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MoS,; can generate useful molybdenum oxides by thermally reacting with LiF or Ag nanoparticles (NPs).
MoS, easily loses sulfide and reacts with oxygen gas upon heating in air to give orthorhombic molybde-
num trioxide, a-MoO;. Morphological changes of a-MoO; from 500 to 900°C were investigated using
X-ray powder diffraction and scanning electron microscope. The strong diffraction peaks of the (020),
(040), and (060) planes at 800°C revealed highly anisotropic growth of the oxides with a layered crystal
structure. In the presence of LiF, MoS, reacts with oxygen gas to generate Li,MoO, and MoO,,
depending on the LiF concentration. In the presence of Ag NPs, the thermal reactions of MoS, at 800 and
900°C give silver molybdates Ag,Mo,0; and Ag,MoQ,, respectively. These results demonstrate that
MoS, is an important precursor for generating useful molybdenum oxides on the surface of inert sub-
strates without requiring sophisticated, expensive equipment.
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Introduction

Molybdenum, molybdenum sulfides, and molybdenum
oxides are involved in many useful processes, including as
alloying elements in steel to increase hardness, as catalysts
for selectively oxidizing olefins,' as anodes for X-ray tubes,
or as nanometer layers for optical devices used in extreme
ultraviolet (EUV) lithography.? In particular, molybdenum
sulfides and molybdenum oxides have been extensively
studied because of their potential use in technological appli-
cations as superconductors, catalysts, panel displays, gas
sensors, smart windows, and electrochromic devices.>™
Molybdenum oxides belong to a group of inorganic
materials with interesting properties that exhibit several dif-
ferent complex structures formed from two-dimensional or
three-dimensional frameworks of MoQOg octahedra and
MoQO, tetrahedra. For example, molybdenum trioxide
(a-MoO3) is a layered material with a distorted perovskite
lattice (Figure 1). Its thermodynamically stable phase is
orthorhombic, where highly asymmetrical MoOg octahedra
are interconnected with their edges along the [001] direc-
tion and interlinked with their corners along [100], resulting
in double-layer sheets (Figure 1). Alternatively, the stac-
king of these double-layered structures along [010] would
form a-MoQOj; with its layered sheets predominantly bound
by van der Waals interactions.'® The MoOg octahedra are
considerably distorted around the central metal with Mo—O
bond distances ranging from 1.67 to 2.33 A (Figure 1). On
the other hand, molybdenum dioxide (MoO,) has a rutile-
type structure consisting of MoOg octahedron linkages and
tunnels that are located inside the framework structure.''
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Recent research has focused on developing innovative
methods for synthesizing molybdenum oxides to give new,
advanced materials with interesting properties and structural
features. Wang et al.'? prepared ultralarge o-MoOs
nanobelts with an average length of 200-300 pm and a uni-
form width of approximately 0.6—1.5 pm by a facile hydro-
thermal method using molybdenyl acetylacetonate as the
precursor. When considering their lithium storage proper-
ties, these nanobelts exhibit much better electrochemical
performance than that of conventional nanobelts. MoO, is
typically prepared by reacting MoO; with hydrogen gas at
a high temperature to give large particle sizes. This shows
the negative effects in developing new electrode materials
for lithium storage, such as significant volume changes. To
achieve optimal electrochemical properties of electrode
materials during lithiation and delithiation, an ion diffusion
pathway with a large surface area and short length is
required.'*~"” Therefore, new preparation methods for prep-
aration of a-MoOQOj and lithiated MoO;5 should be developed
by reacting with lamellar and reactive precursor, such as
MoS,. In this work, we tried to synthesize «-MoQO; by the
thermal reaction of MoS, in air. To obtain lithiated MoQOs,
the thermal reaction of MoS, with LiF in air was also per-
formed. In addition to molybdenum oxides, their compos-
ites with other materials (e.g., Ag and carbon nanotubes
[CNTs]) are also expected to enhance or alter the properties
of other metals through surface modification.'®' In partic-
ular, silver molybdates, such as Ag,MoO, and Ag,Mo0,07,
have been used in several applications including ion-
conducting glasses, high-temperature lubrication, and gas
sensor due to its unique properties such as high electrical
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Figure 1. Structure of a-MoO; and orientation of crystallographic
planes; Mo—O(1) = 1.67A, Mo—OQ2) = 233 A, Mo—O
(2') = 1.95 A, Mo—0(3) = 1.73 A, and Mo—0(3') = 2.25 A.""

conductivity, good photocatalytic activity, and remarkable
electrochemical energy storage performance.””* In this
work, we presented a new method for the preparation of
Agr,Mo0,0, and Ag,MoO, by reacting with Ag NPs, MoS,,
and oxygen gas in the air was investigated.

