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ABSTRACT: Polyoxometalates (POMs) belong to a class of
metal oxyanion clusters that hold enormous promise for a wide
range of catalytic reactions, due to their structural diversity and
the presence of redox-active metal centers and heteroatomic
sites within the framework. In this study, we successfully
determined the structures of the first cocrystallized ternary
molybdenum oxo-sulfide clusters: Mo12NaO54P8C48H40,
Mo12NaS2O52P8C48H40, and Mo12NaS6O48P8C48H40, which are
abbreviated as Mo12, Mo12@S2, and Mo12@S6, respectively.
Together, they are referred to as Mo12-TC. These clusters
exhibit nearly identical exterior structures, making them
indistinguishable, leading to their cocrystallization in a single
unit cell with 50%, 25%, and 25% occupancy for Mo12, Mo12@
S2, and Mo12@S6, respectively, and could not be separated easily. To confirm their molecular formulae and occupancy within a
crystal, we conducted single-crystal X-ray diffraction (SCXRD) and high-resolution electrospray ionization−mass
spectrometry (ESI-MS) studies. The clusters exhibit a dumbbell-like shape, with each terminal of the dumbbell comprising
a hexagonal Mo6 basal plane shielded by multiple oxo, and oxosulfide moieties for Mo12 and Mo12@S2/Mo12@S6 clusters,
respectively. Additionally, the clusters are protected by a ligand shell consisting of vertically aligned phenylphosphonic acid
(PPA). Mo12-TC demonstrates promising activity for electrochemical hydrogen and oxygen evolution reactions (HER and
OER). Mo12-TC exhibits overpotentials of 0.262 and 0.413 V vs RHE to reach HER current densities (in H2SO4) of 10 and 100
mA cm−2, respectively, and overpotentials of 0.45 and 0.787 V vs RHE to reach OER current densities (in KOH) of 10 and 100
mA cm−2, respectively, stable up to 5000 cycles. Density functional theory (DFT) calculations further elucidate their
electrocatalytic potential, revealing the presence of active sites within these molecular frameworks.

A diverse group of anionic polynuclear metal-oxo
clusters (POMs), with a general formula [MmOy]q−

(where M represents principally metals, such as Mo,
W, V, and Nb), act as catalysts in a wide range of chemical
transformations.1−3 The continued interest in this field stems
from the remarkable physical and chemical properties
exhibited by these clusters, which arise from their flexible
composition, structure, size, charge distribution, photochem-
istry, and redox chemistry.4−9 The multidimensional assembly
of these molecular cluster materials has led to the formation of
various nanostructural and microstructural solids.10,11 As
conventional POM chemistry expands, it intersects with a
range of scientific disciplines, including materials science,
catalysis, nanotechnology, surface science, biology, magnetism,

sensors, supramolecular materials, colloid science, memory
devices, and molecular materials, thereby adding new
dimensions to the field.12−27

Pristine POMs have certain drawbacks, such as low
conductivity and tendency for aggregation, degradation, and
leaching, which limit their applications. However, a funda-
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mental characteristic of POMs is their ease of functionalization
through the introduction of metal ions and other ligands.28

This process of functionalization is widely employed to modify
existing properties or introduce new ones, which is particularly
valuable in catalysis, molecular magnetism, electrochemistry,
dye-sensitized solar cells, and electrochemical water split-
ting.2,3,28 Derivatization involves the incorporation of specific
metallic centers into the polyoxometalate frameworks.29,30

Alternatively, functionalization can be achieved by substituting
oxo ligands with others, such as cyclopentadienyl derivatives,
nitrogen-containing ligands, or sulfides. Introducing soft
donating centers, such as S atoms, into the POM framework
offers the potential for the emergence of novel properties.
Since both O and S are constituents of group 6A within the
periodic table, their chemical properties are very similar and
substitution reactions between them are prone to occur.31 S-
coordinated transition-metal-based POMs are efficient cata-
lysts, due to their ability to facilitate electron and proton
transfer, which is crucial for electrocatalytic and photo-
electrocatalytic processes like HER and OER.32−40 Recently,
capsules-like oxosulfur-based Mo-nanostructures encapsulated
Ru nanoparticle was designed by Chen et al., which shows
exceptional OER and HER dual activity and stability.41 These
systems exhibit excellent electrochemical properties charac-
terized by a rapid and highly reversible redox activity. Amiinu
et al. reported a cost-effective, operationally stable, multifunc-
tional, and highly efficient vertically aligned MoS2 electro-
catalyst encapsulated with N-doped carbon frameworks.42

