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ABSTRACT: We report the synthesis of ion-exchangeable molybde-
num sulfide chalcogel through an oxidative coupling process, using
(NH,),MoS, and iodine. After supercritical drying, the MoS,
amorphous aerogel shows a large surface area up to 370 m*/g with a
broad range of pore sizes. X-ray photoelectron spectroscopic and pair
species undergo
reduction during network assembly to produce Mo**-containing species

distribution function analyses reveal that Mo®*
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where the chalcogel network consists of [Mo;S;;] building blocks

comprising triangular Mo metal clusters and S,*~

units. The optical band gap of the brown-black chalcogel is ~1.36 eV. The

ammonium sites present in the molybdenum sulfide chalcogel network are ion-exchangeable with K" and Cs" ions. The
molybdenum sulfide aerogel exhibits high adsorption selectivities for CO, and C,Hg over H, and CH,. The aerogel also

possesses high affinity for iodine and mercury.

B INTRODUCTION

Aerogels are three-dimensional porous materials with low
density, hlghly accessible nanoscale pores, and inherently high
surface area.” They are mostly empty space and are composed
of randomly interconnected nanoparticles. The high porosity
and high surface area of aerogels render them suitable for
unique applications in catalysis,” thermal insulation,” sensors,*
and environmental remediation.” Generically, gels are prepared
by sol—gel routes which produce randomly interconnected
three-dimensional networks filled with the solvent liquid. The
removal of the solvent, without causing destruction of the gel’s
pore structure, leads to aerogel Most common aerogels are
either oxides such as silica, other mam group and transition
metal oxides,’ or carbon materials.® Nonoxidic materials,
mainly chalcogenides, can produce unique aerogels of great
interest owing to their rich and tunable electronic and redox
properties. They feature intrinsic characteristics such as high
surface polarizability, soft Lewis basicity, and high surface area.”
Chalcogemde aerogels can be prepared via three routes
thiolysis,"’ nanoparticle condensation,'" and metathesis.'> In
metathesis, the gels are obtained by the coordinative reaction of
chalcogenide clusters with metal or cluster linkers. Utilizing
metathesis approaches, we have prepared chalcogenide gels
(chalcogels) from the anionic building blocks [MQ,]*",
[MyQe]*, and [M4Q]*” (M = Ge, Sn; Q = S, Se) with
platinum metal linkers."” The obtained aerogels show band gap
values from 0.2 to 2 eV and large internal surface area with
broad pore-size distribution. The metathesis chemistry was
extended to a wide varlety of chalcogemde spacers (MoS4 ,
Mo;S,3.27, SnS,*, Sn,S¢*, Sn,S,,*, SbS,>T, and AsS;*7)"
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including polychalcogenido anions (S,*~, Ss*7, and S¢*~)'* and
different metal linkers such as Ni, Co, Sb, Zn, Pb, and Bi."
Because of their high surface area and multifunctional nature,
the chalcogels show promising catalytic, gas separation, and
environmental remediation properties. For example, the
NiMoS, and CoMoS, chalcogels have been shown to be
more active than conventional catalysts'** for hydrodesulfuriza-
tion (HDS) of thiophene while CoMo,S;; chalcogel exhibits
extraordinary selectivity for ethane and carbon dioxide from
hydrogen and methane."* FeS- and FeMoS-based biomimetic
chalcogels are effective for photocatalysis.' FeMoS-based
chalcogels are shown to photochemically reduce N, to form
NH; under white light irradiation at ambient conditions.'”
Polysulfide chalcogels obtained from the cross-linkage of Pt**
and S, ligands (x = 3, 4, S, 6) exhibit high adsorption capac1ty
for mercury, which is superior to any known adsorbent."*

