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Graphene Decorated With Mo,S, Clusters for Sensing CO,

Juan Casanova-Chafer,* Eduard Llobet, and Marta Feliz*

This paper reports for the first time a gas-sensitive nanohybrid based on
trinuclear molybdenum sulfido clusters ((Bu,N),[Mo;(p5-S)(1-S;);Cl¢]
(Mo;S,)) supported on graphene flakes (Mo;S, @Graphene). The
nanomaterial, once implemented in a chemoresistive device, changes its
electrical resistivity when exposed, at room temperature (RT), to toxic and
harmful gases, such as hydrogen (H,), carbon dioxide (CO,), carbon
monoxide (CO), and benzene. Particularly, the Mo;S, @Graphene hybrid
shows an outstanding sensing performance toward CO,. Theoretical
calculations provide a better understanding of the plausible gas sensing
mechanisms. These findings open the door for a new generation of
molybdenum sulfido cluster-based sensors in which electronic interrogation
can be implemented, advancing toward the realization of highly sensitive gas

sensing.

1. Introduction

The control of air pollutants’ impact on the environment and
human health requires accurate monitoring of atmospheric am-
bient conditions.l'!! Conventional air quality monitoring meth-
ods, such as gas chromatography (GC), involve stationary and
costly equipment, limiting monitoring point’ density. However,
deploying a dense network of affordable sensors can provide
real-time and comprehensive air pollutant distribution maps, es-
sential for identifying pollution sources, understanding disper-
sion patterns, and assessing exposure levels in different areas.!”
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Therefore, the development of cost-
effective, miniaturized sensors, op-
erable at RT to reduce power con-
sumption, maintenance frequency,
and replacement costs, is crucial.’]

Chemiresistive gas sensors have
advantages like simplicity and cost-
effectiveness over other gas sensing
technologies.*! While GC is highly ac-
curate and capable of detecting various
gases at low concentrations, it is expen-
sive, requires complex instrumentation,
and is not suitable for real-time or in situ
monitoring due to sample preparation
and longer analysis time. Chemiresistive
gas sensors are better suited for continu-
ous, real-time monitoring, based on the
principle that the electrical resistance
of a sensing material changes when it interacts with target gas
molecules. This resistance change can be easily measured and
correlated to the gas concentration, enabling rapid pollutant
detection.]

In recent years, molybdenum chalcogenides and their
derivatives have been extensively explored for pollutant gas
detection.l!2] The derived nanostructured semiconductors vary
in composition and morphology, which impacts sensing perfor-
mance. The fabrication of molybdenum sensors is highly attrac-
tive due to its abundant availability and low toxicity, with the de-
velopment of thin films and nanoparticles being the most preva-
lent approaches.l3! For instance, T. Pham and collaborators de-
veloped a MoS, sensor capable of detecting a few ppb of NO,,[14]
while MoSe, nanosheets have been demonstrated as a suitable
option for the rapid detection of a few ppm of NH,.[** Never-
theless, developing new molybdenum materials with advanced
properties for large-scale fabrication is still incipient.

In 2022, we reported the first development of Mo, clusters
supported on graphene for detecting gases such as NO, and
NH,.["*] However, the development of nanocomposites com-
posed of graphene and molybdenum sulfido clusters for gas sens-
ing purposes has not yet been reported. These nanomaterials in-
clude heterogeneous hybrids composed of architectured molecu-
lar components, including a trinuclear molybdenum sulfido clus-
ter with a [Moj (p5-S)(u-S,);]** cluster core. The topology of this
cluster unit is approximately C,, symmetrical (Scheme 1). It com-
prises three Mo(IV) atoms distributed into an equilateral trian-
gle capped by one central or apical p;-sulfido ((S?7)%), with each
side of the metal triangle bridged by a u-disulfido group ((S,%7)™).
The disulfido bridges are oriented perpendicular to the Mo, trian-
gle with the two inequivalent sulfur atoms occupying an equato-
rial (S, in-plane) and an axial (S,,, out-of plane) position. These
metal cluster compounds represent a robust and extensive class
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Scheme 1. Schematic representation of the [Moj (u3-S)?P (u-S;)®"3 Dg]"
cluster system, where n is the cluster charge, D corresponds to the donor
atoms of a monodentate or bidentate ligand, “ap” and “br” refers to api-
cal and bridging cluster positions, respectively, and “eq” and “ax” corre-
sponds to equatorial and axial positions respect to the trimetallic plane.