In the past five years, there have been discoveries of new
types of cluster cocrystals. These solids consist of multiple
clusters arranged in a lattice structure, resulting in new
properties.43,44 Several materials containing noble-metal
clusters, particularly silver and copper clusters, have been
structurally characterized during this period.45−48 Indistin-
guishable arrangements of the surface ligands and ligand-
specific interparticle interactions resulted in these solids. From
the perspective of transition-metal clusters, Roy et al. have
synthesized various binary cocrystallized solids by combining
superatomic Co6 and Cr6 clusters with molecular C60 and C70
clusters.49−51 These cocrystallized materials have demonstrated
superconductive phonon and electron transport, polarized
optical emission, and magnetic ordering behaviors, due to the
electronic coupling of oppositely charged ionic species.52−55

POMs also formed cocrystallized materials with proteins,
peptides, polycyclic aromatic hydrocarbons, carbon nanotubes,
and silver clusters, resulting in functional materials.56−61

By controlling the assembly of polyoxometallate clusters
within a cocrystallized solid, it becomes possible to customize
their properties, thus creating new opportunities to explore
their potential applications. Despite this, the utilization of such
cocrystallized solids in applications, particularly electro-
chemical water splitting, has been limited. In this work, we
focused on the collective functional properties of cocrystallized
molybdenum oxo-sulfide clusters. Through a conventional
ambient wet chemical synthesis, we successfully synthesized
mixed oxo-sulfide clusters of molybdenum. The resulting

Figure 1. Single-crystal structures of the Mo12-TC. (a) Schematic representation of the (2 × 2 × 2) unit cell of the ternary cocrystallized
solid having the respective clusters. (b) Structural arrangement of the inner NaMo12 units in the same lattice. The total molecular structures
of (c) Mo12, (d) Mo12@S2, and (e) Mo12@S6 clusters including PPA ligands. [Color labels: sky blue, pink, and light green = Mo; yellow = S;
red = O, green = P, purple = Na; gray = C, white = H.]
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product consisted of three cocrystallized clusters (Mo12,
Mo12@S2, and Mo12@S6), as confirmed by single-crystal X-
ray diffraction (SCXRD) and electron spray ionization−mass
spectroscopy (ESI-MS) studies. Experimental and corrobo-
rative theoretical studies showed that these mixed clusters
exhibit promising catalytic capabilities for electrochemical
water splitting through active sites embedded within the
molecular structures.
The following discussion pertains to the synthesis, structure,

and characterization of cocrystallized clusters of Mo12, Mo12@
S2, and Mo12@S6. These clusters were prepared at room
temperature through a one-step reduction process involving
the precursors sodium molybdate (NaMoO4) and sodium
dithionite (Na2S2O4). Upon introduction of a sulfur solution
(obtained by dissolving solid sulfur in 50% ammonium sulfide
solution) into aqueous NaMoO4, the color of the reaction
mixture changed from colorless to brown. Addition of Na2S2O4
resulted in a darker shade of brown, indicating the formation of
these clusters. The concentration of the solutions and various
experimental parameters are presented in the Experimental
Section in the Supporting Information. The clusters were
purified through centrifugation (see the Experimental Section).
A schematic of the detailed synthetic procedure is presented in
the Experimental Section.
Single crystals were obtained after 30 days by the slow

evaporation of the purified cluster in methanol at room
temperature (25 °C). As-grown yellowish polyhedral crystals
(shown in Figure S1 in the Supporting Information) were used
for X-ray diffraction (XRD) and other experimental studies.
Mo12-TC crystallized in a monoclinic crystal system with the
space group P21/c (Table S1 in the Supporting Information).
SCXRD study revealed that Mo12-TC cocrystallized in a lattice,
where eight Mo12 clusters were present in each corner of the
unit cell, and the Mo12@S2 and Mo12@S6 clusters were present
on the two opposite faces, having their occupancies of 50%,
25%, and 25%, respectively (shown in Figure S2 in the
Supporting Information). Expanded views (2 × 2 × 2) of the
lattice framework are shown in Figures 1a and 1b. Further

