both half-cell reactions, the oxygen evolution reaction
(OER) and the hydrogen evolution reaction (HER), must be
optimized to increase efficiency and reduce costs.>* The stan-
dard HER catalyst under acidic conditions, where the highest
efficiencies are obtained, is platinum.’ Given the limited avail-
ability of this element in the Earth’s crust, large-scale electro-
lyzers often rely on more abundant catalyst materials which
only work under alkaline conditions,® which reduces the energy
efficiency of the process.

Molybdenum sulfides’ are extensively investigated as a
promising alternative for platinum.® After electrochemical
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hydrogen adsorption. These are further features with potential relevance for HER catalysis.

reduction, they catalyze the HER in acidic solution.” [M03S;5]*~
clusters have been synthesized to optimize the number of edge
sites in an effort to increase the number of active sites for HER
catalysis,” which are also suitable for visible light driven HER."°
Also amorphous molybdenum sulfides MoS,.,, x < 1, show
high catalytic activity."'™* Replacing terminal disulfides by
halogenides results in [M03S,Clg]*~ and [Mo;S,Bre]*~, which
have significantly reduced catalytic activity, illustrating the
importance of terminal S, units in HER catalysis."°

Gas phase ion chemistry offers unique ways to study ele-
mentary steps of homogeneous as well as heterogeneous cata-
lysis at a molecular level.”>™° Reactions of small cationic iron
sulfide clusters with small alkanes elucidated the oxidative
power of these compounds.”® Also molybdenum chalcogenide
cations were investigated with gas-phase techniques.?" Jarrold,
Raghavachari and co-workers have focused on molybdenum
oxide and sulphide cluster reactivity,>*">® with studies involving
H, and H,0 bearing relevance for HER catalysis.>**" " We have
shown that cationic molybdenum clusters readily react with
dimethyl disulfide, which reflects the high sulfur affinity of
molybdenum.*?

[Mo5S13]°~ species are particularly attractive for mass spec-
trometric studies since the ions and their protonated counter-
parts are readily transferred to the gas phase by electrospray
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ionization.*® Their stability, decomposition pathways and
chemical rearrangements were studied extensively by collision
induced dissociation in combination with quantum
chemistry.*® Terminal disulfide was identified as the protona-
tion site by infrared multiple photon dissociation spectroscopy
of [HMo3S15] 7, again guided by quantum chemistry.**

Since the synthesis of molybdenum sulfide cluster compounds
starts from the heptamolybdate, it is not surprising that a variety of
oxysulfides can be obtained by slightly modified synthesis routes.
These also exhibit HER catalytic activity*>>® and have been shown to
be capable of catalyst self-healing.*”

In the gas phase, we recently probed protonation of
[M0,0,S6]>~ and [M0,0,S5]>~ in reactions with organic acids,
which proceeds via Coulomb explosion into the protonated
species and the deprotonated acid anion.*® The fragmentation
pathways of molybdenum oxide clusters in the gas phase
provide important additional information.** To obtain insight
into catalytic properties of molybdenum oxysulfides, we inves-
tigate here their structure, flexibility and chemical reactivity as
well as hydrogen adsorption/desorption through collision-
induced dissociation of [M0,0,S¢]>~, [HM0,0,S¢]” and their
fragments, as well as quantum chemical calculations. The
results suggest that these species represent potential reactive
intermediates in HER catalysis.

Experimental and
computational details

The experiments were performed on a Bruker APEX Qe FT-ICR
mass spectrometer, equipped with a Nanobay Console, a 9.4 T
superconducting magnet and an Apollo Dual Source IL.*° The
ions are brought to the gas phase by electrospray ionization
(ESIT) of a ~0.3 mM solution of the tetramethylammonium salt
of [*>M0,0,Se]*” in acetonitrile (ACN) and transferred into the
ICR cell. Isotopically enriched [(CH;),N],[*>M0,0,S¢] was pre-
pared from °*Mo,0; (STB Isotope Germany GmbH), following
the procedure established by Miiller et al,*'™** with the mod-
ifications described in detail before.*®

