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Rapid reaction of MoS, nanosheets with Pb?* and
Pb** ions in solution+
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Understanding the chemical changes happening to nanostructures during a process is vital in selecting
them for applications. Here, we investigated the difference in the reactivity of the bulk and nanoscale
forms of molybdenum disulfide (MoS,) in solution with lead ions (Pb?* and Pb**) as probes, at room
temperature. While the bulk form did not show any reactivity in the experimental timescale, the two-
dimensional (2D) nanoscale form showed not only reactivity but also quite rapid kinetics that resulted in
the formation of distinct products, principally PbMoO,4 with anion substitution, in a few seconds.
Depending on the charge state of the cation, and the pH of the reaction mixture, two different kinds of
morphologies of the same reaction product were formed. Furthermore, we demonstrate that this unusual
reactivity of the MoS, nanosheets (NSs) was retained in its supported form and hence, such supported
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Introduction

Inorganic analogues of graphene, due to their unusual
electrical,"™ electronic,”® magnetic,”"" and catalytic
properties, are fascinating materials which have made
great inroads into materials science in the recent past. While
their novel physical properties have been fascinating, most
investigations have left the nanostructures undisturbed. As
modified physical properties have been inherent to nano-
systems, retention of the structure has been essential for the
properties. Likely chemical changes in them during the pro-
cesses have been of limited concern. MoS, has been used as a
hydrodesulphurization catalyst®**>> which requires the edge
sites to be catalytically active. The process by itself leaves the
overall structure chemically unchanged although transient
changes occur during the hydrodesulphurization event. From
various investigations, it is now clear that the chemical pro-
perties of nanoscale materials can be distinctly different from
the bulk and such a reactivity could make the inorganic ana-
logues of graphene new reagents.>*>*

Water is becoming increasingly contaminated by a wide
variety of pollutants, mainly from agricultural and industrial
sources. Among them, heavy metal contamination in water is a
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materials can be effective for the abstraction of toxic lead from water, with fast kinetics.

worldwide concern, because of their extreme toxicity. Many
techniques have been employed for their removal such as ion
exchange, electrochemical precipitation, membrane separ-
ation, adsorption, chemical precipitation, etc. Among them,
adsorption is the most promising one because of its ease of
operation, simplicity in the design of the filter and low cost. In
this context, the use of new materials®*>® is becoming increas-
ingly important and the interaction of these materials with
heavy metals is an interesting topic to look into.

With these objectives, we explored the difference in the
chemical reactivity of bulk MoS, (b-MoS,) versus its chemically
exfoliated nanoscale analogue (n-MoS,) with Pb** and Pb*" in
solution, at room temperature. While b-MoS, turned out to be
completely unreactive, n-MoS, rapidly transformed to
PbMo0O,_,S, in a reaction utilizing hydroxyl ions in the solu-
tion. The micron-scale particles of PbMoO,_,S, could be
annealed in solution resulting in interesting morphologies.
We utilized reactions of n-MoS, anchored on oxide supports as
an effective means to scavenge Pb>* and Pb*" in solution, creat-
ing novel media for heavy metal remediation in waste water.

Experimental
Materials

All the chemicals are commercially available and were used
without further purification. Molybdenum disulfide powder
(MoS,) and 1.6 M n-butyllithium in hexane were purchased
from Sigma Aldrich. Lead acetate trihydrate (Pb(OAc),-3H,0)
and lead dioxide (PbO,) were purchased from RANKEM.
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Synthesis of chemically exfoliated MoS, nanosheets

The synthesis of chemically exfoliated MoS, nanosheets
(n-MoS,) was carried out using a conventional chemical exfo-
liation method.>® Under an inert atmosphere of argon, 3 mL of
1.6 M n-butyllithium in hexane was added to 300 mg of bulk
MoS, (powder) taken in a round-bottom flask. The system was
left with constant stirring for nearly 48 h, maintaining the
inert atmosphere. After 48 h, the lithium intercalated product
(Li,MoS,) was collected and washed repeatedly with hexane to
remove the unreacted n-butyllithium. 100 mL of distilled water
was then added to this intercalated material and the system
was sonicated for 1 h using a bath sonicator. Finally, this
aqueous dispersion of n-MoS, was centrifuged at 18 000 rpm
for 15 minutes to remove the unexfoliated MoS, as a precipi-
tate. The supernatant containing the n-MoS, NSs was used for
further studies.