Experimental

Materials. Analytically pure MoS, (<2 pm, 99%, Sigma-
Aldrich, St. Louis, MO), LiF (~325 Mesh, 98.5%, Alfa
Aesar, Lancashire, UK), AgNO;3; (ACS reagent, > 99.8%,
Sigma-Aldrich), and NaBH, (Sigma-Aldrich) were used as
received. Water was distilled and further purified using a
Millipore MilliQ system.

Sample Preparation

Preparation of a-MoOj3 by the Thermal Reaction of MoS,
in Air. MoS; (1 g) was ground in a mortar and transferred
to an alumina crucible. The sample was heated at 400°C
for 4 h in an electric furnace and the rate at which the tem-
perature increases was 5°/min. This process was repeated at
500, 600, 700, 800, and 900°C.

Preparation of Li;MoO, by the Thermal Reaction of
MoS; with LiF (MoS,:LiF = 1:5) in Air. MoS, (2.24 g,
14.0 mmol) and LiF (1.77 g, 68.2 mmol) were ground in a
mortar and transferred to an alumina crucible. The sample
was heated at 400°C for 4 h in an electric furnace. This
process was repeated at 500, 600, 700, 800, and 900°C.
Preparation of MoO; by the Thermal Reaction of MoS,
with LiF (MoS,:LiF =1:2) in Air. MoS, (2.00g,
12.5 mmol) and LiF (0.648 g, 25.0 mmol) were ground in a
mortar and transferred to an alumina crucible. The sample
was heated at 400°C for 4 h in an electric furnace. This
process was repeated at 500, 600, 700, 800, and 900°C.
Sticky materials were observed over 600°C, and distilled
water was used to recover the reaction products from the
alumina crucible. The reaction products were filtered and
the filtrate was transparent.
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Figure 2. X-ray diffraction patterns of (a) commercial MoS, pow-
der and MoS, powder heated in air at different temperatures:
(b) 400°C, (c) 500°C, (d) 600°C, (e) 700°C, (f) 800°C, and
(g) 900°C.

Q00 Q(a)

Preparation of Silver Molybdates by the Thermal Reac-
tion of MoS, in the Presence of Silver Particles. MoS,
(0.800 g, 5.00 mmol) and NaBH, (0.950 g, 25.0 mmol) in
500 mL of distilled water were vigorously stirred for 1 min.
AgNOj; (0.850 g, 5.00 mmol) in 200 mL of distilled water
was prepared and silver colloids were gradually generated
by slowly dripping the silver nitrate solution into the aque-
ous MoS, and NaBH, mixture. The slurry was stirred for
2 h, filtered, and thoroughly washed with distilled water.
The sample was heated at 400, 500, 600, 700, 800, and
900°C for 4 h in an electric furnace.

Characterization. The prepared samples were analyzed
by X-ray powder diffraction (XRD, PANalytical, X’ Pert-
PRO MPD, Almeldo, The Netherlands) using Cu Ko
radiation (4 = 0.1540 nm). Powder morphologies were
characterized using a Zeiss Supra 40 field emission scan-
ning electron microscope (FESEM, SUPRA® 40 FE-SEM,
Oberkochen, Germany) using an in-lens secondary electron
detector.

Results and Discussion

Preparation and Characterization of a-MoQO5; Prepared
by the Thermal Reaction of MoS, in Air. XRD was
employed to characterize the crystalline structure and crys-
tallinity of the as-made MoS, samples (Figure 2). The crys-
talline structure of the MoS, precursor was laminar with a
weak interaction between the layers.”>** MoS, oxidized
completely to a-MoOj; at 500°C (Figure 2); however, it is
stable at 500 and 700°C under vacuum (Figure 3).?7 This
suggests that oxygen in the air was responsible for oxidiz-
ing MoS, to MoO; in this reaction. From Figure 2, the
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conversion from MoS, to MoO; seems to proceed by
MoS, completely decomposing rather than the stable
MoS,0, structure forming. No peaks other than those of
MoS, and a-MoOj; were observed. Morphological changes
of a-MoOj5 in air from 500 to 900°C were also investigated
by XRD; although, at approximately 700°C a-MoO; began

[ a-MoOz

) L N @)

Intensity (a.u.)
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26 (degree)

Figure 3. X-ray diffraction patterns of (a) commercial MoS, pow-
der, (b) MoS, powder heated in air at 500°C and MoS,/Tb(NO3)3
powder heated in vacuum at (c) 500°C, and (d) 700°C.