We recently reported the synthesis of molybdenum sulfide
chalcogel using molybdenum thiochloride, MoS,Cl,."® The
chalcogel was formed through metathesis reaction between
MoS,Cl; and (NH,),MoS,, in which the chlorine anions from
MoS,Cl; were exchanged with MoS,*~ linkers and the product
polymerized to form the gel. Here we report the synthesis of a
new molybdenum sulfide chalcogel from the oxidative coupling
of MoS,*” using iodine. Recent studies have demonstrated that
chalcogels show good affinity for iodine I,(g) as well as Hg
vapor. The former is of particular interest to the nuclear energy
community in search of finding effective means to capture the
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long-lived radioactive isotope '*I,(g)'” while the latter is
relevant to environmental efforts to effectively remove mercury
from emissions derived from coal fired power plants."*>*°

Herein, we report a simple and novel strategy to prepare a
highly porous MoS, chalcogel that departs from the metathesis
paradigm and utilizes a redox process. We report facile
formation of MoS, chalcogels by treating the MoS,>” with
iodine (see eq 1) followed by supercritical drying. We show
that the new chalcogel possesses an inherently large surface area
and pores ranging from the meso to macro region. X-ray
photoelectron spectroscopy (XPS) and pair distribution
function (PDF) analyses suggest that oxidation state of Mo is
4+ and local structure of MoS,, chalcogel is very similar to that
of [Mo;S;;]*” cluster. The high surface area, polarizability,
visible-light response, and rich S—S network render the MoS,
chalcogel suitable for catalytic and environmental remediation
applications. The MoS, aerogel exhibits highly selective gas
adsorption properties. We also utilized the new MoS, aerogel as
an efficient adsorbent of iodine and Hg vapor.

(NH,),MoS, + I, = MoS, + 2NH,I 1)

B RESULTS AND DISCUSSION

Synthesis. To form the gel, 1.2 mmol of iodine dissolved in
2 mL of dimethylformamide (DMF) was slowly added to a
solution of 1.2 mmol of ammonium tetrathiomolybdate
((NH,4),MoS,) in 4 mL of formamide (FM). The dark red
solution of (NH,),MoS, in FM turned black to give a product
on the addition of a violet solution of iodine in DMF. The black
pasty product obtained after aging for one month was washed
thoroughly with a mixture of water and ethanol followed by
ethanol for 10 days. In this process, the product was washed
with water and ethanol twice a day for 5 days and finally washed
with ethanol twice a day for five more days. The inset in Figure
la shows a typical image of the gel after washing. In order to
obtain a porous aerogel, the washed gel was dried using
supercritical CO, at 42 °C and a pressure of 1400 psi. This
aerogel product appears fluffy and brown-black in color. If the

Figure 1. (a) SEM micrograph, (b, ¢) TEM micrographs, and (d)
HAADF-STEM image of MoS, aerogel. Inset in (a) represents the
photograph of MoS, wet gel.

supercritical drying step is not performed and instead the
sample is dried by evaporating the solvent, a black solid so-
called xerogel is obtained.

Characterization. The brown-black chalcogel samples were
characterized by scanning electron microscopy (SEM), X-ray
diffraction (XRD), transmission electron microscopy (TEM),
scanning transmission electron microscopy (STEM), thermog-
ravimetric analysis (TGA), inductively coupled plasma-atomic
emission spectroscopy (ICP-AES), and pair distribution
fanction (PDF) analysis. SEM micrographs (Figure 1a) indicate
that the aerogel is porous and spongy in nature, whereas
xerogel looks nonporous and relatively denser in comparison to
its aerogel counterpart (see Figure S1). To investigate the
microstructure of the chalcogel, TEM and STEM imaging was
performed, and representative images are shown in Figure 1b—
d. The TEM micrographs show (Figure 1b,c) the randomly
interconnected network of nanoparticles and pores in the range
of meso (2—S0 nm) and macro (>S50 nm) region, which is
typical for gel structures. The HAADF (high angle annular
dark-field)-STEM image (Figure 1d) shows Z-contrast where
porous areas appear darker. The large pores, as shown by the
green arrowhead, have size of about 50—100 nm, while the
existence of many smaller pores (having dark contrast) are
readily observable, as shown by red arrowheads.

