Published on 07 April 2017. Downloaded by Brown University on 04/05/2017 11:22:45.

Nanoscale

‘ '-) Check for updates

Cite this: Nanoscale, 2017, 9, 5398

Received 17th February 2017,
Accepted 7th April 2017

DOI: 10.1039/c7nr01193h
Robert H. Hurt (2 *3<

rsc.li/nanoscale

This letter demonstrates a simple method to achieve high-yields of
1H semiconducting MoS, monolayers in concentrated, colloidally-
stable aqueous suspension. The method is based on oxidation
suppression during the hydrothermal processing step used for
metal-to-semiconductor phase reversion. Accompanying DFT
calculations on elementary steps in the MoS, wet oxidation reaction
suggest that a two-site corrosion mechanism is responsible for the
observed high reactivity and low stability of 1T metallic MoS,.

Transition metal dichalcogenide (TMD) nanosheets are an
emerging class of two-dimensional (2D) materials with signifi-
cant application potential. Among the TMDs is molybdenum
disulfide (MoS,), which shows a transition from an indirect to
a direct band gap upon full exfoliation to the monolayer form."
This indirect-to-direct transition is accompanied by the emer-
gence of photoluminescence leading to applications in elec-
tronics and optoelectronics.” Photoluminescent MoS, mono-
layers can be prepared by chemical vapor deposition (CVD)®®
or by mechanical exfoliation,>*'® but low throughput (for CVD)
or low yield (for mechanical exfoliation) limits the development
of some applications. Solvent- or surfactant-assisted liquid exfo-
liation is a scalable method, but typically most of the raw
product is in multilayer form,"""> and the solvents or surfac-
tants require removal by additional processing steps."***

A potential high-yield route to monolayer MoS, without
surface contamination involves chemical exfoliation using
n-butyl-lithium intercalation to weaken interlayer inter-
actions."® Forced hydration of the Li-intercalated MoS, gener-
ates aqueous suspensions of monolayer MoS,, which are col-
loidally stable due to negative charges transferred during the
Li interaction.'® Unfortunately, chemical exfoliation converts a
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large fraction of the nanosheets from trigonal prismatic (semi-
conducting 1H/2H phase) to an octahedral configuration (met-
allic 1T phase),"” with corresponding loss of the intrinsic semi-
conducting properties and photoluminescence.”> For this
reason, significant efforts have been made to restore the semi-
conducting 1H/2H phase by processing ce-MoS, mono-
layers.>'®'® Eda et al.” restored the 2H phase by annealing ce-
MosS, films, but the drying process leads to nanosheet restack-
ing within the film, which limits further processability and
also suppresses photoluminescence. It would be desirable to
carry out the phase reversion of 1T monolayers in their original
aqueous suspension, but this has proven problematic. The
temperature required for the metal-to-semiconductor phase
reversion exceeds the normal boiling point of water.>'® Also
the 1H/2H form is reported to be hydrophobic,* leading to
instability, flocculation, and restacking in aqueous solutions.
Guardia et al.>" successfully maintained colloidal stability by
using very dilute nanosheet suspensions, but dilute processing
is a disadvantage for high-volume production.

Phase reversion in aqueous systems is also restricted by
potential oxidation and degradation of the MoS, nanosheets at
the elevated temperatures required.'® Oxidation by O, has
been reported at elevated temperature for MoS, nanosheets>”
and for bulk MoS, and its friction films.>>** Over longer time
scales, oxidative degradation of MoS, nanosheets has even
been observed at room temperature in humid air,>> and in
aqueous suspensions.”® A recent study observed much faster
oxidation kinetics for chemically exfoliated MoS, (mixed 1T/
1H phase) than surfactant-assisted liquid exfoliated MoS, (2H
phase), but did not propose a mechanism to explain the origin
of the difference.*® To overcome the various limitations in fab-
ricating semiconducting monolayer nanosheets (denoted as
1H-MoS,), Chou et al.'® functionalized chemically exfoliated
MoS, surfaces to allow dispersion in a high-boiling point
organic solvent followed by dispersion, annealing and phase
reversion to 1H in that solvent.