of compounds with diverse coordination chemistry. The coordi-
nation sphere of each Mo atom is completed by six apical or ter-
minal coordination sites that can be occupied by monodentate
ligands, such as aqua or halido, or bidentate, such as disulfido or
dithiolene, placed in cis and trans positions to the u;-sulfur atom.
Their intrinsic optical and electronic properties have provided
molecular, polymeric, and supported materials with interesting
physical and chemical applications in optics, magnetic and elec-
trical conductivity, and catalysis.['”-2%] One of the most studied
trinuclear molybdenum sulfido clusters with technological appli-
cations is the [Mos (u3-S)(4-S,)5(S,);]*~ cluster compound. This
[Mo;S,5]%" cluster resulted in much interest in the catalytic field:
some time ago, it was employed as a model for high-performance
Mo-S catalysts of oil desulfurization,?!l and more recently, as
an efficient active site in the field of hydrogen evolution reaction
(HER) in homogeneous conditions,[?>"**] or supported onto con-
ductive organic supports.[2-2]

To the best of our knowledge, the use of Mo, (45-S)(u-S,); clus-
ters and their hybrid-supported materials for detecting pollu-
tant species in the gas phase remains unexplored. While most
research has focused on chemiresistive gas sensors based on
metal oxides, dichalcogenides, and carbon structures,!37-29-32]
this paper encompasses for the first time, the preparation of a
Mo, S, @ Graphene nanohybrid composed by trinuclear molybde-
num sulfido clusters, with formula (Bu,N),[Mos (p3-S)(4-S,); Clg]
(MosS,), supported on graphene, and the integration of this hy-
brid onto a transducing platform enabling chemoresistive gas
sensing. The detection of four hazardous gaseous species has
been investigated. H, is recognized as flammable and CO is a
toxic gaseous species. Benzene is a highly toxic volatile organic
compound (VOC), and CO, is considered potentially hazardous
when present in high concentrations in the air. Besides reporting
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Figure 1. Raman spectrum of Mo;S; @Graphene hybrid. The bands iden-
tified at low Raman shifts (inset) are characteristic bands of the [Moj (u3-
S) (u-S,;)3]** cluster core material. The depicted spectrum was registered
at 785 nm.

the sensing properties of the Mo, S, @Graphene hybrid nanoma-
terial, its thorough morphological and compositional characteri-
zation are reported as well. Finally, the cluster—gas interactions
involved in the chemoresistive detection is analyzed computa-
tionally and a plausible detection mechanism is discussed.

2. Results and Discussion

2.1. Nanomaterial Characterization

The crystalline Mo;S, material and its derived nanohybrid
(Mo, S, @Graphene) were prepared and characterized using sev-
eral techniques such as Raman spectroscopy, powder X-ray
diffraction, high-resolution field-emission scanning electron mi-
croscopy (HR-FESEM), high-resolution transmission electron
microscopy (HR-TEM) and X-ray photoelectron spectroscopy
(XPS). The synthesis of Mo;S, was achieved by terminal disul-
fido/chlorido exchange reaction between (NH,),[Mo,S;;] and hy-
drochloric acid, followed by counterion exchange with Bu,NCL
The supported inorganic clusters at the graphene surface are
essential in gas sensing performance, enabling higher interac-
tions with gas compounds. The immobilization of Mo,S; on
graphene was done by mixing the respective precursors dis-
persed in dichloromethane, resulting in Mo, S, @Graphene. Ra-
man spectra of this hybrid material were recorded at 514 and
785 nm. At 785 nm, the Raman region below 500 cm™" shows
two wide and low-intense bands (Figure 1), which can be ascribed
to the vibrations of the molybdenum cluster precursor. Whereas
Figure S1a (Supporting Information) shows intense bands in the
spectrum of the molecular Mo, S, material, with Raman shifts
between 165 and 469 cm™! characteristic of the Mo—Mo, Mo-S,
and Mo-Cl vibrations of the cluster, the two intense bands at 561
and 570 cm™!, mainly associated with the bridging disulfido lig-
ands, are not detected in the Mo, S, @Graphene nanohybrid.l>*
This could be due to the influence of the cluster anchoring in
the electronic characteristics of the cluster core, instead of clus-
ter desulfurization. At higher frequencies, the characteristic D, G,
and 2D bands of graphene appear at 1305, 1584, and 2610 cm™,
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Figure 2. a) Powder X-ray diffractogram of the Mo;S; material, b) powder X-ray diffractogram of the Mo;S; @Graphene sample, c) HR-FESEM and d)