The elemental energy dispersive spectroscopy (EDS) data
collected from multiple sample locations show the presence of
Mo and S in the ratio of 1:3 to 1:4 (Figure S1 in Supporting
Information). In order to find the content of any remnant
ammonium jon in MoS,, we treated the MoS, wet gel with
excess of KCl, and the resultant material was analyzed with
EDS. From EDS results, the composition of the gel after
treating with KCI is found to be K;(;MoS, (see Figure S2).
Therefore, the composition of the MoS, gel can be written as
(NH,)o03MoS,; however, for convenience we will refer to it
here as MoS,.

To further raise the ammonium content in the chalcogel
network and thereby utilize the chalcogel as an ion-exchange
material, we formed the ion-exchangeable gel by treating
(NH,),MoS, with substoichiometric equivalents of iodine. For
example, in one experiment, 1.1 mmol of iodine dissolved in 2
mL of DMF was slowly added to 1.2 mmol of (NH,),MoS,
dissolved in 4 mL of FM. The substoichiometric attempts have
a limit since lower stoichiometric equivalents of iodine (i.e., 0.5,
0.75, and 0.83 I,) did not yield a gel. A typical balanced
equation for the formation of an ion-exchangeable gel can be
written as

(NH,),MoS, + 091, — (NH,),,(MoS,) + 1.8NH,I
)

As the jodine equivalents are slightly below the stoichiometric
ratio, the resultant gel network has an anionic residual charge
which is balanced by the NH," ions. The NH," ions are located
within the pores of the network and can be exchanged with Cs*
or K' ions. EDS analysis of the Cs- and K-exchanged gel
evidenced that the NH," ions in the gel network were readily
exchanged with Cs* and K' ions (Figure S3). This ion-
exchange property is important when functionalizing the
chalcogel with different cations.

The powder XRD pattern of the MoS, aerogel is shown in
Figure 2a. It predominantly shows the presence of broad diffuse
features with the main broad peak centered at ~45° 26. The
absence of crystalline peaks infers that the gels are amorphous
random networks. To evaluate porosity, the surface areas of
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Figure 2. (a) Powder X-ray diffraction pattern, (b) N, adsorption and
desorption isotherms at 77 K, (c) solid-state UV—vis/NIR optical
absorption spectrum (converted from reflectance), and (d) TGA trace
of the MoS, aerogel. Inset in (b) represents the magnified view of the
corresponding isotherms at the higher pressure regime showing
hysteresis.

aero- and xerogels were determined using the Brunauer—
Emmett—Teller (BET) model and N, adsorption data at 77 K.
The analysis showed that the aerogels exhibit type II isotherms
(Figure 2b) with high specific surface areas ranging from 115 to
370 m?/g, which correspond to the silica equivalent surface
areas of 275—890 m?*/g. The obtained silica equivalent surface
areas are comparable to highly porous silica aerogels prepared
by wet methods. The small so-called H3 hysteresis loop
observed at the high pressure regime (inset in Figure 2b) could
be attributed to pore blocking (percolation) effects.”’ Barrett—
Joyner—Halenda (BJH) analysis of the sorption data indicated a
broad range of pores confirming the aerogel nature. The BJH
adsorption and desorption average pore diameters are 12 and
10 nm, respectively. The xerogel version, obtained by vacuum
drying of the wet gel, shows almost negligible porosity (BET
surface area ~0.2 m?®/g), indicating the destruction of pore
structure during evaporation of solvents. Figure 2¢ depicts the
UV—vis/NIR spectrum of MoS, chalcogel. It reveals that the
MoS, chalcogel absorbs light in the entire visible region with a
band gap of 1.36 eV (912 nm), raising the possibility in uses as
photoelectrode material. The infrared spectrum obtained from
the MoS, chalcogel (Figure S4a) exhibits broad bands between
500 and 570 cm™!, which are attributed to S—S stretching
modes of S,>” moieties in the cha.lcogel.22