The ultra-high vacuum region of the ICR cell has a base
pressure in the low 10~° mbar range. For sustained off-
resonance irradiation (SORI)** collision induced dissociation
(CID), the collision gas argon is introduced via a leak valve at a
constant pressure in the 10™® mbar range. SORI-CID was
performed with a fixed frequency offset of 500 Hz and an
irradiation pulse length of 1 s. The amplitude of the SORI
excitation is controlled via the parameter ‘“SORI power” in %
values in the control software Compass 3.0.0 of the instrument.
The acquisition of multiple mass spectra yields fragmentation
curves as a function of gradually increased SORI power, which
provide qualitative information on the relative stability of the
different ions.

The high mass resolving power afforded by the 9.4 T magnet
proved advantageous for the study of oxysulfides, as the mass of
O, and S differs by only 0.01776 amu. We were able to
distinguish between ions where one S atom is replaced by O,,
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for example [**M0,0,Ss]” and [**Mo,Se], even with the colli-
sion gas background which reduces the coherence time of the
transient ion signal during detection and thus the mass
resolution.

The mass spectrum obtained from ESI} of the sample
solution contains numerous peaks, as shown in Fig. S1 (ESIt).
Based on their exact mass, we identified different molybdenum
oxysulfides of interest in the mass spectrum, namely
[*>M0,0,86]> 7, [©*M0,0,85]> 7, [**M0,0,S6] ", [*M0,0,S5]” and
[®®M0,0,8,] . To obtain protonated species, we added 5%
formic acid to the sample solution, which yielded
[H°*M0,0,S6], [H*M0,0,S5]” and [H*>M0,0,S,]". SORI-CID
experiments were performed on these eight molybdenum oxy-
sulfide species. Prior to SORI excitation, the ions are mass-
selected by ejecting all unwanted ions from the cell via broad-
band frequency sweep and single-frequency shot excitation.

The geometries of all precursor and fragment ions were
optimized at the B3LYP/def2TZVP level of theory using the D3
dispersion as suggested by Grimme et al.,*> which performed
well for molybdenum sulfides.*® Candidate structures were
derived from known crystal structure data, modified by edu-
cated guess. From our previous studies, we know that molyb-
denum oxysulfides tend to be low-spin compounds, therefore
only the two lowest spin multiplicities, namely singlet and
triplet or doublet and quartet, were considered; other that
singlet and doublet spin multiplicities are given explicitly in
the respective tables and figures; all spin multiplicities are
given in the ESL{ Spin contamination in open-shell species
was mostly below 4% before spin projection. Among ten
structures with higher spin contamination, there are [MoOS;]™
and the least stable [M0,0,S5]>~ isomer found, two structures
of [M0,0,S,]” with a loosely bound S, and six structures of
[HMo0,0,S¢] or [M0,0,S¢]. To estimate the induced error, we
performed benchmark calculations for S, dissociation from
[M0,0,S6]” using the BLYP functional without Hartree-Fock
exchange (Table S2, ESIT). Reaction energies are calculated
from electronic energies corrected for zero-point energy, with-
out thermal corrections.

For evaluation of electron affinities of doubly charged spe-
cies, a larger basis set is required. Therefore, we performed
further calculations using the aug-cc-pVDZ basis set for sulfur
and oxygen, and aug-cc-pVDZ-PP for Mo, as found on the Basis
Set Exchange Website,*® for these species. The stability of the
wave function was verified in all calculations. The connection
of the transition state (with a single imaginary frequency) with
the local minima was verified, small structural changes (e.g,
rotation of an OH group) were ignored. However, intrinsic
reaction coordinate (IRC) calculations failed to start in many
cases because of the shallow shape of the potential energy
surface. In those cases, a small offset of the transition state
geometry was generated in both directions along the displace-
ment vector of the vibrational mode carrying the imaginary
frequency, followed by optimization. The Gaussian 16 program
package was used for all calculations.”” Cartesian coordinates
and electronic energies of the optimized structures are avail-
able in the ESL¥
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Results and discussion
[M0,0,S¢]*~