We became interested in the possibility of a simple technique
that would directly convert 1T MoS, nanosheets into monolayer
1H nanosheets in their original aqueous suspensions, and
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without the requirement of organic solvents, nanosheet
functionalization, or surfactants or other dispersion aids that
could complicate downstream processing. Given the experi-
mentally-measured oxidative instability of chemically-exfo-
liated MoS,, we hypothesized that oxidation suppression
would be the key, and therefore coupled chemical exfoliation
with hydrothermal phase reversion under carefully controlled
low-0, conditions. This communication documents the result-
ing improved synthesis method, which not only avoids oxi-
dative degradation of the nanosheets and yield loss, but sur-
prisingly also solves the previously observed problem of col-
loidal instability.>"*”

The chemical exfoliation method using n-butyllithium
intercalation produced highly water-dispersible MoS, sheets
predominantly in monolayer form (see previous work'®). The
colloidal stability has been attributed to negative surface
charge on the 1T-phase nanosheets imparted by the electron
transfer during Li-intercalation.'® Note that previous studies
indicate that a distorted 1T phase (denoted as 1T') is also
present in these chemically exfoliated MoS, (ce-MoS,) samples
(see modelling section below).'®*® For reversion to the 1H
phase we used hydrothermal treatment at ~200 °C, which is
the minimal temperature where annealing can effectively
convert dry multilayer ce-MoS, films.> Without exclusion of O,,
we found that the reversion was accompanied by aggregation
and flocculation (Fig. 1) at high MoS, concentration (~200
mg L™ of Mo - see Fig. S17), consistent with prior observations
by Guardia et al.>" Although the use of dilute MoS, (40 mg L™
of Mo) suspensions is useful for preventing flocculation,”
ICP-OES measurements of soluble Mo species show that a
large fraction of the MoS, nanosheets are destroyed by oxi-
dative dissolution (~50% at initial loading 40 mg L™ of Mo)
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Fig.1 Overview of 1H MoS, nanosheet fabrication routes with oxi-
dation control (lower branch) and without (upper branch). The common
starting step is chemical exfoliation of bulk MoS,, which produces pri-
marily 1T monolayer MoS; that is colloidally stable in aqueous media.
When hydrothermal phase reversion is conducted in air-exposed sus-
pension (upper branch) a large fraction of the 2D material is oxidatively
degraded and/or the remaining nanosheets flocculate and restack. In
O,-free suspensions (lower branch), high nanosheet yield is obtained
and the monolayer 1H material retains colloidal stability.
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under these dilute conditions (Fig. S11). We hypothesized
further that this unwanted oxidation may also be responsible,
indirectly, for the flocculation phenomenon. MoS, wet oxi-
dation has been reported to generate protons,”® which
accumulate and counteract the negative surface charge
through surface protonation and/or electrical double-layer
charge screening (Fig. 1). Indeed the pH of remaining suspen-
sion (starting concentration ~200 mg L™" of Mo) dropped from
~5 to ~2 after 2 hours of hydrothermal treatment, during
which 33% of Mo was oxidized and released as soluble species
measured by ICP-OES (Fig. S1t). The magnitude of this pH
change is consistent with the reaction stoichiometry shown in
Fig. 1. We further tested the hypothesis by decreasing either
the temperature or the initial MoS, concentration, and both
changes could eventually avoid aggregation (Fig. S17).
Temperature reduction is not viable as a synthesis approach,
however, as we find >170 °C to be necessary to achieve the
metal-to-semiconductor phase reversion (Fig. 2). Any combi-
nation of slow kinetics (low temperature) or low MoS, concen-
tration failed to generate enough protons to destabilize the
remaining nanosheets. In these experiments pH values were
measured to be >2.5, which is consistent with previous obser-
vations that the MoS, nanosheet aggregation begins to occur
near pH 2.°° Overall, hydrothermal treatment in simple air-
exposed aqueous suspensions is not effective for metal-to-
semiconductor phase reversion because of oxidative dis-
solution that consumes a large portion of the nanosheet
product and can give rise to proton-induced aggregation and
restacking of the remaining MoS, nanosheets.