MoS, NSs of varying thickness were prepared as follows.
The exfoliated MoS, dispersion was centrifuged at various
speeds to obtain MoS, NSs of varying thickness. First, the dis-
persion was centrifuged at 5000 rpm for 10 minutes to remove
the un-exfoliated MoS, (b-MoS,). When the supernatant was
centrifuged at 10 000 rpm, the precipitate contained 5-8 layers
of MoS, NSs. The supernatant upon further centrifugation at
15000 rpm gave a precipitate containing NSs of 3-5 layers
(data are given in the ESI).

Reaction of n-MoS, with Pb**

4 ml of as-prepared n-MoS, (2-3 layers) dispersion in water
(4.6 mM, in terms of Mo concentration) was taken in a reaction
bottle, to which 1 mL (22 mM) of lead acetate solution was
added. A white precipitate was observed immediately, upon
the addition of Pb(OAc),. The total volume of the reaction
mixture was 5 mL and the final concentrations of MoS, and Pb
(OAc), in the solution were 3.7 mM and 4.4 mM, respectively.
The reaction was continued for 6 h under constant magnetic
stirring and was monitored by UV/Vis spectroscopy (Fig. S1t).
The reaction mixture was then centrifuged at 3000 rpm for
5 min. The precipitate was collected and washed repeatedly
with H,O to remove the excess reactants. Concentration-depen-
dent reactions were performed by keeping the n-MoS, concen-
tration the same (4 mL, 4.2 mM) and varying the Pb(OAc), con-
centration (22 mM, 44 mM, 66 mM and 88 mM). The reactions
were monitored using UV/Vis spectroscopy (Fig. S27).

The reactivity of MoS, NSs depends on the number of layers
of MoS, NSs. It is observed that MoS, NSs with <5 layers are
unreactive towards lead ions (Fig. S37).

Reaction of n-MoS, with Pb**

A reaction with Pb** was carried out in a similar fashion to the
case of Pb*", except for the use of a mixed solvent (H,O : acetic
acid 1:1) as the Pb*" source used (PbO,) is not soluble in H,O.

The reactions were also carried out in tap water to observe
the feasibility of these reactions in such an environment.
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Results and discussion

The chemical exfoliation of MoS, NSs involved two steps. The
first step involved the intercalation and in the second step, the
intercalated product was exfoliated in water. The quality of the
NSs was examined by spectroscopic and microscopic tech-
niques. Typically, n-MoS, was 200 to 1000 nm in length and
had an average thickness of 2-3 layers (Fig. 1A). The UV-visible
absorption spectra (inset of Fig. 1A) of the n-MoS, dispersion
show the characteristic peaks at 435 nm, 611 nm, and
668 nm.>*** The two features between 600-700 nm are known
to arise from the direct transitions occurring at the K point of
the Brillouin zone.** The HRTEM image (Fig. 1B) of the
n-MosS, showed a well resolved hexagonal lattice structure and
a lattice spacing of 0.27 nm corresponding to the d(100)
plane.*® The Fast Fourier Transform (FFT) pattern of the
HRTEM image (inset, Fig. 1B) showed the expected hexagonal
pattern for graphenic equivalents.

The quality of the NSs was further probed using Raman
spectroscopy. On comparing the Raman spectra (Fig. 1C) of
b-MoS, with n-MoS,, we find that the peak difference of A,
and E,; modes had decreased (~19 em™) in the latter. This
difference corresponds to a thickness of approximately 2-3
layers in n-MoS,. Also the FWHM for the A;, mode has
increased in n-MoS, (Fig. 1C) suggesting the successful exfolia-
tion of b-Mo8S,.>*3°

The reaction products between Pb>*/Pb** and MoS,, in its
bulk and 2D nanoscale forms were investigated. Solutions of
Pb>* and Pb**, added to the b-MoS, (powder) separately,
remained unreactive for an extended period of time (24 h)
without any visible change in either the colour of the dis-
persion or the morphology and chemical composition of the
MoS, particles. The inactiveness of b-MoS, towards lead ions
can be explained by thermochemical values (AG; values of
MoS, and PbMoO, are —248.7 k] mol™" (ref. 36) and —89.12
k] mol™" (ref. 37), respectively). In stark contrast to this
behaviour of b-MoS,, n-MoS, showed an immediate reaction
with both the ions.