The mass-selected spectrum of [Mo0,0,S¢]*~ that serves as
starting point of the SORI-CID experiment is given as an
example in Fig. S2 (ESIt) while Fig. S3 (ESIf) shows a typical
decomposition mass spectrum at 0.5% SORI power. The full
fragmentation curve is illustrated in Fig. 1(a). The fragmenta-
tion curve shows significant intensity of [M0,0,S¢]~ at 0% SORI
power, which indicates that thermal collisions and residual
kinetic excitation of some ions from the mass selection proce-
dure is sufficient to induce electron detachment. Subsequent S,
loss leads to [M0,0,S4] . Direct S, loss is not likely, as S, was
not observed in the mass spectrum. In a potential Coulomb
explosion of [M0,0,S¢]> into [M0,0,S,]” and S, ™, the latter
would carry most of the kinetic energy release due to momen-
tum conservation, and we cannot rule out that all S, escapes
from the cell. However, since [M0,0,S,]” only becomes the
dominant fragment above a SORI power of about 0.3%, where
the [Mo0,0,S¢]” curve drops in intensity, the sequence of
electron detachment followed by S, loss at increasing energies
is more plausible.

[Mo0,0,S,4]” undergoes splitting into [MoOS,]” and, most
likely, neutral [MoOS,]. The isobaric [M0,0,S,]>" structure can
be ruled out, based on the late appearance of the peak in the
SORI-CID fragmentation curve. It should be noted that second-
ary fragments are mostly formed in the same collision event as
the primary fragment. At high enough collision energies, the
first neutral fragment is lost, taking away a small amount of
kinetic and internal energy in addition to its binding energy.
The major part of the excess energy, however, remains as
internal energy of the fragment with the higher density of
states, in this case the charged molybdenum oxysulfide frag-
ment. Once dissociation has taken place, however, the SORI
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Fig. 1 Fragmentation curve obtained from the SORI-CID experiment of
(@) [M0,0,S6>~ and (b) IM0,0,S6] ™
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irradiation is too far off resonance to yield appreciable collision
energies for the fragment ions. Of course, the kinetic energy of
the larger fragment remaining after the first collision and
dissociation event can be converted into internal energy in
subsequent collisions with argon, but this process is likely
playing a minor role.

In Fig. 1(a), at around 0.5% SORI power a decrease of the
[Mo0,0,S,]” intensity is observed, while three other fragments
rise. This suggests that the three fragments are formed by
fragmentation of [M0,0,S,]". To verify this hypothesis, SORI-
CID of [M0,0,S¢]” and [M0,0,S,]” was performed.

[M0,0,S6]™

The fragmentation curve of the singly charged ion [M0,0,S¢] ",
shown in Fig. 1(b), documents a sharp increase in the
[M0,0,S4]" signal starting at 0% SORI power, consistent with
the sequential electron detachment and S, loss mechanism
discussed above. At 0.8% SORI power, two other fragments
arise, most likely secondary fragments of [Mo0,0,S,]". The
[MoS;]™ ion observed before is missing here, probably due to
the higher noise level. Comparison of threshold energies in
Fig. 1(a) and (b) is difficult since the kinetic energy of ions
excited in an FT-ICR instrument depends on the square of the
charge, i.e. significantly higher collision energies are reached
for doubly charged ions compared to singly charged at nomin-
ally identical SORI power.

[M020284]7

[M0,0,S,]” is obtained in high yields from ESI,} yet no frag-
ment is present at 0% as shown in Fig. 2(a). This underlines the
considerable stability of [M0,0,S,]”. The fragments [MoOS,] ",
[M0,0,S;]” and [MoS;]” emerge at similar thresholds, confirm-
ing that [MoS;]™ is a direct fragment of [M0,0,S,] . At higher
SORI power more fragments arise, namely [MoO,S] ™, [MoOS]~
and [MoS,]” in the order of their appearance. It is interesting to
note that all but one fragment contain
molybdenum atom.