To minimize oxidative dissolution, the starting MoS, sus-
pensions were deoxygenated in a N, glove box (O, concen-
tration <1 ppm) prior to hydrothermal reaction. With this step,
no aggregation was observed in any of the hydrothermal pro-
ducts up to 400 mg L' nanosheet loading and temperatures
up to 210 °C, (Fig. 1 inset) and the suspensions retained col-
loidal stability over 6-month storage. ICP-OES measurement of
soluble Mo revealed <5% dissolution at all temperatures, and
no significant pH changes were observed. Fig. 2 tracks the
phase reversion by UV-visible spectroscopy. The initially fea-
tureless spectrum of ce-MoS, slowly develops peaks at ~424,
602 and 652 nm as hydrothermal temperature increases. Peaks
at ~652 and 602 nm represent characteristic direct-gap tran-
sitions A and B at the K-point of semiconducting 2H MoS,,
respectively, while the broad peak at ~424 nm is the convolu-
tion result of C and D excitonic peaks.>*’ We used XPS
(Fig. 2c¢) to estimate 1T/1H ratio (Fig. 2d). The ce-MoS, sample
consists of two polymorphs, of which 1T/1T’ phase is the
primary component with peaks at 228.5 and 231.7 eV, corres-
ponding to Mo*" 3ds/, and Mo"" 3d;,,, respectively. The posi-
tions of the 1H component peaks are at higher binding ener-
gies, ~0.8 eV, as reported previously.> The phase ratios esti-
mated from XPS data show ~70% 1T/1T’' phase initially with
the metal-to-semiconductor reversion starting at ~100 °C and
being complete above ~190 °C. This temperature range is
similar to that observed previously under non-hydrothermal
conditions.>'® In the S 2p spectrum, the convoluted two-
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Fig. 2 Monitoring of phase composition and nanosheet size during hydrothermal treatment with oxidation suppression. (a, b) UV-vis absorption
spectra; (c) XPS spectra (Mo 3d core level peak region) for ce-MoS, nanosheets treated hydrothermally for 2 h. In order to show relative intensity
increases, the spectra in (a) and (b) are normalized using peak intensities at 350 and 800 nm, respectively. Mo 3d peaks were deconvoluted into 1T/
1T’ (red) and 1H (blue) components, and the relative fractions extracted and shown in (d). (e) The hydrodynamic sizes of as-prepared ce-MoS, and
treated sample at 210 °C measured by dynamic light scattering indicate no aggregation and thus colloidal stability.

component peak shifts to higher binding energies during the
metal-to-semiconductor transition (Fig. S21). Dynamic light
scattering data shows no change in hydrodynamic size of the
MoS, nanosheets during hydrothermal reversion (Fig. 2e),
which provides additional evidence that this method produces
stable nanosheet colloids that avoid the aggregation and floc-
culation seen without O, control.

Fig. 3 provides additional characterization of the nanosheet
products made by this new method. The typical HRTEM image
of 1H-MoS, is given in Fig. 3a. Its electron diffraction pattern
indicates the singlet component (Fig. S31), distinct from that
of ce-MoS,, where the presence of additional spots implies the
mixture of 1H and 1T phases.’® AFM shows thicknesses typical
of monolayers on substrates (1.1-1.2 nm) and lateral sizes
from 100-500 (see full distribution in Fig. S4f). The lateral
dimensions and thicknesses are similar to the parent (un-
converted) ce-MoS,, which supports the conclusion of no signifi-
cant aggregation or morphology change during hydrothermal
treatment. In addition, both the parent and converted MoS,
monolayers in this work and in literature reports>*' show
apparently higher thickness values than those reported for
mechanically exfoliated monolayers (0.65-0.7 nm),®*° which
could be due to the presence of a residual distorted phase
and/or molecular adsorbates.” Fig. 3¢ shows, remarkably, that
the 1H monolayers retain significant negative charge, which is
the origin of their colloidal stability. The zeta potential/pH
relationship is similar to that of the precursor 1T/1H mixed
phase fabricated by chemical exfoliation (see Wang et al.>®),
implying that the negative charge is preserved by our phase
reversion protocol. Previous reports that phase-reverted 2H
MoS, nanosheets were unstable in aqueous suspension®" must
be the consequence of the unintended role of dissolved O, in
removing the surface charge or electrostatically shielding them

5400 | Nanoscale, 2017, 9, 5398-5403

by proton generation. Using the O,-free protocol we observed
no change in the dispersibility of the nanosheets after hydro-
thermal treatment.