In order to assess the thermal stability, TGA of the MoS,
chalcogel was carried out under a nitrogen atmosphere with a
heating rate of 10 °C/min in the temperature range of 25—600
°C. Figure 2d shows the TGA trace of MoS, aerogel. Two
stages of weight loss up to 10 and 20 wt % were observed
around 200 and at 400 °C, respectively. The weight loss below
200 °C corresponds to liberation of residual solvent left from
the synthesis of gel. The sharp drop at 450 °C can be attributed
to the decomposition of MoS,. Powder X-ray diffraction of the
final product shows crystalline peaks of MoS, (Figure S4b). In
addition, EDS analysis of the decomposed product showed the
presence of Mo and S in a 1:2 ratio, confirming the formation
of MoS, compound (see Figure SS). These results are in
agreement with the reported thermal decomposition of
amorphous MoS; to MoS,.**

PDF data from a MoS, aerogel collected at room
temperature show atomic correlations up only to ~5 A (Figure
3a), which is consistent with the nonperiodic nature of the
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Figure 3. (a) Comparison plot of experimental PDF of MoS,
chalcogel and calculated PDF from a Mo;S;; cluster. (b) High-
resolution Mo 3ds/, and 3d;/, and S 2s XPS spectra of MoS, chalcogel
and (NH,),Mo,S,; crystalline standard. Inset in (a) depicts the
structure of the [Mo,;S,5]*” unit.

chalcogels but implying a well-defined local short-range order.
Modeling of the PDF data indicates that MoS, primarily
consists of [Mo,S;;]-like building blocks with triangular Mo
metal clusters surrounded by sulfur atoms such as the one
found in (NH,),Mo0;S,5.”* The comparison of experimental
PDF of MoS, chalcogel and calculated PDF from a MosS;
cluster can be seen in Figure 3a. The local structure of MoS,
contains S—S (~2.1 A), Mo—S (~2.4 A), and Mo—Mo (~2.8
A) interactions similar to those of Mo;S;; clusters. Interest-
ingly, the MoS, chalcogel does not consist of a random
arrangement of interconnected MoS, building blocks despite
the fact we used a MoS,-containing precursor ((NH,),MoS,).
Any arrangement of MoS, tetrahedra is expected to give PDF
peaks at around ~2.2 A (Mo—S) and ~3.6 A (S—S) (Figure
S6), peaks that are very weak in the experimental PDF data
which may suggest a small concentration of MoS, units. XPS
data showed that all Mo atoms in the chalcogels are Mo*"
showing Mo 3d;,, and 3d;, core-level signals with binding
energy at 228.6 and 231.8 eV, respectively, which match the
oxidation state of Mo in Mo,S,; (Figure 3b). It is noteworthy
that the oxidation of a [MoS,]*~ cluster, in which Mo®" species
exist, results in a compound where the Mo is reduced to 4+.
This is a known characteristic of thiomolybdate chemistry
where the high oxidation state of Mo®" is destabilized as the
negative charge on the ligands is lowered. The first documented
example of such chemistry was found in the oxidation of
[MoS,]*~ with S, resulting in [MoS,] 2= where a reduced Mo*
ion is coordinated with S,*~ ligands.”

Gas Adsorption and Selectivity. The porous nature and
high polarizable internal pore surface of the MoS, chalcogel
prompted us to investigate the adsorption properties with H,,
CO,, CH,, and C,Hy. In Figure 4a, we show the adsorption
equilibrium isotherms of MoS, aerogel for H,, CO,, CH,, and
C,Hg at 273 K. Among the examined gases, C,Hs and CO,
exhibit the highest adsorption. The observed high affinity for
C,H and CO, over H, and CH, can be attributed to the more
polarizable C,H¢ and CO, molecules over H, and CH,; the
polarizability order is C,Hy > CO, > CH, > H,.*° Applying the
ideal adsorbed solution theory (IAST)*” model to the single-
component isotherms of C,H,, CO,, CH,, and H, at 273 K the
C,Hy/H,, CO,/H,, and CH,/H, selectivities were calculated.
For the pairs C,H¢/H, and CO,/H,, the MoS, aerogel
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Figure 4. (a) Adsorption isotherms for H,, CO,, CH,, and C,Hy of
the MoS, aerogel at 273 K. (b) Ethane (C,H,) and methane (CH,)
adsorption isotherms of MoS, aerogel at 263 K as a function of
pressure. (c) Calculated C,H¢/H,, CO,/H,, and CH,/H, selectivities
according to the IAST model. (d) Loading dependence of isosteric
heat of adsorption for C,Hy, CO,, CH,, and H, of the MoS, aerogel.