only one

[M0,0,S5]>~ and [M0,0,S;5]~

The intensity of [M0,0,S5]>~ was very weak and accompanied
by two other peaks at the same nominal mass. Therefore,
proper isolation and a complete SORI-CID experiment was
not possible with [Mo0,0,S5]”". Nevertheless, we were able to
identify electron detachment as the first fragmentation step.
Fig. S4 (ESIT) shows the mass spectrum of mass-selected
[M0,0,S5]>~ exposed to collisions with argon at 0% SORI
power. Electron detachment is proceeding efficiently, leading
to significant intensity of [M0,0,Ss] . This suggests that elec-
tron detachment in this case is even easier than for
[M0,0,S6]*". A 1000-fold zoom of the m/z axis reveals that the
peak at m/z 187.83 actually consists of three separated peaks.
The ion of interest [M0,0,S;5]>" is assigned to the center peak,
found at m/z 187.831. The peak at m/z 187.823 corresponds to
either [M0,Se]”~ or [MoS;] ™, and the peak at m/z 187.840 is due
to [M0,0,4S,]*~ or [M00,S,]". At a SORI power of 0.2% the
[M0,0,S5]” peak is already significantly higher than the
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Fig. 2 SORI-CID
(b) [M0,0,Ss]™.

fragmentation curve of (a) [Mo0,0,S4~ and

precursor, Fig. S5 (ESIT). We did not observe the corresponding
side peaks for [M0,0,S5]”, suggesting that the side peaks of
[M0,0,85]>~ are singly charged ions, ie., [MoS;]” and
[M00,S,]". Also [M0,0,S,]” is observed in small amounts.
We were able to isolate the singly charged species with
considerably higher intensity than the doubly charged one,
with no side peak issues. This made SORI-CID feasible, see
Fig. 2(b). The first fragment observed in the fragmentation
curve of [Mo0,0,S5]” is again [M0,0,S,]. The fact that this
structure has been seen in every fragmentation curve so far
further hints at its high stability against further dissociation.
Next in the fragmentation curve, the six fragments of
[M0,0,S,4]" can be seen again, namely [M0,0,S;], [M00S,] ",
[MoS;] ™, [M00,S]~, [MoOS]™ and [MoS,] . However, the order
of appearance of [M0,0,S;]™ and [MoOS,]" is reversed, with the
former arising first. This suggests that the precursor
[Mo0,0,Ss]” also wundergoes direct fragmentation into
[M0,0,S5]” by loss of S,. Around 1.0% SORI power, three
additional fragments appear which were not seen in any other
experiment, namely [MoOS;]”, [Mo0,0S,]” and [Mo0,0S;] .
These ions are most likely direct fragments of the precursor
[M0,0,Ss5], implying loss of MoOS,, SO and S,0, respectively.

Protonated species [HM0,0,S¢] , [HMo0,0,S5]  and
[HMo0,0,5,]~

Addition of 5% formic acid to the sample solution led to the
appearance of protonated species in the mass spectrum. The
first experiment discussed here is the SORI-CID of
[HMo0,0,S¢]7, with the fragmentation curve shown in
Fig. 3(a). Similar to [M0,0,S6] ", S, loss has the lowest thresh-
old, leading to [HMo0,0,S,] . The next fragment is [M0,0,S,] ",
which appears at around 0.3% SORI power in the mass spec-
trum. It is presumably not a direct fragment of the precursor

This journal is © the Owner Societies 2022
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Fig. 3 (a) SORI-CID fragmentation curve of (a) [HMo0,0,S¢l™ and

(b) [H M020284]7.

but a fragment of [HMo0,0,S,;]” as the intensity of the latter
decreases above 0.6% SORI power. This suggests that a hydro-
gen atom can be removed from [HMo,0,S,]” without destroy-
ing the [Mo0,0,S,]” structure. SORI-CID of [HMo0,0,S,]" is
discussed below to validate this interpretation. Interestingly,
beginning at a SORI power of about 0.6%, [Mo0,0,Ss]” is
observed. This suggests that here the loss of HS is more
favorable than the loss of S or H. After that, four fragments of
[Mo0,0,S,]™ appear, where [M0,0,S;]™ is formed as a secondary
fragment of both [Mo0,0,S5]” and [Mo0,0,S,4]", as discussed
previously.