Monolayer MoS, has been reported to be a direct band gap
semiconductor with the lowest energy interband transition
occurring at the K point of the Brillouin zone, emitting the
photons with energy of 1.9 eV when relaxed.” Fig. 3d shows
Raman and photoluminescence (PL) spectra of ce-MoS, and
the converted 1H-MoS, nanosheet product. As expected, met-
allic ce-MoS, nanosheets show no photoluminescence, while
1H-MoS, nanosheets exhibit clear photoluminescence with a
two-peak spectrum (major peak 660 nm - see deconvolution
analysis Fig. S5t). The PL spectrum as well as the UV-vis spec-
trum shown in Fig. 2 are in good agreement with those of
mechanically exfoliated monolayer samples,* indicating they
arise from the intrinsic direct band-gap emission. The ratio of
MoS, photoluminescence and Raman intensity is considered
as a criterion to evaluate the intrinsic luminescence property
by ruling out external effects.>® The ratio for our 1H-MoS,
sample is comparable with that for the monolayers and
bilayers exfoliated mechanically.”® The restoration of strong
photoluminescence of MoS, clearly demonstrates the metal-to-
semiconductor conversion and the preservation of the mono-
layer nature of MoS, nanosheets during the oxygen-suppressed
hydrothermal treatment. We anticipate that this approach can
be extended to phase reversion in some other transition metal
dichalcogenides (see preliminary data on WS, and MoSe,,
Fig. S67).

Finally, Fig. 3e shows the effect of hydrothermal phase
reversion on oxidation reactivity. Our previous study showed
much faster oxidation rates for ce-MoS, nanosheets (mixed
1T/1H) relative to the pure 2H material fabricated by ultrasonic
exfoliation.?® The present results (Fig. 3e) show that oxidation

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Morphology and properties of 1H monolayer nanosheet product made by the proposed O,-free hydrothermal method. (a) Lateral dimension
by TEM and (b) thickness by tapping-mode AFM of 1H-MoS, nanosheets after hydrothermal treatment at 210 °C for 2 h (scale bar 200 nm). (c)
pH-Dependent zeta potential of fully phase reverted 1H MoS, in aqueous suspensions; the pH of the 1H-MoS, solution was adjusted by addition of
HCl or NaOH. The dashed line shows the colloidal stability/instability occurs at ~pH 2 based on our experimental observations. (d)
Photoluminescence and Raman spectra of ce-MoS, and converted 1H-MoS, nanosheets. (e) Oxidative dissolution rates for ce-MoS,, partially and
fully phase-reverted samples in HEPES buffer (pH 7) at 25 °C. The gradual phase reversion to 1H is accompanied by systematic decreases in the sub-

sequent oxidation reactivity at 25 °C.

reactivity decreases steadily and systematically as the hydro-
thermal phase reversion proceeds. Since the hydrothermal
treatment does not significantly change morphology or col-
loidal state, this result provides further evidence that the
different oxidation reactivities are intrinsic properties of the
1T and 1H phases.

The fundamental origin of the higher oxidation reactivity of
the 1T (or 1T') phase relative to the 1H phase is currently
unknown. Understanding these oxidative degradation path-
ways under ambient conditions is critical for technological
applications that require device stability, and also for under-
standing their environmental and biological behaviors that
govern persistence and risk.>'*> We therefore carried out elec-
tronic structure calculations in density functional theory to
search for possible phase-dependent steps in the oxidation
mechanism. Initial work studied the O,/MoS, system for both
1T/1T' and 1H monolayer nanosheet models, and oxygen
binding energies were found to be similar for the two phases
(1T/AT and 1H). The lack of phase-dependence led to an
alternative hypothesis: that the faster oxidation of the 1T/1T’
phase is the result of a two-site corrosion-type mechanism. In
this mechanism, the MoS, surface serves as both an anode
and a cathode; electrons are generated at one site through an
anodic reaction and conduct to the second site where a catho-
dic reaction occurs with the surrounding medium (see eqn (1)
and (2)). The rapid oxidation of the 1T/1T' phase is hypoth-