HR-TEM images of the sensor surface of the Mo;S; @Graphene material.

respectively. The D band is associated with structural defects, dis-
ordered carbon atoms in the sp? configuration, and carbonaceous
impurities, while the G band is related to in-plane vibrations of
sp? carbon bonds. Thereby, the D/G ratio revealed low crystalline
graphene and the presence of defects and oxygenated functional
groups grafted to the graphene probably supports the immobi-
lization of molybdenum clusters. When the Raman spectrum of
Mo, S, @Graphene was registered at 514 nm, the characteristic D,
G and 2D graphene bands were detected, but under these con-
ditions, the cluster region was inactive (Figure S2, Supporting
Information). This could be associated with the lower intensity
bands detected in the Raman spectra of Mo, S, when a lower exci-
tation wavelength is used (Figure S1b, Supporting Information).
In both cases, the support drastically influences the detection of
the characteristic cluster Raman pattern, and more identification
tools are needed to prove the presence of trinuclear Mo clusters.

Powder X-ray diffraction confirmed the suitable cluster synthe-
sis. Figure 2a illustrates the diffractogram of the Mo, S, material,
which is in accordance with the purity of the compound.[?}] The
X-ray pattern of Mo;S,@Graphene (Figure 2b) shows low crys-
tallinity of graphene, and the absence of the diffraction peaks
of the crystalline Mo cluster compound could suggest that the
cluster is supported in molecular form. The morphology of the
Mo, S, @Graphene nanomaterial was analyzed by textural and
microscopic techniques. An HR-FESEM analysis (Figure 2¢)
shows the surface of the nanomaterial once it was deposited on
the sensor surface, and HR-TEM (Figure 2d) confirms the lami-
nar nature of the graphene nanosheets. Based on TEM analysis,
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an interlayer spacing of 0.34 nm is found, which is associated
with multilayered graphene sheets.[** Considering the thickness
of the cluster anion (~0.7 nm estimated from its structural analy-
sis), the presence of the cluster complex between these graphene
layers is not envisaged, which is consistent with the cluster sup-
ported on the graphene surface. All the attempts to determine the
amount of the supported cluster atoms were unsuccessful. The
low amount of Mo, S, and Cl is less than 1% w/w (below the limit
of detection) prevents cluster identification and proper elemental
quantification by these techniques.

The surfaces of the molecular trimetallic cluster and the
Mo, S, @Graphene and graphene nanomaterials were character-
ized by XPS. The Mo and S regions are depicted in Figure 3. De-
convolution analyses of the molybdenum Mo 3d region show the
Mo 3ds, and 3d;;, peaks centered at 229.7 and 232.9 eV, respec-
tively, which are almost identical to those observed for the start-
ing Mo;S; compound (229.4 eV for Mo 3ds;, and 232.6 eV for
Mo 3d, ), all consistent with Mo(IV) oxidation state (Figure 3a,b).
These results are similar to those reported for molecular Moy (-
S)(u-S,); species.!?>%72835-37] The almost identical Mo 3d bind-
ing energies (BEs) between the Mo,;S, and its supported mate-
rial, and the absence of additional peaks associated with oxidized
species indicate that the molybdenum cluster core remains in-
tact after immobilization on the graphene surface in experimen-
tal conditions. An additional peak at 227.4 eV appears in the Mo
3d region of both materials, which is characteristic of S 2s band.
The S 2p edge of the supported material shows a 2p;, and 2p, ,
doublet at 163.2 and 164.4 eV, respectively, which corresponds to
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Figure 3. XPS Mo 3d (a, b), S 2p (c, d) and Cl 2p (e, f) regions of Mo;S; @Graphene (left) and Mo3S; (right) materials.

apical and bridging sulfur ligands considering the BEs reported
for Moy (15-S)*P (u-S,)"; species (Figure 3c). For the Mo, S, ma-
terial (Figure 3d), the S 2p region provided two pairs of S 2p;,
and 2p,;, components: the most intense appears at 162.9 and
163.8 eV, and the less intense at 163.1 and 164.7 eV, respectively.
A comparison between the identified 2p;, BEs and those re-
ported in the literature indicates that the most intense doublet
corresponds with bridging S,? ligands, and the less intense with
the apical S atom of the Moj (1£5-S)*? (1-S,)"; unit.l***] The anal-
ysis of the atomic sulfur content of the two S 2p doublets shows
a good correspondence between experimental (XPS) and theo-
retical $27/S,%" ligand ratio for the Mo, S, material. The differ-
ent shapes of the S 2p regions of the supported material versus