We were also able to perform a SORI-CID experiment with
[HM0,0,S5]7, shown in Fig. S6 (ESIT). Here, [M0,0,S,]  is
formed via loss of HS. Fragments of [M0,0,S,]” again follow
at higher SORI power. SORI-CID of [HMo0,0,S,]", Fig. 3(b),
confirms the interpretation of the [HMo0,0,S¢]” experiment.
As expected, hydrogen atom loss is the first, and over a wide
range dominant, fragmentation channel. Again, the well-known
fragments of [M0,0,S,]” arise above 0.4% SORI power, namely
[M0,0,S3]7, [M0OS,] ™, [MoS;]~, [M00,S]", and [MoOS]".

Quantum chemical calculations

Optimized structures and relative energies of low-lying isomers
for the most important species investigated are summarized in
Fig. 4. In most cases, several isomers are found within 0.2 eV of
the lowest energy structure, especially for protonated species.
For [M0,0,S¢]>~, the lowest-lying structure found in our calcu-
lations corresponds closely to the crystal structure.*®*® The two
molybdenum atoms are connected by two bridging sulfur
atoms. Each molybdenum center is additionally bound to an

Phys. Chem. Chem. Phys., 2022, 24,16576-16585 | 16579
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Fig. 4 Low-lying isomers for six of the eight studied molybdenum oxysulfides optimized at the B3LYP+D3/def2TZVP level. Zero-point corrected
energies are given in eV. Color code: Mo - cyan, S - yellow, O - red, H — white.

oxygen atom and a terminal disulfide unit, overall in C,,
symmetry. However, turning one half of the molecule by 180
degrees results in a C,, structure which lies only 0.17 eV higher.
Isomers with a bridging disulfide unit or bridging oxygen
atoms lie significantly higher in energy.

The energetically most favorable structure of [M0,0,S5]*" is
reached by removing a terminal sulfur atom from [Mo,0,Se]*".
The loss of a bridging sulfur atom is significantly more demanding
and can be ruled out. Removing a terminal sulfur atom from the
second molybdenum center together with an electron leads to the
lowest-energy structures of [Mo0,0,S,] . For this ion, the energy
difference between the C,, and C,;, structure is reduced to 0.01 eV.
Structures with two non-equivalent molybdenum centers are ener-
getically not competitive.

Fig. 5(a) and (b) shows the isomerization pathway between
the C,, and C,;, structures of [Mo0,0,S¢]>~ and [M0,0,S,],
respectively. The predicted pathway for [M0,0,S¢]*~ includes
an exchange of a bridging sulfur atom with an oxygen atom
followed by a transfer of a terminal sulfur atom and returning
of the bridging oxygen atom to the terminal position. For
[M0,0,S,] ", a similar pathway is obtained, without the need
of sulfur exchange on the terminal groups as no S, unit is
present. Still, the oxygen transfer reactions in both clusters are
energetically demanding, requiring more than 1.6 eV.

For the protonated species, the protonation site and the
orientation of the S-H or O-H bond have a small effect on the

16580 | Phys. Chem. Chem. Phys., 2022, 24,16576-16585

energetics, corresponding to the dispersed distribution of the
negative charge across all sulfur and oxygen atoms. In all cases,
the energetically favorable protonation site is a terminal sulfur
atom with the hydrogen atom pointing away from the nearest
oxygen atom. However, changing the orientation of the S-H
bond towards the oxygen atom is only 0.03-0.04 eV higher in
energy for the three ions.

Protonation of a bridging sulfur atom lies by 0.13 eV higher
than terminal disulfide for [HM0,0,S¢] ", but the energy differ-
ence increases significantly if single terminal sulfur atoms are
available. In this case, also the neighboring oxygen atoms are
good proton acceptors, only about 0.1 eV above the preferred
structures for [HMo0,0,S5]” and [HMo0,0,S,]". The affinity of
the oxygen atoms towards a proton depends critically on the
coordination of the molybdenum center with single sulfur
atoms vs. terminal disulfide units. Protonation of a molybde-
num atom seems generally unfeasible, lying 0.74 eV above the
minimum for [HMo0,0,S,]".