Upon mixing lead ions (both Pb*>" and Pb*", separately)
with n-MoS, dispersion, an immediate visual change was
noticed. The light green colour of the n-MoS, dispersion
turned milky white, followed by an immediate precipitation of
the reaction products. The white precipitate was collected and
washed several times with water to remove any unreacted reac-
tants. Both the ions (Pb*" and Pb*") gave chemically identical
reaction products, however, with different morphologies
(Fig. 1D). The white precipitate obtained through the reaction
of Pb*>" with n-MoS, was subjected to powder X-ray diffraction
(PXRD) analysis (blue trace, Fig. 2A). The PXRD pattern of the
product was similar to the standard PXRD pattern of PbMoO,,
along with a set of other peaks. These extra peaks are marked
with an asterisk (*). We presumed that these peaks originated
from the presence of other phases, probably metastable ones,
as these could not be matched with any known phases con-
taining the elements Pb, Mo, O, and S, as confirmed from EDS
spectroscopy. To test our hypothesis, the material was then

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (A) Representative TEM image of n-MoS,. The optical absorption spectrum is shown in the inset. (B) HRTEM image of NSs. The corresponding
FFT pattern is shown in the inset. The lattice plane is marked. (C) Raman spectrum of b-MoS, (above) and n-MoS, (below). Peaks have been fitted
with Gaussian functions, which indicate an increase in width in the nanoscale form. (D) Schematic of the overall reaction between n-MoS, and Pb
ions (not to scale). Two different morphologies formed by the reaction are shown.

treated hydrothermally at various temperatures with the expec-
tation that these metastable phases will transform into a
single, thermodynamically stable phase (Fig. S4t1). An exact
match with PbMoO, in the PXRD pattern was observed after
24 h of hydrothermal treatment of the product at 190 °C (black
trace, Fig. 2A), proving our hypothesis to be correct. The mor-
phological characterization of this hydrothermally treated
product was carried out using an SEM, which confirmed that
the size of the microcrystals is of the order of a few microns
with an 18-faceted polyhedral morphology (Fig. 2B).>®* The
product was further characterized using Raman spectroscopy
in the range from 100 to 1000 cm™" (Fig. 2D). The Raman spec-
trum of the product was dominated by one stretching mode
A’ at 868.8 cm '.*° The two peaks at 767.3 cm™' and
745.7 cm™! can be assigned to the anti-symmetric stretching
B, and E,’ vibrational modes, respectively.”” The Raman
peaks at 351.3 cm™' and 319.1 em™ ' corresponded to the
weaker B,' mode and stronger A,*/B,’ modes, respectively.*
The peaks at 197.1 cm™' and 170.2 cm™ ' were assigned to E,’
and A,' modes, respectively.’® The TEM image of the product
was obtained at different magnifications, for further character-
ization (Fig. 2C, E and F). The HRTEM image (Fig. 2E and F) of
the product showed the lattice spacing of 0.33 nm corres-
ponding to the d(112) plane which further confirmed the for-

This journal is © The Royal Society of Chemistry 2018

mation of the product. EDS intensity mapping was performed
to confirm the presence of all the expected elements (Fig. S57).
A very low intensity of S in the EDS intensity map with a high
intensity of Pb, Mo, and O presumably corresponds to the re-
placement of O positions with S in the PbMoO, lattice.
However, this low degree of S doping does not seem to affect
the crystal structure as well as the interplanar distances.

In contrast, a reaction with Pb*" creates PbMo00O,_,S,
directly, although the particles are much smaller showing a
broad PXRD peak. The morphology of the product was comple-
tely different in the Pb*" case. To confirm whether this
product is indeed the same product as in the Pb*>* case with a
different morphology, the final reaction product was subjected
to PXRD after washing with a mixed solvent (H,O : acetic acid).
The obtained PXRD pattern was an exact match with PbMoO,.
The product was subjected to hydrothermal treatment under
conditions similar to the previous case to ensure that meta-
stable phases are removed. Subsequently, a PXRD measure-
ment was performed. All the peaks of the product became
sharper without the disappearance of any, suggesting an
increased crystallinity of the product after hydrothermal treat-
ment. SEM images at different magnifications showed a rice
grain kind of morphology of the final product (Fig. 3B and C).
The blue shift in A,* and B,’ vibrational modes compared to

Nanoscale, 2018, 10, 1807-1814 | 1809
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Fig. 2 Characterization of the reaction product of MoS, and Pb?* ions. (A) Standard peaks of PbMoO, (red) are plotted along with the observed
XRD pattern before (blue) and after (black) the hydrothermal treatment of the reaction product. (B) SEM image showing a polyhedron morphology of
PbMoOQO,_,S,. The inset shows the SEM image of one such 18-faceted polyhedron. (D) Raman spectrum; TEM and HRTEM images of the same are
shown in (C) and (E), respectively. A particular area of image (E) is marked which is magnified in (F).

the same in the MoS, + Pb>" case suggests the reduced particle
size and nanocrystalline nature of the material (Fig. 3D). These
may be inferred from the HRTEM image in Fig. 3F. These also
show a lattice spacing of 0.33 nm corresponding to the d(112)
plane of PbMoO,.