Adv. Mater. Interfaces 2024, 2400590 2400590 (4 of 10)

the molecular one is mainly attributted to the cluster inmobi-
lization. The Mo and S bands of the Mo;S, @Graphene mate-
rial (Figure 3a,c) and the invariability of the atomic Mo/S ratio
confirm the robustness of the [Mo;(u;-S)(u-S,);]** cluster core
once deposited onto the graphene surface. In consequence, no
desulfurization, polymerization or oxidation of the cluster core
is observed after the cluster immobilization, in contrast to that
reported for other [Mo;S,5]?~ cluster-based hybrid materials.333!

The Cl 2p XPS region of the Mo, S, @Graphene nanohybrid
(Figure 3e) shows two main 2p;, and 2p,, components at 197.6
and 199.2 eV, respectively, with a ~2:1 area ratio, which are
associated with the chlorido ligands of the molybdenum clus-
ter (Figure 3f). Two additional Cl 2p components (labeled as
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Figure 4. Electrical responses of the Mo;S; @Graphene to CO, (a), CO (b),

with measurements conducted over five consecutive cycles.

Cl" in Figure 3e) appear at 200.5 and 201.8 eV, consistent with
a different chemical environment for chlorides. These compo-
nents are not present in the XPS Cl region of the molecular
cluster compound. Thus, a partial decoordination of chlorine
atoms is envisaged after the cluster immobilization to give rise
to the formation of [Mo-cluster---Cl"] adducts. This supramolec-
ular cluster—chlorine interaction was reported structurally, and
its formation was attributed to the electrophile character of the
axial sulfur atoms of Mo, (u;-S)(k-S,); systems toward anionic
counterions.[***?] Interestingly, these BEs are similar to those de-
scribed for 2p;, and 2p,;, components of C-Cl bonds in chlori-
nated graphenes.[***] However, the anchoring of Cl atoms onto
the graphenic surface is not envisaged, due to the soft reaction
conditions used that contrast with those reported for Cl decora-
tion of graphene, such as electrochemical, UV and heat-assisted
conditions. This is evidenced by looking at the C 1s regions of
the XPS spectra for Mo, S, @Graphene and graphene (Figure S3,
Supporting Information), which are close in shape.

From the results obtained from the Cl 2p region of the XPS
spectrum of Mo, S, @Graphene, it is inferred that the Mo, clus-
ter is immobilized onto the graphene surface by coordinative
interactions. Coordinative grafting of the cluster complex onto
oxygen-functionalities of the graphene surface is envisaged. The
low content of oxygen functionalities (less than 2% w/w) in the
graphene support encompasses grafting functionalities, such as
carboxyl or hydroxyl, that would interact with the trimetallic clus-
ter because of the known lability of the halogen (X = Cl or Br) in
[Moy (p5-S)(1-S,)3Xs]* cluster complexes. In general, the ligand
metathesis can be achieved quantitatively, and partial ligand sub-
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stitution has been reached in few cases by neutral ligands, such as
DMSO, acetonitrile, aniline, or phenanthroline.[*1424546] Tn this
work, the Cl(Mo-cluster):Cl" atomic concentration (%) ratio cal-
culated from the Cl 2p region of the Mo, S, @ Graphene XPS spec-
trum is 76:24, which approximates the 5:1 atomic ratio relative to
the chlorine content of the Mo, S, compound. This quantitative
analysis suggests that the exchange between one chlorido and
one among the oxygen functionalities of the graphene support
takes an active part in the grafting of the Mo, (u;-S)(k-S,); units.