As mentioned above, the fragmentation of [M0,0,S¢]>~ to
[M0,0,S4]” presumably happens in two steps, with electron
detachment followed by loss of S,. To reach a favorable
[M0,0,S,]” structure, however, the two sulfur atoms must
come from the two terminal disulfide units. The lowest energy
pathway for S, elimination from [Mo0,0,Se]” that was found is
depicted in Fig. 5(c). First, a terminal disulfide group rotates,
reaching LM, at 0.68 eV. Then, the other terminal disulfide also
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Fig. 5 Reaction pathways for isomerization reactions in (a) IM0,0,5612~ and (b) [M0,O,S4]~ clusters. (c) Simplified reaction profile from [Mo,0,S¢]~ to
[M0,0,S4]™ + S,. Calculated at the B3LYP+D3/def2TZVP level; relative energies are given in eV, local minima (LM) and transition states (TS) are denoted.
Color code: Mo - cyan, S — yellow, O - red, H — white.

rotates so that two sulfur atoms of the disulfide units can form The fragmentation pathway shown in Fig. 5(c) requires con-
a bond, LM;,. The strain involved in this rearrangement leads siderably less energy.

to the highest barrier TS, along the reaction path, 1.48 eV. Additional quantum chemical calculations were performed
Passing through TSg, the newly formed trisulfur unit rotates for all charged fragments observed and the corresponding
away from the molybdenum atoms to reach LM;; and dissoci- neutrals. This results in a concise picture of the decomposition
ates S, via TSo. For comparison, the direct dissociation of a of the studied species, summarized in Fig. 6 for major pathways
terminal disulfide unit would require at least 2.97 eV in energy along with Table S1 and Fig. S7 (ESIT) that include also minor
without accounting for any transition state or rearrangement. fragmentation channels. The energies reported in the figure

2 5% >

[HMo,0,5]" [HMo0,0,5,]"
1.80 M
[HMo0,0,5;]" :
x| 2.62
3o\ 1.99
%
M % % SHe
[Mo,0,5,]* [Mo,0,5:1* (0'03) [Mo,0,5;]
' [Mo,0,5,]
-0.02
(0.19) 2.82

1.30 @ [MoOs,]~
M | -, > M
[Mo0,0,5] [Mo0,0,S,]- &k

[Mos;]~

Fig. 6 Major fragmentation pathways of the molybdenum oxysulfides studied by SORI-CID along with reaction energies at the B3LYP+D3/def2TZVP
level; for electron detachment, values calculated with aug-cc-pVDZ(O,S), aug-cc-pVDZ-PP(Mo) basis sets are given in parentheses. Reaction energies
are given in eV. For all minor fragmentation paths, see Fig. S7 and Table S1 (ESIT). Color code: Mo — cyan, S — yellow, O — red, H — white. Other than
singlet or doublet spin multiplicities are given explicitly.
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compare reactant and product energies without considering
any higher-lying transition states involved in the fragmenta-
tion. However, the reactions represent mostly direct dissocia-
tion reactions or require rearrangement of S, or O groups
(similar to Fig. 5) or hydrogen atom transfer (see below), which
involve transition states that most likely lie below or close to the
respective dissociation energies. The doubly charged species
[M0,0,86¢]>~ and [Mo0,0,S;]*~ undergo electron detachment

View Article Online

Paper

with low energetic thresholds in the experiment. With the basis
set used for most calculations, electron detachment is slightly
exothermic in both cases, —0.02 eV for [M0,0,S¢]>~ and
—0.12 eV for [M0,0,S5]*". Using a larger basis set, aug-cc-
pVDZ on O, S and aug-cc-pVDZ-PP on Mo, the electron detach-
ment energies increase to 0.19 eV and 0.03 eV, respectively. In
addition to the binding energy, however, the doubly charged
structures are stabilized by a Coulomb barrier against electron
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Fig. 7 (a) Two most stable located minima of [HoM0,0,Se] ™