In order to investigate the stability of the final product with
a rice-grain kind of morphology, mechanical grinding of the
product was performed using a mortar and pestle. To our sur-
prise, a visible colour change was observed from white to black
during grinding (inset of Fig. 4A). A broad feature was seen in
the PXRD of the product (Fig. 4A). We attribute this to the for-
mation of smaller particles. The formation of NPs within the
range of around 5-50 nm was further confirmed by the TEM
image (Fig. 4C). The HRTEM images showed a lattice spacing
of 0.33 nm which confirmed that no chemical change occurred
during the grinding (Fig. 4D and E). Furthermore, it was con-
firmed by the Raman spectrum too which showed all the
characteristic peaks of PbMoO, (Fig. 4B).

In order to further confirm the formation of the final
product, the chemical states of the elements were analysed
using XPS (Fig. 5A-D). The XPS survey spectrum showed that
the final product consisted of all the expected elements (Pb,
Mo, O, and S) and no impurity peaks were detected (Fig. S67).
The specific scan in the Mo 3d region showed four peaks

1810 | Nanoscale, 2018, 10, 1807-1814

corresponding to the presence of two types of oxidation states.
The peaks at 229.3 eV and 232.4 eV corresponded to the 3ds,
and 3d;z, Mo(wv) state, respectively. But the disappearance of
one oxidation state in the Mo 3d region was observed after
hydrothermal treatment corresponding to the formation of a
single phase in the final product. The peaks at 232.1 eV and
235.2 eV were assigned to 3ds,, and 3ds,, of Mo(vi) in the final
product (Fig. 5A).*° The peaks at 138.7 eV and 143.5 eV were
attributed to 4f;, and 4f5, of Pb(n) in PbMoO,_,S, (Fig. 5B).*°
Another doublet centered at lower binding energy (135.8 eV
and 140.2 eV) was assigned to 4f,, and 4fs, of Pb(u), arising
due to the presence of another binding site. Fig. 5D shows the
XPS at the O, region with a peak centered at 529.9 eV.*® Like
the final product, the material before the hydrothermal treat-
ment also showed one peak in the Oy region. The presence of
dopant S was further confirmed by scanning the S 2p region
(Fig. 5C). The two peaks at 161.6 eV and 162.9 eV were
assigned to 2ps, and 2py, of S*~ in PbM00O,_,S,.

The chemical reaction involves the conversion of Mo(wv) to
Mo(vi) as revealed by XPS. As the starting material is MoS,, it
requires the involvement of oxygen for the formation of the
molybdate anion (Mo00O,>”). In order to test the origin of
oxygen, the reaction was performed at various pH values. It is
observed that the reaction occurred only in basic medium

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Characterization of the final reaction product of (MoS, + Pb** reaction). (A) PXRD pattern of the reaction product before (red) and after the
hydrothermal treatment (black). SEM images at different magnifications are shown in (B, C). (D) Raman spectrum of the final reaction product. (E, F)

TEM and HRTEM images of the same, respectively.

(Fig. S7t). The hydroxyl ions present in the reaction medium
are driving the reaction and the decrease in pH during the
reaction has confirmed the origin of oxygen in the product. In
view of this, we propose a chemical reaction in which Mo(wv)
gets oxidized to Mo(vi) driven by OH™ ions while the latter
formed H,O and O,.