2.2. Gas Detection using a Chemoresistive Transducing Scheme

The ability of the Mo, S, @Graphene layer to detect several gas
species was evaluated under room temperature operational con-
ditions. This methodology offers the advantage of low power con-
sumption and reduced fabrication costs for the resulting devices.
Four different gases were subjected to analysis: CO,, CO, H,, and
benzene vapors, across varying analyte concentrations. Figure 4a
shows the electrical responses of the Mo, S, @Graphene sen-
sor to different CO, levels ranging from 25 to 100 ppm,
recorded over five consecutive cycles. It can be observed that
the Mo, S, @ Graphene hybrid exhibits an outstanding signal-to-
noise ratio, facilitating the effective measurement of CO, despite
the limited absolute resistance changes. The development of new
materials for CO, detection is still incipient, and the great sen-
sitivity observed for the Mo;S,@ Graphene hybrid toward CO,
is extraordinary among the molybdenum sulfido composites.[®!
Furthermore, Figure 5a compares the sensing performance
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Figure 5. Calibration curves for CO, (a), CO (b), H, (c) and benzene (d) detection. Bare graphene can only effectively measure CO,, while the graphene
decorated with Mo;S; clusters has been proven adequate for measuring all four gases.

between bare graphene (electrical responses in Figure S4, Sup-
porting Information) and graphene decorated with the clus-
ters. Notably, sensing responses demonstrate a four to five-
fold enhancement for the decorated graphene compared to its
bare counterparts. Additionally, considering sensor sensitivity as
the slope of the calibration curve, the Mo;S,@Graphene sen-
sor exhibits three times greater sensitivity than bare graphene
(4.46 X 1072 vs 1.45 X 1072 %o ppm™!). This indicates that the
presence of Mo,S, significantly enhances the sensing perfor-
mance of the graphene-based gas sensor.

In addition to CO,, other gases were measured using
a similar methodology. Figure 4b,c depict the responses of
Mo, S, @Graphene to four concentrations of CO (ranging from
25 to 100 ppm) and H, (ranging from 50 to 200 ppm), re-
spectively. It can be observed that the decorated sensitive layer
exhibits precise and repeatable responses to both gases. Con-
versely, bare graphene could not effectively measure these an-
alytes (see Figure S4b,c, Supporting Information). In other
words, as illustrated in Figure 5b,c, the calibration curves
of bare graphene are absent due to unreliable responses de-
rived from noisy measurements. This underscores the impor-
tance and impact of Mo, S, clusters in enhancing the sensing
performance.

Considering the sensitivity based on the slopes of the calibra-
tion curves, the CO sensitivity (1.05 X 1072 %0 ppm™!) is twice that
of H, (0.51 x 1072 %0 ppm™'). Nevertheless, Mo, S, @Graphene
still offers significantly higher sensitivity to CO, compared to
CO (four times lower) and H, (approximately eight times lower).

Adv. Mater. Interfaces 2024, 2400590 2400590 (6 of 10)

This reveals the particular sensitivity of Mo, S, to CO,, while de-
tecting other gas compounds may pose a significant challenge
in potential real-world scenarios owing to the cross-interference
signals.

Finally, benzene was measured within a concentration range
of 2 to 8 ppm. Figure 4d shows the dynamic responses, revealing
a slight resistance baseline drift, suggesting that five minutes of
dry air may not be sufficient to desorb all molecules. In conse-
quence, this partial desorption may account for the slightly dif-
ferent baseline level observed in benzene compared to the other
gases. Moreover, as depicted in Figure 5d, benzene is the only
gaseous species lacking a linear calibration curve in the concen-
tration range studied. This indicates that at the highest measured
concentration (8 ppm), the Mo, S, @Graphene begins to show a
saturated response, shifting from linear to second-order polyno-
mial regression for calibration fitting. This complicates effective
comparison with the previously tested gases, which displayed lin-
ear regression. In the case of benzene, bare graphene also proved
incapable of measurement under the experimental conditions
applied. Table S1-S4 (Supporting Information) summarize the
values obtained for the different calibration curves.

It is worth highlighting that, apart from benzene, the
Mo, S, @ Graphene demonstrates high reversibility in its interac-
tion with gas compounds, as evidenced by its rapid recovery to
the initial resistance baseline and the absence of significant base-
line drift. Moreover, the repeatability of the sensitivity layer is re-
markable, with errors generally less than 1% across the various
concentrations measured. Considering the remarkable sensing

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Table 1. Summary of the limit of detection (LOD) and quantification (LOQ)
obtained for different gas analytes employing the Mo;S; @Graphene sen-
sor.