S8 (ESIT). (b)—(e) Reaction pathways for H, dissociation from [H,M0,0,Se] ~,
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and [H2M0,0,S4] clusters, further structures are shown in Fig.
[H2M0,0,S¢], [HoM0,055417, and [HaM0,0,54] clusters. For [HoMo,0,561 7, a

simplified reaction pathway for hydrogen transfer is also shown. Calculated at the B3LYP+D3/def2TZVP level; relative energies are given in eV with
respect to the limit of [cluster + H;]; local minima (LM) and transition states (TS) are denoted. Color code: Mo - cyan, S — yellow, O - red, H — white.
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detachment.*® The calculations also explain why we were not
able to obtain any signal for the doubly charged [M0,0,S,]*".
Electron detachment for this ion is with —0.39 eV even more
exothermic at the B3LYP/def2TZVP theory level, and still
—0.26 eV with the bigger basis set defined above. This also
shifts the Coulomb barrier down so that it can be overcome in
low energy collisions, assisted by tunneling.

Turning to the singly charged species, many different frag-
ments were seen in SORI-CID of [M0,0,Ss] ", five of which have
been assigned as direct fragments. The energies needed for the
fragmentation correspond to the order of appearance in
the fragmentation curve, consistent with this interpretation. The
first and energetically least demanding fragment is [M0,0,S,]” with
2.82 eV, followed by [Mo0,0,S;]” with 3.18 eV. Other fragments
observed in minor intensity are [M0,0S,]” with 3.94 eV, [MoOS;]~
with 4.23 eV, and [Mo0,0S;]™ with 5.79 eV.

Loss of S, from [M0,0,S¢]” to form [M0,0,S,]” is endother-
mic by 1.30 eV. In agreement with experiment, fragmentation
of [M0,0,S,]™ requires higher energies, see Table S1 (ESIt). The
first three fragments appear at very similar SORI power, per-
fectly reflected in the calculations: formation of [M0,0,S;]" is
endothermic with 4.78 eV, [MoOS,]” with 5.02 eV and [MoS;]~
with 5.00 eV. The next fragments appear at significantly higher
collision energies, corresponding to the increased energy
demand forming [MoO,S]” with 5.13 eV, [MoOS]™ with
7.51 eV and [MoS,]” with 7.53 eV, see Table S1 (ESIY).

The protonated species complete the picture. [HM0,0,S,]"
decays by H atom loss to [Mo0,0,S,]” with 2.62 eV, quite
demanding compared to SH loss from [HMo,0,S;]” with
1.99 eV. The SH loss from [HMo,0,S,]”, however, would be quite
expensive with 3.77 eV. For comparison, the dissociation of a
hydrogen atom from [HMo0,0,Ss|” requires 2.81 eV while the
dissociation of a terminal sulfur atom with 3.01 eV is even more
expensive, in agreement with the experimental observation.

The first fragmentation channel of [HMo0,0,S¢]” in the
experiment corresponding to S, elimination is calculated to
be 1.21 eV endothermic. However, a barrier similar to the one
shown in Fig. 5(c) may be expected. At higher SORI power,
[Mo0,0,Ss]™ appeared in the mass spectrum, most likely result-
ing from HS loss, which is 1.80 eV endothermic according to
calculations and becomes entropically favored compared to a tight
transition state involved in S, elimination, like TS, in Fig. 5(b).
Interestingly, hydrogen atom loss from [HMo0,0,S¢]” requires
2.52 €V, 0.10 eV less than from [HMo0,0,S,]". Since two energetically
lower lying channels are available for [HMo0,0,S¢] ", H atom loss is
not observed in this case. It is intriguing to note that the S-H bond
dissociation energy is 55% of the bond dissociation energy of H,,
4.52 eV. This means that the elimination of two H atoms from such
neighboring S-H groups with concomitant formation of H, in a
catalytic environment would be 0.52 eV endothermic, which lies in
the thermally accessible regime.