analysis of these structures revealed that all three clusters have
similar NaMo12 kernels protected by oxo- and sulfido-moieties.
For Mo12 clusters, 54 oxo- linkages were observed; however,
for Mo12@S2 and Mo12@S6 clusters, two sulfido-52 oxo, and
six sulphido-48 oxo linkages were observed, respectively
(shown in Figures 1c, 1d, and 1e, as well as Figure S3 in the
Supporting Information). The primary distinctions in the
structures of these three clusters involve the replacement of
two (found in Mo12@S2) and six dangling S linkages (found in
Mo12@S6) with dangling O linkages. Four vertically aligned
PPA ligands are shielded on each side of the metal-oxo-sulfide
framework.
The core of these clusters, i.e., the NaMo12 unit, consists of

two hexagonal Mo6 rings sandwiched with a Na atom
connected through three oxo linkages (shown in Figure S4
in the Supporting Information). The distance between sodium
and the centroid of the hexagonal Mo6 unit is 2.35 Å (Figure
S4). There are six short O···O interactions between these two
dumbbell-shaped Mo6O27P4 units having an average distance
of ∼2.8 Å (shown in Figure S5a in the Supporting
Information). These interactions are occurring between the
μ2 dangling oxygen of one unit with the μ3 oxygen of the other
unit. Such strong interactions are responsible for the structural
rigidity of the two Mo6O27P4 units. A similar type of ···O
interaction was also observed for the other two clusters (see
Figures S5b and S5c in the Supporting Information). Each
Mo6 unit of the cluster has three Mo2 units, where the average
Mo−Mo distance of the bonded Mo2 unit is ∼2.62 Å, and the
Mo−Mo distance between nonbonded units is 3.59 Å (Figure
S6 in the Supporting Information). Each bonded Mo2 unit is
connected with sodium through an oxygen (Figure S3 in the
Supporting Information) and each nonbonded Mo2 unit is
connected with one dangling O/S atom and one O atom,
which is further connected to the central PPA unit (see Figures
1c−e). Each Mo is bonded with an isolated O having an
average distance of 1.68 Å (Table S3 in the Supporting
Information). The coordination mode of each Mo atom is

Figure 2. Supramolecular intercluster packing along the (a) b and (b) c crystallographic axes, and (c, d) corresponding packing of PPA
ligands. (e, f) High-resolution TEM micrographs of the exfoliated layers of cocrystals. Inset show (010) and (101) lattice planes of the
cocrystal, respectively. Intercluster packing along (g) (010) and (h) (101) lattice planes with marked interlayer spacings.
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eight, and out of eight, seven are connected with O/S and one
with a Mo atom (Figures 1c−e).
The binding of PPA ligands with the Mo atoms through

Mo−O bonding is shown in Figure S7 in the Supporting
Information. Each Mo6 unit is connected with four PPA
ligands, whereas the central PPA is connected with three
oxygens arranged in a tripodal fashion and each oxygen is
further bonded with a nonbonded Mo2 unit in μ2 mode. The
other three PPA units are present at the periphery of the Mo6
unit. Two O atoms of these three PPA ligands are connected
with the Mo6 unit, and the remaining one is free. The
connected two O atoms are attached with Mo. Comparative
P−O bond distances of different PPA ligands are presented in
Table S4 in the Supporting Information. The average distance
between central phosphorus and peripheral phosphorus is 4.68
Å, and the average distance between centroids of the central
phenyl ring with the peripheral phenyl rings is ∼4.84 Å (shown
in Figure S7).
Supramolecular packing of these clusters along the different

crystallographic axes is shown in Figures 2a and 2b, and the
corresponding structures of ligands are also shown (Figures 2c
and 2d). Careful analysis reveals that these clusters are packed
in a layer-by-layer fashion along both the a- and b-axes. Careful
analysis reveals that there are three types of intermolecular
interactions (CH···π, CH···HC, and O···O; see Figure S8 in
the Supporting Information). To visualize the layered
intermolecular packing, we have directly imaged the single
crystals using conventional transmission electron microscopy
(TEM), following the technique developed in our group.62