Analite LOD [ppm] LOQ [ppm]
co, 4.5 15.1
co 6.1 20.3
H, 9.9 32.9

performance of the Mo, S, @Graphene sensor, the limit of detec-
tion (LOD) and quantification (LOQ) were calculated as follows:

Lop = 2 1
108,
LOQ = — (2)

where S, is the standard deviation of the y-intercepts, while b cor-
responds to the slope of the calibration curve. Table 1 summa-
rizes the LOD and LOQ values obtained, demonstrating that the
Mo, S, @Graphene sensor can reliably detect and quantify vari-
ous target gases at low ppm levels. It is worth noting that these
limits were calculated only for the gases that exhibited linear re-
gressions. Consequently, benzene was excluded from the calcu-
lations due to the lack of linearity, likely caused by the observed
baseline drift.

2.3. Sensing Mechanism

Regarding the registered resistance changes, the
Mo, S, @Graphene layer behaves as a typical p-type semi-
conductor, wherein resistance increases upon interaction with
electron donor gases. This phenomenon occurs because pos-
itive charges (holes) are the predominant carriers, and the
incorporation of electrons from gaseous analytes leads to the
recombination of electron-hole pairs, thus reducing the density
of holes and consequently decreasing the conductivity of the
sensitive film. While acknowledging the limited interaction
between CO, and bare graphene, it is crucial to note that sensing
responses are primarily attributed to the presence of Mo;S,
clusters. The electron-accepting properties of the trimetallic
cluster and the direct anchoring on the graphene surface favor
the electron transfer toward the resistive response.["’]
Theoretical calculations were performed under the density
functional theory (DFT) framework for a better understanding
of the interactions between the Mo,S, clusters and the target
molecules. Considering the best sensing performance of the
Mo, S, @Graphene material toward CO,, CO and H, molecules,
these were chosen as the target gases in calculations. The
[Mo,S,Cl;]*~ complex was taken as the most suitable and sim-
plest model of the supported cluster on the graphene layer, since
graphene acts as a spectator in the reactivity toward the gases and
it is not expected that the cluster anchoring would affect drasti-
cally in the cluster electronic properties. The attack of each gas
analyte to different cluster sites of the trimetallic cluster, namely,
the Mo, /u;-S/p-S.,, Mo, /u-S,,, and Mo, /Cl, facets, was modeled

eq’ ax’
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in a 1:1 ratio to afford the respective [{Mo;-y;-S}--gas], [{Mo;-p-
S}---gas] and [{Mo,-Cl, }---gas] adducts (Figure 6). Since Mo atoms
are coordinately saturated, no direct metal interaction with gases
was envisaged. The interactions between the cluster compound
and the gas molecule of each adduct were analyzed structurally
and energetically. The energetic interactions were assessed by
computing the BEs associated with the formation of each cluster-
gas adduct.

An inspection of the structure of each cluster adduct involv-
ing CO, and CO show that these gases are oriented in a highly
symmetric disposition to the cluster anion and interact through
supramolecular interactions with the sulfur and chlorine atoms
(Figure S5a,b, Supporting Information). For [{Mo;-p;-S}---CO,]
and [{Mo;-p-S}- CO,] (x = 1, 2) adducts, each carbonylated
molecule is arranged in one of the three planes bisecting the
Mo, unit. In the case of [{Mo;-p;-S}--CO,], the plane contains the
Hy-S; /15-S/Mo/Cl, atoms, whereas for [{Mo;-u-S}---CO,], it com-
prises the p;-S/Mo/Cl, atoms. For the [{Mo;-Cl, }--CO,] adduct,
the CO, bisects the Mo-Cl, plane and is oriented approximately
parallel to the trimetallic plane. An analysis of the supramolecu-
lar interactions involved in the cluster-CO, adducts (Figure 6a,b)
shows that, among the six structures, the closest gas-cluster dis-
tances found involve O---u-S,, interactions in [{Mo;-u;-S}-+-CO,]
(x=1,3.544 A, x = 2, 3.142 A), and C---Cl interactions in [{Mo,-
Cl,}+CO,] (x = 1, CO, 3.517 A; x = 2, 3.308 A). The short-
est interatomic distances found in [{Mo;-p;-S}---CO,] and [{Mo;-
CL}--CO,] correspond to the highest BEs (—4.3 and —4.5 kcal
mol~!, respectively) among the calculated adducts (Table S5,
Supporting Information), and are comparable to the BEs asso-
ciated with CO, adsorbed on MoS, surfaces.*”8] The longer
interatomic distances found for the adducts involving the CO
molecule and [Mo,S,Cl]*~ are transduced in a slight decrease
of the BEs (—3.3 kcal mol™!), in agreement with the lower sen-
sitivity registered in comparison to that obtained for CO,. The
BEs of the cluster adducts decrease drastically to less than 1 kcal
mol~! by changing the gas from carbonylated analytes to H,
(Table S5, Supporting Information), in agreement with the de-
crease of resistive results observed experimentally. This behavior
is explained by the weak H---Cl interactions observed in [{Mo;-
u3-S}+-H,), [{Mo;-p-S}---H,] and [{Mo,-Cl, }---H,] adducts (2.890,
2.839 and 3.164 (av) A, respectively (Figure 6¢; Figure S5c, Sup-
porting Information), which imply a slight elongation of the
Mo—Cl bonds (less than 0.05 A). Among these adducts, the high-
est BE corresponds to [{Mo;-CL }---H,], and it is attributed to the
H---Cl interactions involved in the four-atom cycle formed be-
tween H, and the Mo-Cl, unit.

