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Molybdenum disulphide (M0S,) has been widely used as a
catalyst and high temperature lubricant. It has been heavily
researched recently as a graphene analogue and member of
the so-called inorganic fullerenes. Here we report the first
continuous flow hydrothermal synthesis of MoS,. With fast
reaction times and flexibility the continuous flow
hydrothermal system allowed MoS, to be produced in a
stepwise fashion, offering an insight into the mechanism
involved. It has been found that the synthesis of MoS,
proceeded via the sulphidation of molybdate anions to
thiomolybdate species, which are transformed to amorphous
MoS; by acidification in flow, before further hydrother mal
treatment decomposes this amor phous precursor to tangled
M 0S, nanosheets.

Molybdenum disulphide, M0S,, has come under intense scrutiny
in recent years. While it has long been of interest for its catalytic
properties’ and applications in high temperature lubrication, it is
its position as a graphene analogue? and member of the so-called
“inorganic fullerenes’®® and its potentid in intercalation
chemistry and battery materials™ which have driven much of the
recent research activity. Great strides have been made in the
production of few-layer 2-dimensional nanosheets of MoS,
through vapour deposition techniques and exfoliation from
crystalline M0S,.> 1° Inorganic fullerene-like MoS, structures
have been synthesised by various methods, including vapour
phase reactions’ and post-synthetic annealing of solution
processed core-shell precursors.® Nanostructured and hierarchical
MoS, materials for catalytic and electrochemical applications
have also been produced by vapour deposition methods,*! as well
as hydrothermal processes, though the hydrothermal routes
typically require a post-synthetic annealing step to induce
crystallisation.® ? Hydrothermal routes to molybdenum sulphide
are becoming more and more common as the potential of
hydrothermal synthesis to produce wide-ranging products with
size, shape and composition control has gained broader
acceptance. Despite this, hydrothermal methods do suffer some
drawbacks. Chief among these is the difficulty in monitoring and
understanding reactions which are occurring in sealed vessels
under high temperatures and pressures (indeed, hydrothermal
45 reactions have been, unfairly, referred to as a “magic hat” from
which various products are pulled®). While extensive

S

synchrotron studies have permitted researchers to examine
reactions in-situ under such harsh conditions, our understanding
of hydrothermal processes till relies largely on a combination of
chemica knowledge and systematic investigations of reaction
conditions. Continuous-flow hydrothermal synthesis (CFHS) was
developed initially for the rapid production of metal oxide
nanoparticles by mixing precursors with a preheated supercritical
water or reagent stream,** CFHS is significantly faster (< 5 9)
than conventional batch hydrothermal processes. This allows
many variables to be examined through reaction and reactor
design in order to enhance our understanding of the processes and
mechanisms involved in these otherwise impenetrable systems.
As a continuous-flow process CFHS is also inherently scalable to
industrially viable levels (lithium iron phosphate for example is
produced in this way at thousands of tons per year by Hanwha
Chemicals).

We have previoudy reported on the continuous flow

hydrothermal synthesis of arange of metal sulphides, wherein the
size and shape of many of the materials could be controlled by
varying reaction temperatures and how the reagents were mixed
in flow.”® Here we extend this work to the synthesis of
molybdenum disulphide tangled nanosheets through a series of
reactions carried out in flow. The rapid nature of the CFHS
technique, coupled with a modular reactor design, has allowed us
to elucidate and control the steps involved in the hydrothermal
production of molybdenum disulphide by a continuous, scalable
process.
Our initial efforts to produce MaS, in a continuous flow system
mirrored our earlier work on metal sulphide nanomaterials.’®
Using the counter-current continuous flow reactor developed at
Nottingham, and described in detail elsewhere® *® an aqueous
stream of ammonium heptamolybdate, a 0.05 M concentration
flowing a 10 mL/min, was mixed with an aqueous stream of
thiourea, at 0.1 M concentration, which had been flowed through
a pre-heater at 20 mL/min at temperatures between 250 °C and
400 °C. A schematic of this reactor and the UV-vis spectra of the
products obtained at various temperatures are shown in Figure 1.
No solids were obtained from this configuration at any
temperature; however the solutions collected at the outlet of the
reactor are deep orange to red in colour, indicative of
sulphidation of the molybdate anions.*” The UV-vis spectra show
an increasing level of sulphidation with increasing reaction
temperature, consistent with the step-wise mechanism:
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Fig.1. Schematic of the counter-current reactor (a), photograph (b) and
UV-vis spectra (c) of the thiomolybdate species formed by the reaction of
molybdate with thiourea.