Although clusters are beam-sensitive, they could be imaged
under appropriate conditions, as shown previously.63 TEM
micrographs of the ground cocrystals show different atomic
layers with interlayer spacings of 1.30 and 1.13 nm (shown in
Figures 2e and 2f) corresponding to lattice planes of (010) and
(101), respectively, which are consistent with the interlayer
spacing of Mo12 crystallites resolved from SCXRD (shown in
Figures 2g and 2h).

The molecular composition of Mo12-TC was analyzed using
high-resolution ESI-MS investigations in the negative ion
mode, after dissolving a few crystals in methanol (Figure 3a).
In the mass spectrum, two broad peaks were detected within
the m/z range of 950−1040 (as major peak) and m/z 1440−
1640, representing trianionic and dianionic charge states,
respectively. The trianionic peak observed at m/z 950−1040
corresponds to the molecular species of the three-clusters i.e.,
Mo12, Mo12@S2, Mo12@S6 found in the crystal structure.
Theoretical mass calculations revealed that the crystal
consisted of these clusters and a certain number of water
and methanol molecules that were derived from the solvent
system. Similar solvent-associated peaks were also observed in
other metal nanoclusters.64−66 The broad isotopic distribution
in the mass spectrum can be attributed to two factors: (1)
molybdenum (Mo) has seven naturally stable isotopes,
resulting in a wide isotopic distribution along with the
contributions of naturally abundant isotopes from various
atoms i.e., Na, O, S, C, P, and H present in the nanoclusters,
and (2) the small mass differences (Δm ≈ 9−11) between
individual nanoclusters in their trianionic state. Additionally,
these nanoclusters ionize by getting attached to one or two
solvent molecules (H2O = 18 and MeOH = 32), which further
contributes to the broad distribution of a specific charge state
observed.
In order to gain a deeper understanding of the structure, the

peaks within the m/z range 950−1040 were subjected to
collision-induced dissociation (CID) by isolating them within
the ion trap. This isolation step aimed to eliminate other ionic
species present in the gas phase. The selected ions were then
subjected to sequential fragmentation upon collision with
argon gas. Upon sequential increase of CE up to 20, the
trianionic species underwent fragmentation through CID,
resulting in two distinct sets of peaks at m/z 1436−1510
and m/z 690−740, with the charge state of −1 and −2,
respectively (shown in Figure 3b). These peaks were attributed
to the cleavage of the molybdenum nanoclusters, where

Figure 3. (a) High-resolution ESI-MS spectrum of the Mo12-TC having an intense peak at m/z 989 and a mild peak at m/z 1484 in trianionic
and dianionic charge states, respectively. Inset shows the exact matching of the experimental spectrum with the theoretical spectrum of the
molecular compositions of cocrystallized clusters. (b) CE-dependent MS/MS fragmentation pattern of the major parent peak (m/z 989).
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fragments attached to Na were ionized as a monoanionic
fragment, while the other half without Na was ionized as a
dianionic fragment. As the applied collision energy reached the
range of 10−20, H2O and CH3OH groups started to detach
from the nanoclusters. The detachment confirmed the weak
interaction between the solvent molecules and the parent
nanoclusters.
At higher collisional energy (>20), two distinct pathways of

fragmentation were observed. The first pathway involved the
generation of fragment ions derived from sodiated fragment
ions, while the second pathway involved fragments produced
from the dianionic fragment ions. Both monoanionic and
dianionic fragments simultaneously gave rise to constituent
daughter ions as the collision energy was increased. Peripheral
ligands attached to the nanoclusters, specifically PPA groups,
were subsequently detached (occurring at an applied colli-
sional energy of 60−80, as depicted in Figure 3b), followed by
the fragmentation of the metal-oxo/sulfido kernels. This
indicates direct binding of the PPA ligands at the peripheral
sites of the nanoclusters. Fragmentation of the Mo−O−S core
in the parent nanoclusters resulted in the formation of ions
such as [Mo6O13S3]−, [Mo6O16S]−, [Mo6O17]−, [Mo4S2O8]−,
[Mo4S2O7]−, and [Mo4S2O6]− in the collision energy range of
100−120. Smaller fragment ions, including [MoSO2]−,
[Mo2S2O2]−, and [Mo2O6]− ions, were detected at a lower
m/z range. The sequential fragmentation observed during CID
further supports the structural integrity of the clusters. The
binding of PPA ligands was additionally confirmed by using
FT-IR, which exhibited characteristic vibrational peaks at 1395
and 950 cm−1 corresponding to the P−O stretching and cage