In all cases, BEs are negative, indicating that the formation of
cluster-gas molecule adducts is exothermic (Table S5, Support-
ing Information). Thus, CO,, CO and H, molecules are likely to
be adsorbed onto the surface of the cluster-based material, to a
higher or lesser extent.

3. Conclusion

A novel nanomaterial based on trinuclear molybdenum sulfido
clusters supported on graphene was implemented in a single gas
chemoresistive sensing device. The hybrid nanomaterial devel-
oped can work under room temperature conditions and can be

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. Schematic representation of the [{Mo;-u;3-S}---gas], [{Mo3-u-S}---gas] and [{Mos-Cl,}---gas] (gas = CO (a), CO, (b) and H, (c)) adducts. Color

code: Mo (blue), S (yellow), Cl (green), O (red), C (gray), and H (white).

easily integrated into miniaturized devices. The [Mos(p3-S)(4,-
S,);]*" cluster core, with chloridos as terminal ligands, is sup-
ported coordinatively onto the graphene layer, keeping the clus-
ter robustness and electronic properties. The response to CO, is
significantly improved by ~5 times when graphene is decorated
with the Mo, S, clusters. Additionally, while bare graphene is un-
able to effectively detect gases like CO, H,, and benzene, its func-
tionalization with the Mo, sulfido clusters enhances its sensing
performance, allowing for the detection of these gases. This is
attributed to the grafting of the Mo-sulfur cluster cores onto the
graphene layers. DFT calculations confirmed that the gas sensing
mechanisms are based on supramolecular interactions between

Adv. Mater. Interfaces 2024, 2400590 2400590 (8 0f10)

the analyte and the sulfur and chlorine cluster atoms of the octa-
hedral cluster entities. This work reports for the first time trinu-
clear molybdenum sulfido clusters decorating graphene for sens-
ing applications, thus contributing to the development of a new
type of nanohybrids for detecting a wide variety of air pollutants.

4. Experimental Section

Synthesis of (BuyN) ,[Mos(u3-S) (12-S,) 3Cl5]-2H,0 (Mo3S;):  The syn-
thesis of the molecular MosS; cluster material was achieved by adapt-
ing a described procedure from the already prepared cluster precur-
sor (NH,4);[Mo3Sq31'nH,O (n = 0-2).133 In a typical procedure for

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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preparation of MosS;, the (NHy4),[Mo3S;3]:nH,O cluster precursor
(0.800 g, 1.05 mmol) was dispersed in HCl 37% (120 mL) and was heated
under reflux for 4 h. The resulting mixture was filtered to remove the el-
emental sulfur generated during the reaction and afterward, Bu,NCl was
added in excess until precipitation of an orange solid. The reaction mixture
was introduced in a cold bath and, after filtration, the solid was washed
with water, methanol, and diethyl ether to give an orange crystalline mate-
rial identified as Mo;S; (1.064 g, yield 84%).