4(OH)™ — 2H,0 4 O, + 4~ (1)

Although this reaction is thermochemically nonsponta-
neous (E° = —0.4 V),*" it can be driven forward due to the invol-
vement of metal ions. We conjecture that acetate ions (coming
from lead acetate) are getting reduced to ethanol during the
course of the reaction to balance the charge. To prove this, the
same reaction was carried out using lead nitrate as a precursor
and the formation of NO, was examined by in situ mass spec-
trometric detection. Both the reactant solutions were purged
with Ar to remove the dissolved O,, separately. Then the lead
nitrate solution was injected into the MoS, dispersion taken
into an enclosed vessel. The mixtures of gases inside the vessel
were analysed after 2 h of reaction using a residual gas analy-
zer. An increase in ion current was observed for both NO, and
N, due to the increase in the partial pressures of the corres-
ponding gases. When the control (MoS, dispersion without
lead nitrate solution) was analysed, a reduced ion current for

This journal is © The Royal Society of Chemistry 2018

NO, was observed while the ion current for N, (background
gas) remained the same (Fig. S8t). The control and sample
were analysed under the identical reaction conditions to
account for some unavoidable leakage. So, the overall reaction
for the second and third steps can be written as follows:

2Mo(1v) + 20, + 4NO; ™~ + 2H,0 + 4e”
— 2M00O,*" +4NO, + 4H" (2)

Mo00,2~ + Pb*" 4 §*~ — PbM0O,_,Sy (3)

The experiment suggests the formation of an acid which
was again supported by the decrease in the pH during the
course of the reaction (Fig. S71). With tap water, it was
observed that as long as lead ions are present, these reactions
do occur upon introducing n-MoS,.

This unusual reactivity can be used for the capture and
removal of lead ions from water. In a typical batch experiment,
50 mg of n-MoS, adsorbed (0.5 mL, 4.2 mM, in terms of Mo
concentration) on alumina or silica was taken in a 200 mL
conical flask containing 50 mL of Pb>" solution. The
removal % and uptake were calculated using the equations
mentioned below:

Co — Ce
— X

e

Removal % = 100

Nanoscale, 2018, 10, 1807-1814 | 1811
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Fig. 4 Conversion of microparticles to nanoparticles by mechanical grinding of the final reaction product. The standard peaks of PbMoQO, plotted
with the XRD pattern of the reaction product before (blue) and after the mechanical grinding (black). The inset shows a photograph of the product
after grinding. (B) Raman spectrum of the same showing all the characteristic vibrations. (C, D) TEM and HRTEM images of such particles, respect-
ively. (E) Magnified HRTEM image of one of such particles; the lattice distance is marked.
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(Co — Ce)V

Uptake (g.) = o

where Cy, and C, are the initial and equilibrium concentrations
of the metal ions, respectively, V is the volume of the solution (L)
and m is the mass of the adsorbent (g). The removal capacities
of Al,O;@n-MoS, (282 mg g~') and Si0,@MoS, (199 mg g™ ')
nanocomposites were evaluated for Pb>" adsorption using the
Freundlich adsorption isotherm. A plot of logg. (g = heavy
metal uptake) vs. log C. (Ce = equilibrium concentration of heavy
metal ions) showed a straight line with intercepts 0.97, 0.68, 2.45
and 2.3 and slopes 0.47, 0.63, 1.05 and 0.80 for Al,O3, SiO,,
n-MoS,@Al,0; and n-MoS,@Si0,, respectively (Fig. 6). The
removal capacities of a few other materials, available in the lit-
erature, are listed separately (ESI, Table 17). Batch experiments
were performed with different initial concentrations ranging
from 1 ppm to 200 ppm. The data were then fitted using the
linear form of the Freundlich adsorption isotherm,

1
log ge = log k¢ + Elog Ce,
where k¢ is the amount of heavy metal ions adsorbed per g of

adsorbent (mg g™ '). Although the Freundlich isotherm is not
perfectly valid due to the chemical reaction between MoS, and

This journal is © The Royal Society of Chemistry 2018
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Pb** jons, such models were used in similar cases where MoO;
reacted with Pb*>".*> Note that supported n-MoS, was used, as in
such applications, nanoscale materials cannot be employed
directly due to potential contamination in the product water.
Nanoscale materials for environmental remediation are generally
used in the supported form.**™**

Conclusions

In conclusion, we present a rapid reaction of n-MoS, which
does not occur in the bulk form. The reaction of Pb*>" and Pb*"
with n-MoS, results in the formation of the same product with
different morphologies. Products from each case (Pb*>" and
Pb*") were characterized by spectroscopic and microscopic
techniques. The necessity of hydroxyl ions as a source of
oxygen is manifested in the course of the reaction. The use of
this reaction for removing lead from water has also been
demonstrated. These results highlight the relevance of such
reactions that occur at room temperature in solution, which
may be extended to several other heavy metal ions for environ-
mental remediation. At the same time, the reaction and associ-
ated morphologies highlight the need to study a range of
chemical processes involving n-MoS, and n-MX, in general.
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