This journal is © The Royal Society of Chemistry 2017

esized to be the direct result of its electrical conductivity,** >

which allows the required internal electron transfer, while the
insulating 1H phase does not. The driving force for the cor-
rosion-type mechanisms can be calculated using the compu-

tational hydrogen electrode (CHE) technique®®?” applied to
these two initiation reactions:
Anodic: * +H,0 — *OH + (H" +e7) (1)
Cathodic: *+ 0O, + (H" +e7) — *OOH (2)

where “*” denotes a site on the MoS, nanosheet.

We examined the Mo-edge sites of MoS, with 1 monolayer
S coverage (Fig. 4), which is considered to be the most stable
structure in aqueous solutions without a sulfur source.*® In
this context, the first step of the anodic reaction is the oxi-
dation of an H,0 molecule releasing a proton-electron pair (to
the solution and surface, respectively) and leaving an OH
adsorbate on the S atom. Using the CHE approach, we calcu-
lated the AG of this step to be —0.16 eV when the electron is
referenced to 0 Vyue. On a cathodic site, O, is reduced by a
proton-electron pair to form an OOH adsorbate, similar to
oxygen reduction processes on other cathodes.**° We calcu-
lated its AG to be —1.78 eV when the electron is at the same
reference potential. To show the driving force, we illustrate
several other choices of internal electron potential in Fig. 4b,
along with the calculated equilibrium potentials for each half

Nanoscale, 2017, 9, 5398-5403 | 5401
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oxidation rates of 1T vs. 1H-phase MoS, nanosheets. (a) Initial elemen-
tary steps of corrosion-type oxidation on 1T° MoS,. Yellow: S, cyan: Mo,
red: O, white: H. (b) The free energy diagram of the anodic and cathodic
redox reactions. The energy levels in the gray box are assumed poten-
tials of the electron in the computational hydrogen electrode model,
which reveals a 1.94 eV net driving force for the coupled reaction. The
E;q values represent the equilibrium potentials of the anodic and catho-
dic reactions at 25 °C.

reaction. We would expect the internal potential of the reacting
MoS, to equilibrate at an intermediate potential as such
elementary reactions proceed. In net, the total driving force is
—1.94 eV, making this paired redox reaction highly favorable.

After the initial steps, additional OH and/or OOH species
must adsorb on the S atoms to release sulfate, and to further
oxidize the Mo atom after an S vacancy is formed. The overall
reaction 2MoS, + 6H,0 + 90, — 2H,Mo0O, + 4H,SO, can be
calculated to have a driving force of —14.4 eV per Mo atom
(note that E° = 0.8 V and the MoS, oxidation half reaction
involves 18 electrons). We proposed a possible set of sub-
sequent steps in the ESI (Table S1}) and recommend a more
exhaustive study to wunderstand the complete reaction
mechanism.

Conclusions

In summary, oxidation by environmental O, has been shown
to be an important limitation for the aqueous processing and
storage of MoS, nanosheets. The undesired effects are particu-
larly significant at long times, or at elevated temperatures such
as those used in hydrothermal phase reversion. The effects are
particularly significant for the 1T/1T' phase, whose rapid oxi-
dation may be the result of a corrosion-type mechanism
enabled by its metallic nature. An improved synthesis protocol
is developed and proposed here to produce monolayer 1H
nanosheets that combines many desired features: processing
in the absence of organic solvents or functionalization; pure
1H crystal structure in the product; monolayer thickness with
its corresponding photoluminescence; and hydrophilicity due
to retention of negative surface charge, and long-term colloidal
stability in the aqueous phase. We also propose a new hypo-
thesis, based on DFT calculations, that oxidation of MoS,

5402 | Nanoscale, 2017, 9, 5398-5403
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nanosheets in the metallic 1T/1T’ phase proceeds by a two-site
corrosion mechanism, which is the origin of their high
reactivity relative to the 1H phase. In the future, the roles and
mechanisms of oxidative degradation during synthesis and
processing deserve more attention for other transition metal
dichalcogenides.*®
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