Mo3S,@ Graphene Development and Sensing Device Fabrication: Two
solutions were prepared in parallel to support the molybdenum clus-
ters on graphene. First, a 10 mL graphene suspension (0.5 mg mL™") in
dichloromethane was performed employing graphene nanoplatelets (750
m? g~ surface area, Strem Chemicals Inc., USA). Then, the resulting sus-
pension was placed in an ultrasonic tip to achieve proper graphene exfoli-
ation. A pulsed sonication (1s on/2s off) at 280 W for 90 min was applied.
A 1 mL solution of Mo;S; (0.25 mg mL™") in dichloromethane was pre-
pared. Afterward, the Mo;S; solution was added to the graphene suspen-
sion and mixed for 10 min under stirring at room temperature, resulting
in graphene loaded with a 5% wt. of Mo, S; cluster. Subsequently, the mix-
ture was homogenized by sonication for 1h in an ultrasonic bath, resulting
in a suitable distribution of molybdenum clusters supported on graphene
(Mo3S; @Graphene). The resulting nanomaterial was deposited via spray
coating. Specifically, the composite was deposited onto platinum screen-
printed electrodes on alumina substrates. A moderate temperature (60 °C)
was applied during the spray coating deposition, and nitrogen was used
as a carrier gas to avoid cluster degradation.

Characterization Techniques: The Raman spectra were obtained from
solid samples previously deposited onto quartz substrates, using a “Re-
flex” Renishaw spectrometer, equipped with an Olympus microscope.
The exciting wavelengths were 514 and 785 nm of an Ar* ion laser,
while the laser power was ~10-25 mW,; 20 acquisitions were taken for
each spectrum. Powder X-ray diffraction patterns were obtained using a
Philips X'Pert diffractometer and copper radiation (Cuka = 1.541178 A).
X-ray photoelectron (XPS) spectra were collected over a sample deposited
onto a copper coated steel foil and using a SPECS spectrometer with a
150MCD-9 detector and using a non-monochromatic AlKa (1486.6 eV) X-
Ray source. Spectra were recorded using an analyzer pass energy of 30 eV,
an X-ray power of 100 W and under an operating pressure of 10~° mbar.
During data processing of the XPS spectra, BE values were referenced to
the C1s peak (284.5 eV). Spectra treatment and peak fitting was performed
using the CASA software. Samples for high-resolution electron microscopy
(HR-TEM) were ultrasonically dispersed in Milli-Q water and transferred
into carbon-coated copper grids. HR-TEM images were recorded using a
JEOL JEM2100F microscope operating at 200 kV. HR-FESEM images were
recorded with a Zeiss GeminiSEM 500 apparatus (Zeiss-Oxford Instru-
ments) with an accelerating voltage of 5.0 kV. The interlaminar spacing in
HR-TEM images was determined using Gatan Microscopy Suite software.

Resistive Gas Sensing Measurements: The gas sensors were placed in a
sealed Teflon chamber (volume of 35 cm?), which is connected to a gas de-
livery system employing calibrated gas cylinders alongside pristine dry air,
ensuring a purity level of 99.999% (Air Premier standard). The resistance
levels were monitored under constant measurement employing a multi-
meter (HP 34972A, Agilent). To minimize power usage and replicate real-
istic experimental settings to the maximum extent, the overall airflow was
regulated to a low rate (100 mL min~") through a combination of mass-
flow controllers (Bronkhorst High-Tech B.V.) and electrovalves. Before ex-
posure to specific gaseous concentrations, the sensors were allowed a 5-
min stabilization period in dry air. Subsequently, successive target gas di-
lutions were applied, defining the sensor response as AR/R, presented
as a percentage. AR represents the resistance changes observed over a 1-
min gas exposure period, while Ry refers to the sensor baseline resistance
in air.

Computational Details: The calculations were conducted with the
Gaussian 09 program suite. Density functional theory was applied with the
PBEO functional.[4>50] Relativistic electron core potentials (RECP) from the
Stuttgart group and its associated basis sets (SDDALL)[>'! were used to
represent the molybdenuml®2] and the iodine atoms!®2] and augmented,
in the case of Mo, by an f polarization function (Mo: a = 1.043)133] and in
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the case of S and Cl, with a d polarization function (S: « = 0.503; Cl: a =
0.640).1*] The 6-31G(d,p) basis set was used to represent the remaining
atoms (O, C and H) of the molecular systems. The geometry optimiza-
tions were performed in the gas phase without any symmetry constraint
followed by analytical frequency calculations to confirm that a minimum
has been reached. Stability between adducts was analyzed by calculating
relative electronic energies (E,) or difference of electronic energies be-
tween the selected adduct and the most stable adduct. Zero-point ener-
gies were included in BE calculations, and the BEs were calculated using

BE = E(cluster»molecule) = [Ectuster + Emolecule]-

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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