It is worth noting that even at the highest pre-heater temperature
of 400 °C the absorption maximum at 396 nm due to MoOS,*
persists. This can be ascribed to the much slower rate of reaction
for the final sulphidation reaction, relative to the preceding steps,
however it has been shown previoudly that lowering the pH is an
effective method of enhancing the rate of this reaction.®®

In addition to speeding up reaction (4), acidification is known
to precipitate the tetrathiomolybdate anion as amorphous MoS;,
itself a common precursor to MoS,. Addition of small amounts of
nitric acid to the obtained red solutions resulted in the
precipitation of a dark brown solid (and gave a colourless
supernatant) consistent with MoS;. The reaction of MoS,> with
acid to yield MoS; involves reduction of the molybdenum.
Despite the apparent formula, MoS; most likely consists of MoS;
octahedra with the sulphurs of the shared faces forming
disulphide units, giving a formula of Mo'(S%)(S,), the exact
structure and oxidation state remains dightly contentious. In
order to produce MoS; with our fast continuous hydrothermal
process, it was necessary to perform this acidification step in
flow. An additional flow inlet to the reactor downstream of the
initial mixing point was added to provide an acidic environment.
Nitric acid creates too oxidising an atmosphere at the elevated
temperatures employed, while the stainless steel construction of
the reactor prohibits the use of hydrochloric acid as a reducing
acid. As such acetic acid was chosen as a non-oxidising acid
compatible with the stainless sted reactor. This reactor
arrangement is shown in Figure 2, along with the XRD pattern
and TEM images of the brown solid obtained.

The XRD pattern of the product obtained from this reaction
35 (recorded on a Bruker D8 Advance using Cu K, radiation, A =
1.5415 A) is highly amorphous showing only a very broad peak
centred at 14 °23 and diffuse scattering at lower d-spacing. TEM
images show the product consists of large micron-sized
amorphous chunks. High resolution imaging reveals a highly
w0 disordered structure, seemingly comprised of tangled chain
segments, consistent with the structura model proposed by
Hibble et al.’® on the basis of RMC modelling of neutron
diffraction data. Some small isolated regions of the sample also
exhibited a layered structure close to that expected of MoS,, with
s interplanar spacings of 6.9 A, suggesting that at the eevated
temperatures within the reactor some partial transformation of
MoS; to MoS, has occurred, as has previously been suggested
based on in-situ EXAFS observations on the decomposition of
tetrathiomolybdate to M0S,.%°
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Fig. 2. Reactor for the production of MoS; by acidification of in-situ
generated thiomolybdates (a), and the XRD pattern (b) and HRTEM
images (c-f) of the amorphous product (inset shows a possible structure as
proposed by Hibble et al.).

ss In order to fully transform the precipitated MoS; to MoS,
additional heating is required. Conventionally this is achieved by
calcination under an inert atmosphere, post-synthesis. In order to
transform the MoS; to MoS; in flow it was necessary to increase
the residence time of the reactor such that the MoS; would be
s Maintained at sufficient temperatures long enough to decompose
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to MoS,. This was achieved by incorporating an additional
heating unit between the reactor outlet and the cooling system,
affording an additional residence time of ~ 30 s a a set
temperature of 250 °C, as shown in Figure 3a. The XRD pattern
s of the black solid obtained from this reactor reveas it to be
crystalline MoS,, obtained at near quantitative yields. TEM
images show the MoS; is present as large (1 — 2 pm) masses of
tangled nanosheets. HRTEM images taken at the edges of these
curled nanosheets show them to be aslittle as 10 nm in thickness,
10 typically between 10 and 15 layers of MoS,.
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hydrothermal treatment of MoS; (a), and the XRD pattern (b) and
HRTEM images (c-f) of the crystalline MoS, product.

15 Thiswork represents the first successful synthesis of MoS, by the
scalable continuous-flow hydrothermal method. Further, the rapid
nature of the CFHS method has allowed various stages of the
synthesis process to be observed by isolation of intermediates at
different stages of reaction, such that a general mechanism can be

20 proposed:

M0O,Z + HS - M00,S, ®)
Mo0O,S,« + H = M0S; ©)
)

MoS; i MoS,
This research demonstrates that continuous-flow hydrothermal
reactor technology can be employed as a flexible technique,

which can be adapted to provide new avenues towards
industrially relevant and important materials, while at the same
25 time offering insights into the chemical mechanisms involved
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