The fragmentation of molybdenum oxysulfides bears some
similarities with [Mo3S;5]*~, [HMo03S;5]” and [H;Mo5S;5]" stu-
died previously.*® In both cases the energetically favorable
protonation/hydrogenation site was found to be a terminal
sulfur atom or a terminal disulfide unit. Also, in both cases,

This journal is © the Owner Societies 2022
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H,S, elimination is primarily seen, and all molybdenum atoms
are retained in the ionic fragment at low collision energies. A
completely new fragmentation channel in the present study is
the loss of a single hydrogen atom for [HMo0,0,S,] . While
[Mo5S:5]>~ do not undergo electron detachment during CID,
this pathway was readily observed for the doubly charged
molybdenum oxysulfides.

Parallels can also be drawn to our proton transfer reactivity
study of [M0,0,S]>~ and [M0,0,S5]*".*% A terminal sulfur atom
was identified as the protonation site, and a Coulomb barrier
hindered charge separation reactions.*®>°>*

The thermochemistry of H atom loss prompted us to calcu-
late H, elimination pathways from clusters containing two H
atoms. Although we do not have any experimental data for
these species, we found it worthwhile to gain more insight into
potential final steps of HER. We calculated a series of
[H,M0,0,S6]”, [HM0,0,84] ", [HyM0,0,S6], and [H,M0,0,S,]
clusters, see Fig. 7(a) for low-lying isomers. For all investigated
species, formation of two S-H groups leads to a very stable
cluster, while clusters with one S-H and one O-H groups are
close in energy (see Fig. S8, ESIt for further structures), with S,
groups playing a prominent role in H, adsorption. For the
anionic clusters, H, adsorption is only mildly exothermic, with
a very low adsorption energy. In neutral clusters, H, is bound
much stronger. This indicates that in an electrochemical
environment, addition of an electron will promote H, elimina-
tion from these clusters.

For selected H, dissociation pathways from the clusters
starting either from two S-H groups or one S-H and one O-H
group, we see consistently lower barriers for H, dissociation for
the anionic species. Particularly low barriers are obtained for
anionic species with H atoms attached to a bridging and a
terminal sulfur unit, with 0.83 eV and 0.86 eV from LM, via
TS;; and LM, via TS;e, respectively.

Conclusion

SORI-CID experiments on eight different molybdenum oxysul-
fide species showed that [M0,0,S,]” is a common fragment of
all larger molybdenum oxysulfides. While [M0,0,S¢]” and
[HMo0,0,S] ™ readily lose an S, unit after some rearrangement
at low SORI power, [M0,0,S,]” shows fragmentation only at
relatively high collision energies. Overall, the OMoS,MoO back-
bone is retained up to high collision energies, while quantum
chemical calculations confirm that all decompositions of the
[M0,0,S,]” structure require at least 5 eV, indicating a parti-
cular stability of this species with respect to further dissocia-
tion reactions. [M0,0,S,]" is the smallest unit with two fully
saturated Mo centers, and may be representative of the struc-
tures formed during catalyst activation in electrocatalytic envir-
onments. Electron detachment is almost thermoneutral across
the doubly charged species, consistent with the catalytically
relevant redox properties of these species. Electrons can readily
be accepted or donated. An interesting fragmentation channel
of [HMo0,0,S,]™ is the dissociation of an H atom, leaving the
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[Mo0,0,S,]” structure intact. Calculations reveal that the hydro-
gen atom can favorably bind to a variety of almost isoenergetic
sites. We also show that S, groups play a prominent role as a
protonation site. In the calculations, it was possible to add a
second H atom to the protonated species, and we investigated
H, elimination from neutral as well as negatively charged
clusters. Activation energies for H, formation below 1 eV were
obtained in anionic species, with H atoms attached to a
bridging and a terminal sulfur unit. Facile electron attachment
and removal, a variety of H atom adsorption sites and low
barriers for H, elimination are all promising properties of a
HER catalyst.
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