exhibited an almost pressure independent selectivity profile
with high separation factors up to ~118—114 and 53-52,
respectively (Figure 4c). The selectivity profile for CH,/H, is
weekly pressure dependent and showed a separation factor of
~12 in the low-pressure limit. The selectivities for C,H¢/H,
and CO,/H, are similar to those obtained in the case of
CoMo;S,5 chalco§e1 and compare higher than those of
carbons,”® zeolites,” and any other chalcogel.l‘%“’“”30

To determine the isosteric heat of adsorption (gy), we also
performed adsorption experiments at different temperatures.
Figure 4b and Figure S7a,b depict the adsorption equilibrium
isotherms of MoS,, aerogel for C,Hy and CH, at 263 K, H, at
77 and 87 K, and CO, at 263 and 273 K, respectively. At the
limit of zero coverage, the MoS, aerogel exhibited isosteric heat
of adsorptions of about 29, 13, and 6 kJ/mol for C,H,, CO,,
and H,, respectively (Figure 4d). The g, value for CH,, at the
limit of zero coverage, was estimated to be ~17 kJ/mol. The
observed heats of adsorption for C,H, CO,, and H, in MoS,
chalcogel are in very good agreement with the determined g
values for the CoMo;S;; chalcogel13b and mesoporous
germanium-rich chalcogenide frameworks.” The isosteric
heat of adsorption for hydrogen matches those of other
chalcogels (Ni/Co/Ni—Pd/ Co—Pd)MoSApB""15 supporting the
nonpreferential adsorption of hydrogen on the polarizable
chalcogel surface. These g, values infer that the adsorption
interactions between the adsorbate molecules and the specific
chalcogenide surface devolve on the polarizability of adsorbate,
and enthalpy of adsorption increases with increasing the
polarizability of adsorbed molecules. Based on the selective
adsorption of gases and isosteric heat of adsorption
calculations, MoS, chalcogel can have important implications
in gas separations especially for hydrogen purification
processes.

Capture of lodine and Mercury. The MoS,, aerogel was
also tested for iodine and mercury uptake experiments that
were carried out in a nitrogen-filled glovebox as reported
elsewhere.' "' Commercially obtained high-purity (Sigma-

Aldrich, >99.8%) nonradioactive iodine and mercury solids
were employed. In a typical experiment, a precisely weighted
MoS, sample (20—100 mg) was placed in a conical-shaped
filter paper, which was attached at the top of the glass vial, and
an amount of 100—600 mg iodine (or mercury) was placed at
the bottom of the vial. This setup was placed in another larger
vial that was kept in a sand bath. The temperature of the sand
bath was maintained at 60 and 140 °C for iodine and mercury
adsorption testing, respectively. After completion of adsorption
(within ~24 h), the iodine and mercury loaded chalcogels were
transferred from the filter paper and weighed. The MoS,
aerogel showed high iodine and mercury uptake, reaching up
to 100 mass % (1 g/g) and 200 mass % (2 g/g), respectively, as
revealed by the difference in weight of chalcogels before and
after adsorption.

The iodine uptake values are comparable to those of NiMoS,
CoMoS, SbSnS, and ZnSnS chalcogels,18C metal—organic
framework ZIF-8,”* and layered double hydroxides intercalated
with polysulfides.”> The obtained high iodine uptake capacity
implies that the MoS, chalcogel has a high potential to act as a
host matrix for capturing radioactive iodine (I-131)."”%** The
mercury uptake values are very high and comparable to those of
platinum polysulfide chalcogels'*” and larger than those of any
other materials reported to date including polysulfide
intercalated layered double hydroxides,”* sulfur impregnated
coal,® sulfur functionalized activated fibers,* phenolic
polymers,” Fe/Cu—S nanoaggregates,”” and sulfur function-
alized copper-doped porous silica.®® The presence of high
porosity of the aerogel facilitates the diffusion of adsorbate
throughout the porous structure, leading to high uptake of
iodine and mercury. As a result, the pristine MoS, aerogel
became relatively dense after adsorption.