breathing modes, respectively (Figure S9 in the Supporting
Information).
The catalytic HER performance of Mo12-TC was evaluated

in 0.5 M H2SO4 solution using a conventional three-electrode
electrochemical setup. A graphite rod, a saturated calomel
electrode (SCE), and the microcrystalline catalyst coated on
glassy carbon (GC) electrode were used as the counter,
reference, and working electrodes, respectively. Linear sweep
voltammetry (LSV) polarization studies were performed to
analyze the HER activity of the cluster at a scan rate of 5 mV
s−1, as presented in Figure 4a. The Mo12-TC catalyst
demonstrated promising HER activity that required an
overpotential of 0.262 V to achieve a current density of 10
mA cm−2 and 0.413 V to reach a current density of 100 mA
cm−2. The stability of the cluster was assessed through an
accelerated durability test between 0 and 0.4 V (vs RHE) at
100 mV s−1. A small increase (2 mV) in overpotential (at 10
mAcm-2) was observed after 5000 cycles, indicating that these
cocrystallized materials are stable for long-term use without a
significant loss in catalytic performance (Figure 4a). The Tafel
analysis (shown in Figure 4b), indicative of the electron
transfer rate and mechanism (rate determining step) at the
electrode−electrolyte interface, yielded a Tafel slope of 49.2
mV dec−1 for this catalyst. We infer that the obtained fast
electron transfer at the interface resulted in enhanced HER
activity through the Volmer−Heyrovsky mechanism.67 The
small increase (4.7 mV dec−1) in the Tafel slope after cycling
confirms the catalytic stability of Mo12-TC. The charge-transfer
resistance (RCT) values for the cluster were calculated from
electrochemical impedance spectroscopy (EIS), measured at a
potential of −0.256 V vs RHE. The result is shown in Figure 4c

Figure 4. (a) Comparative LSV polarization curves of Mo12-TC for HER before and after 5000 cycles. (b) Tafel plots of the polarization
curves (before and after cycling). (c) EIS spectra showing RCT during HER in 0.5 M H2SO4 at −0.256 V (vs RHE). (d) Comparative
polarization curves of the Mo12-TC catalyst clusters for the OER initially and after 1000, 2000, and 5000 cycles. (e) Tafel plots of the
polarization curve (initially and after 1000, 2000, 5000 cycles) and (f) EIS spectra of cluster showing RCT during the OER in 1.0 M KOH at
1.74 V (vs RHE).
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as a Nyquist plot, where the x- and y-axes are the real and
negative imaginary parts of impedance, respectively. The
Nyquist plots from the EIS spectra on the Mo12-TC catalyst at
different stages were fitted using equivalent Randles circuit
models (as shown in Figures S10 and S11 in the Supporting
Information) for accurately depicting the impedance behavior
of the system and deconvoluting the components (series
resistance, charge-transfer resistance, and constant phase
elements) from the fitting parameters (as tabulated in Table
S5 in the Supporting Information).
Figure 4c shows that RCT does not change significantly after

several cycles, with values of ∼44.1, ∼52.7, and ∼76.8 Ω for
the cluster, in the beginning, after 250 cycles, and after 1000
cycles. The observed changes could be attributed to the
formation of passivating layers on the electrode or the
formation of bubbles during the measurement. These layers
could hinder the transport of electrons and flow of reactants to
and from the electrode surface, impeding the overall
electrochemical process.
Although the LSV after 5000 cycles of the accelerated