100 pm

to sublime. The diffraction peaks at 500°C were assigned
to orthorhombic a-MoQOs; (JCPDS card No. 05-0508), and
no noticeable impurity peaks were observed. The strong
diffraction peaks of the (020), (040), and (060) planes at
800°C showed highly anisotropic growth of the oxides with
a layered crystal structure. The morphology of the a-MoOj3
samples was also characterized by SEM (Figure 4), and the
observed morphological changes were consistent with those
identified by XRD (Figure 2). The samples consisted
entirely of stacked nanobelts corresponding to a high aspect
(Figure 4(b) and (c)). The planar growth rates along the
axes of the a-MoOj crystal are in the order of [001] >
[100] > [010]; therefore, it is highly favorable for the
growth of a-MoQOj crystals along the [001] direction to give
belt-like structures with the largest exposed surface being
that of the (010) facets.'”*® The main factor involved in the
growth of a-MoOj belts is the reaction temperature. In this
process, 800°C appeared to be the optimum temperature for
the growth of a-MoO; belts. SEM examination showed that
at 900°C, the length of a-MoO;5 along the [100] direction
began to be expand due to sufficient energy for growth in
this direction (Figure 4(d)). This result is consistent with
that of the XRD experiment.

Preparation and Characterization of Molybdenum
Oxides Prepared by the Thermal Reaction of MoS, with
LiF in Air. MoO; has attracted significant attention as a
key material in the field of lithium-ion batteries because of
its high stability, which could accommodate the structural

100 pm

Figure 4. SEM micrographs of MoS, powder heated in air at different temperatures: (a) 600°C, (b) 700°C (c) 800°C, and (d) 900°C.
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strain introduced by Li* insertion/extraction.”” To obtain
lithiated MoQOs, the thermal reaction of MoS, with LiF in
air was employed.

Thermal Reactions of MoS;, with LiF (MoS,:LiF = 1:5)
in Air. The XRD patterns of thermally treated MoS,—-LiF
powders were observed at various temperatures (Figure 5).
The formation of a-MoO; was observed at 400°C and
nearly completed at 500°C. New phases over 600°C were

o LiF
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Figure 5. X-ray diffraction patterns of MoS,/LiF (MoS,:LiF = 1:5)
powder heated in air at different temperatures: (a) 400°C,
(b) 500°C, (c) 600°C, (d) 700°C, (e) 800°C, and (f) 900°C.

identified until 900°C, with the major phase being
Li;M00,. The XRD patterns of the major phase (Figure 5)
match those of Li,MoO, (JCPDS Card No. 12-0763).
Relatedly, a rhombohedral structure of Li,MoO, was
reportedly formed through the crystallization of slowly
cooled LiF-MoOj5 fluxes in platinum crucibles in air.*® The
reaction product morphologies in the present study were
analyzed using SEM, where stacked nanoplates with a
width of ~4.4 pm and a length of ~56 um were observed at
400°C (Figure 6(a)). These are stacked nanoplates of
a-MoOj3. These stacked nanoplates prevailed at 500°C, but
at temperatures greater than 600°C, the morphology of the
reaction products completely changed. These observations
are consistent with those of the XRD experiments
(Figure 5). Other minor phases that were detected are
unknown, and further purification is needed.