The iodine and mercury loaded samples were examined with
XRD, TGA, SEM-EDS, and ICP-AES analyses. The XRD
patterns of iodine and mercury loaded chalcogels revealed that
the former was amorphous whereas the latter had developed
Bragg diffraction peaks that were indexed to HgS (Figure S8a).
In order to understand the nature of iodine binding, TGA of
iodine-loaded chalcogels was carried out. The iodine-loaded
MoS, showed major mass loss up to 50% in the 75—300 °C
temperature range and showed up to 20% mass loss after 300
°C exhibiting a similar trend as its pristine counterpart (Figure
S8b). The mass loss below 300 °C can be ascribed to the
release of weakly physisorbed molecular iodine on the chalcogel
surface. From the above observations, it appears that Hg
chemically reacted with MoS, to form the metal sulfide HgS,
whereas iodine did not appear to undergo a chemical reaction
as formation of iodide complexes was not observed after iodine
adsorption.

To determine the presence and content of iodine and
mercury in the chalcogels, both the iodine and mercury loaded
MoS, samples were analyzed by EDS. The SEM micrographs
and EDS data of the iodine and mercury loaded samples are
shown in Figure S9. The locations from where the EDS spectra
were obtained are marked in the respective micrographs. After
adsorption of iodine and mercury, the chalcogels appeared to
be relatively nonporous. EDS data showed that the iodine and
mercury loaded samples contained ~50 and ~66 wt % of I, and
Hg loading which correspond to 100 and 200 wt % of uptake
values, respectively. ICP-AES analysis further confirmed the Hg
uptake value estimated from the EDS spectra and showed that
the composition of mercury loaded sample was approximately
Hg, 9MoS,,. The iodine uptake determined by EDS analysis and
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mercury uptake determined from EDS and ICP analyses are
consistent with those obtained from the mass difference of the
chalcogels before and after adsorption of iodine and mercury.

The high uptake of iodine by the MoS, aerogel is attributed
to the soft polarizable Mo—S surface in the gel network. This
favors the physisorption of iodine which is also soft and
polarizable through soft acid—soft base interactions.'”** The
high adsorption capacity of MoS, aerogel for Hg vapor can be
attributed to the S—S bonding sites in the chalcogel structure
which allows the oxidative insertion of the Hg atom to form S—
Hg—S units.'* The balanced chemical equation for the
chemisorption of Hg can be written as

—S—S— + Hg - —S—Hg—-S- 3)

In addition to chemisorption, there is also a possibility that Hg
undergoes physisorption on the porous chalcogel network.

B CONCLUSIONS

A new high-surface-area porous molybdenum sulfide aerogel
was prepared from oxidative coupling of ammonium
tetrathiomolybdate using iodine. The gel network comprises
[Mo,S;5]-like building blocks with a formal charge of
molybdenum of 4+. The chalcogel exhibits high BET surface
area up to 370 m*/g and selectively adsorbs H,, CO,, CH,, and
C,H gases based on their polarizability. Owing to the
preferential adsorption of gases, the MoS, aerogel is promising
for use in gas separations. The selectivity in gas adsorption can
be further enhanced by increasing the soft nature of chalcogel
network. Given the catalytic importance of the molybdenum
sulfides, having adsorption in the visible region, the present
porous MoS, aerogel may have implications in hydro-
desulfurization (HDS) and photocatalysis. The MoS, aerogel
is shown to be a promising host matrix for capturing iodine and
mercury vapor, processes of interest to the nuclear energy
industry and to environmental remediation associated with
coal-fired power plants, respectively. The ability to uptake
mercury is due to chemical reactivity through chemisorption
and the high specific surface area of the chalcogels whereas
iodine uptake is mainly due to only physisorption.
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