degradation test (ADT) shows slightly higher current in the
more negative potential range, in the onset region, where the
EIS was recorded, the 5000 C LSV is slightly left-shifted
(compared to the pristine catalyst LSV) leading to higher RCT
values, as observed in the EIS studies. This effect was more
pronounced during the initial cycling stages (first 500/1000
ADT cycles), until a more stable current and polarization curve
was obtained after structural stabilization.
The electrocatalytic OER performance of Mo12-TC was

investigated in an alkaline medium (1 M KOH) using a similar
cell setup. The polarization curves measured at a scan rate of 5
mV s−1 exhibit excellent activities for electrochemical OER
with an onset potential (potential to reach a current density of
1 mA cm−2) of ∼1.35 V (vs RHE) and overpotentials of 455,
545, 596, 635, and 787 mV at 10, 20, 30, 40, and 100 mA
cm−2, respectively (Figure 4d). The comparisons of the HER
and OER catalytic performance of Mo12-TC with the state-of-
the-art Pt/C and RuO2 catalysts are shown in Figures 4a and

4d, for reference. Figure 4d also depicts the LSVs after 1000,
2000, and 5000 cycles, showing no significant increase in
overpotentials, indicating that these clusters are durable. The
sudden shift (toward a more positive potential) in the OER
LSV (beyond 1.9 V) after 5000 cycles is probably due to the
accumulation and evolution of high amounts of bubbles on the
nonporous electrode surface leading to poor electrode−
electrolyte contact and materials falling off from the coated
catalyst layer. Figure 4e shows the Tafel plots for the OER in
the initial condition and after 1000, 2000, and 5000 cycles. The
cluster exhibits a Tafel slope of 322 mV dec−1, which increases
slightly to 367 mV dec−1 after 5000 cycles. EIS study shows the
RCT value to be ∼78.7 Ω before cycling and ∼70.8, ∼72.8,
∼91.2 Ω after 1000, 2000, and 5000 cycles, respectively, at
1.74 V (vs RHE, ∼15 mA cm−2) (Figure 4f). The increase in
RCT values after several cycles can be attributed to marginal
deactivation of the catalyst during OER. Moreover, to
understand the post-electrocatalytic stability, as well the
stability of the catalyst in different electrolytes, various
spectroscopic and diffraction studies, such as UV-vis,
attenuated total reflectance Fourier transform infrared
(FTIR), X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD) and Raman studies of the Mo12-TC were
performed, as provided in Figures S12−S14 and Tables S6 and
S7 in the Supporting Information. Based on these combined
studies broadly, the catalyst was found to be structurally and
chemically stable under the catalytic conditions. Observed
fluctuations in the XPS studies can arise from various surface
oxidized species, adsorbed chemicals, electrolytes, and
impurities and some expected changes in the elemental
oxidation states on the surface during electrocatalysis. Further,
we performed cyclic voltammetry (CV) studies at different
scan rates on Mo12-TC coated electrodes in the acidic medium
(Figure S15 in the Supporting Information) to determine the
double layer capacitance (Cdl). The Cdl value, comparable to
the ECSA (electrochemical active surface area) of the catalyst,
was obtained from the current density in the anodic and

Figure 5. (a) Adsorption configurations of *OH, *O, and *OOH adduct intermediates and the O2 end product of the Mo12@S4 cluster
involved in the OER pathway. (b) Adsorption configuration of activated hydrogen species (*H) on the cluster. (c) Calculated OER free-
energy profile for the cluster at different potentials. The free-energy profiles at 0 V (black), equilibrium potential of 1.23 V (red), and the
limiting potential of 2.17 V (blue) are shown. (d) Free-energy profile of HER activity of the cluster. [Color labels: cyan = Mo; red = O, green
= P, purple = Na, gray = C, white = H. The O and H atoms in the adsorption configurations of OER and HER intermediates are shown in
blue and black, respectively.]