Thermal Reactions of MoS, with LiF (MoS,:LiF = 1:2)
in Air. To obtain pure Li,Mo0Q,, the stoichiometry of the Li*
ions was adjusted with MoS, to give Li,M0QO,. Li,M0Q, is
highly hygroscopic; thus, distilled water was used to recover
the reaction products obtained over 600°C from the alumina
crucible. The reaction products were filtered and dried in air.
Because the amount of dried sample was large, the sample
was analyzed by XRD. The XRD patterns of thermally
treated MoS,/LiF (MoS,:LiF = 1:2) powders at various tem-
peratures were collected, where the formation of a-MoO;
was observed at 400°C and nearly completed at 500°C
(Figure 7). Furthermore, dried samples over 600°C were mat-
ched to crystalline monoclinic MoO, (JCPDS Card
No. 32-0671). No impurity peaks were observed. Generally,

Figure 6. SEM micrographs of MoS,/LiF (MoS,:LiF = 1:5) powder heated in air at different temperatures: (a) 400°C, (b) 500°C,
(c) 600°C, (d) 700°C, (e) 800°C, and (f) 900°C.
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Figure 7. X-ray diffraction patterns of MoS,/LiF (MoS,:LiF = 1:2)
powder heated in air at different temperatures: (a) 400°C,
(b) 500°C, (c) 600°C, (d) 700°C, (e) 800°C, and (f) 900°C.

MoO, is prepared by reducing MoO; under a hydrogen
atmosphere at approximately 800°C. On the other hand, we
obtained MoO, by reacting MoS, with LiF (MoS,:LiF = 1:2)
at the relatively low temperature of 600°C.

Preparation and Characterization of Ag,Mo,0; and
Ag;MoO, Prepared by the Thermal Reaction of MoS,
with ag Nanoparticles in Air. Molybdenum disulfide
(MoS,) has a lamellar structure in which the atoms within a
plane are held together by covalent bonds, which are stron-
ger than the van der Waals interactions between the planes.
This allows the basal planes to easily slide over one
another. Thus, MoS, is widely used in industry as a solid
lubricant with excellent friction and wear properties. How-
ever, its application in humid environments and at high
temperatures is limited due to reactions with water and oxy-
gen.’’ To solve these problems, a recent study>> showed
that integrating Ag mnanoparticles (NPs) into MoS,
improved tribological performance, especially in high-
temperature applications. In this study, products from the
thermal reactions of MoS,-Ag NPs at various temperatures
in air were monitored by XRD to identify the main compo-
nents formed in this process.

MoS, and Ag NPs were heated at 400-900°C for 4 h in
an electric furnace and the XRD patterns of the prepared
samples were collected at different temperatures (Figure 8)
using the solid-state reaction method. At 400°C, most of
the MoS, had converted to MoO; and the Ag NPs became
smaller, where peak broadening of the silver particles was
evident. Amorphous phases were observed at 500-600°C,
and a new phase of Ag,Mo,0O, was observed at 700°C. All
the diffraction peaks at 700°C were indexed to the cubic
phase of Ag,Mo,0; (JCPDS Card No. 75-1505). No char-
acteristic peaks belonging to other impurities were detected,
indicating that the synthesis provided pure product. At
900°C, new major peaks appeared and were indexed as the
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Figure 8. X-ray diffraction patterns of MoS,/Ag powder heated in

air at different temperatures: (a) room temperature, (b) 400°C,
(c) 500°C, (d) 600°C, (e) 700°C, (f) 800°C, and (g) 900°C.

cubic phase of Ag;MoO, (JCPDS Card No. 75-250). This
reaction can be described as follows:

Ag,Mo0,07 — Ag,Mo00O4 + MoO3; — Other products

These results are similar to those observed when fabricat-
ing thin films of MoO3-Ag,O high-temperature lubricants.
Three phases, Ag,Mo0,0;, Ag,MoO,, and Ag,Mo40,3,
have been identified in the deposited films. Among these,
single-phase Ag,MoOQO, thin films behave very well as a
lubricant over the wide temperature range of 100-600°C.**

Conclusion

MoS, is thermally active and easily oxidized in air to give
a-MoQOj;. For these reasons, it is interesting to study
whether MoS, can facilitate the generation of useful molyb-
denum oxides. MoS, easily loses sulfide and reacts with
oxygen gas upon heating in air to give a variety of molyb-
denum oxides. In the presence of LiF, MoS, reacted with
oxygen gas in the air to generate Li,MoO, and MoO,,
depending on the concentration of LiF. In the presence of
Ag NPs, MoS, reacted with oxygen gas in the air to gener-
ate Ag,Mo,07; and Ag,MoQO, depending on the heating
temperature. These results demonstrate that MoS, is an
important precursor for generating useful molybdenum
oxides on the surface of inert substrates without requiring
sophisticated equipment. Furthermore, these oxides could
likely exhibit morphological versatility by introducing
appropriate ligands and changing experimental conditions.
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