ACS Materials Letters www.acsmaterialsletters.org Letter

https://doi.org/10.1021/acsmaterialslett.3c00957
ACS Materials Lett. 2023, 5, 3306−3315

3311

https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00957?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00957?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00957?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00957?fig=fig5&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.3c00957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cathodic sweeps, ΔJ (|jCat − jAn|), vs scan rate plot as 0.5 mF
cm−2.68

Density functional theory (DFT) was employed to study the
reaction mechanism of HER and OER over Mo12@S4 cluster
using the Vienna Ab-Initio Simulation Package (VASP) with
the Perdew−Burke−Ernzerhof (PBE) functional under gener-
alized gradient approximation (GGA).69−71 To circumvent the
computational cost, we have modeled a single molecular unit
of Mo12@S4 cluster and considered it for further calculations.
DFT optimized structures of Mo12 and Mo12@S4 are shown in
Figure S16 in the Supporting Information and the electron
density maps of the frontier molecular orbitals of the cluster
are shown in Figures S17 and S18 in the Supporting
Information. We simulated the OER using a four-electron
transfer reaction mechanism involving *O, *OH, and *OOH
(where the asterisk symbol (*) denotes the adsorbed species)
intermediates (Figure 5a). The most stable binding modes of
these intermediates were found to be one-fold binding (Figure
5a). The intermediates *OH and *O exhibited binding to the
Mo site, while the lowest-energy geometry for *OOH
exhibited binding to the O site of the cluster. Figure 5c
shows the free-energy change of each intermediate steps
involved in the reaction, which is calculated via the following
equation:

= +E T SG ZPE (1)

where T is the temperature (298 K) and E, ZPE, and S are the
total energy, zero-point energy, and the entropy of adsorbed
hydrogen, respectively. The computed Gibbs free energy
changes for H2O → *OH, *OH → *O, *O → *OOH and
*OOH→ O2(g) are 0.97, 0.26, 1.52, and 2.17 eV, respectively.
The potential-determining step (PDS) of the reaction was
found to be the transformation of *OOH into O2 which could
be attributed to the strong adsorption of *OOH at the O site,
which reduces the feasibility of it undergoing further oxidation.
The higher value for overpotential (0.94 eV) obtained from
DFT calculations, with respect to the experiment, could be
attributed to the single molecular unit approximation of the
cluster as well as the absence of explicit solvent interactions
and dynamic effects in the calculations, which may play a
crucial role in determining the catalytic activity under
experimental conditions. We have performed a comparative
OER theoretical calculation using the Mo12 cluster (without
any S atoms). The presence of S in the cluster not only
facilitates the overall OER catalytic performance of the cluster
but also reduces the overpotential of the reaction (see Figure
S19 in the Supporting Information).
Similarly, we have studied the energetics of the HER event

over the Mo12@S4. The free energy change (ΔGH*) of the
formation of activated hydrogen species is −2.22 eV (Figure
5d). This supports the experimental observation that the
cluster acts as an efficient HER catalyst. Figure 5b shows the
adsorption configuration of active hydrogen (*H) on the
cluster.
In summary, we presented a new type of cocrystallized

structurally similar molybdenum oxo-sulfide clusters. These
clusters were synthesized under ambient conditions by the
reduction of NaMoO4 and Na2S2O4 precursors in the presence
of S. Mo12-TC was characterized using various characterization
techniques (SCXRD, ESI-MS, FT-IR, etc.). SCXRD reveals
that each unit cell consists of three clusters (Mo12, Mo12@S2,
and Mo12@S6) with 50%, 25%, and 25% occupancy,
respectively. This POM has two oval-shaped Mo6-oxo/sulfide

units, which are connected with a Na atom through oxygen
centers. High-resolution mass spectrometry showed the
presence of these clusters in solution, and the CID-MS studies
reveal the losses of MoOS, and MoO2 fragments from the
parent species, which further confirm the presence of oxygen
and sulfur moieties in the structure. Furthermore, the
intermolecular layers of these clusters present in the crystals
were imaged directly using conventional transmission electron
microscopy. The cocrytallized nanocluster catalyst performed
excellently as inexpensive, efficient, and stable electrocatalysts
for both HER and OER, requiring moderate overpotentials for
reaching current densities of 100 mA cm−2. The catalyst
exhibits good electrocatalytic stability, retaining its activity and
electron transfer kinetics after 5000 cycles. The mechanistic
details of the clusters' water splitting activities were examined
by DFT calculations, which identified the stable adsorption
configurations: i.e., mixed oxo and sulfide sites for the OER,
and Mo as energetically favorable sites for the HER activity.
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